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Preface

A Tribute to the Work and Life of
Dr. Knud H. Krabbe: Advances in
Genetics, Neuropathogenesis, Therapies, and
Clinical Management of Krabbe’s Disease

Ernesto R. Bongarzone*

Department of Anatomy and Cell Biology, College of Medicine, University of Illinois, Chicago, Illinois

In June 1916, an article in the journal Brain
described the clinical and neuropathological features of
five infants affected with a diffuse familial sclerosis of the
brain (Krabbe, 1916). The author was Knud Haroldsen
Krabbe, an incipient and energetic young Danish neurol-
ogist. Educated in an academic environment since early
infancy, Krabbe published his first scientific paper at the
age of 10, a testament to his curious and investigative
mind. After becoming a neurologist from the University
of Copenhagen in 1909, Dr Krabbe became very interest-
ed in child neurology. He worked in various hospitals,
including the National Hospital for Nervous Diseases in
Queen’s in London Square, Kommunehospitalet, and
Rigshospitalet in Copenhagen. He founded and was

editor-in-chief of the journal Acta Psychiatrica Neurologica
Scandinavica and became a loved and highly respected
mentor for young researchers and physicians. In his later
years, while suffering from Parkinson’s disease, Dr Krabbe
continued to perform his lifetime passion, scientific
research, in a small laboratory associated with the Munici-
pal Hospital in his native city of Copenhagen. Dr Krabbe
died in 1961, without witnessing major advances in our
understanding of the disease that eventually became his
eponym.

We reach the advent of this 100-year anniversary
with significant insight into the genetics of the disease, its
neuropathogenesis, and the clinical management of affect-
ed children. In just the last 10 years, we have witnessed a
remarkable spur of reports that revealed new and exciting
aspects of the mechanisms leading to brain pathology and
tested new and powerful therapeutic tools. Born from the
collective past and present efforts of a myriad of scientists
across the world, we face the start of the new century for
Krabbe’s disease with an astonishing leverage of knowl-
edge. These are exciting times when safer and more effi-
cient treatments are starting to be envisioned.

This special issue of the Journal of Neuroscience Research
is dedicated to honoring the life and work of Dr Krabbe,
whose fundamental observations point the way for the
important work of generations of scientists and physicians,
to the memory of the many infants who suffered and are
afflicted by this malady, and to the Herculean work of the
Krabbe families, facing the challenging work of caring for
their affected children. At a personal level, it has been my
privilege and honor to organize this compendium of
articles, with the goal of summarizing the current
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understanding of Krabbe’s disease, its genetics, pathology,
clinical management, and emerging therapies. I certain that
Dr Krabbe would be proud of the efforts, passion, and find-
ings that have been attained in these 100 years, and would
look, as I do, with high hopes and optimism to the future of
treating Krabbe’s disease.

Ernesto R. Bongarzone
August 16, 2016
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Commentary

My Encounters With Krabbe Disease: A
Personal Recollection of a 40-Year Journey
With Young Colleagues

Kunihiko Suzuki*

In this hybrid of a personal essay and a subjective review,
I am attempting to convey the sense of an adventure I
myself experienced in exploring various aspects of
Krabbe disease, which occupied a significant portion of
my life as a biomedical researcher. This is meant to be a
personal summary, and I have no pretense of this being
an objective scholarly review. Since the first description
of the disease by Krabbe 100 years ago, knowledge
about the disease has advanced significantly. The main
contributions from my laboratory, always the fruits of
dedicated efforts of talented young colleagues, include
the identification of the genetic defect as deficiency of
galactosylceramidase, proposal of the psychosine
hypothesis as the pathogenetic mechanism to explain the
unique phenotypic characteristics of the disease, detailed
delineations of the substrate specificities of the two lyso-
somal b-galactosidases, discovery of the twitcher mutant
as a convenient and useful mouse model, and identifica-
tion of saposin A as a specific galactosylceramide activa-
tor protein and as the second causative gene for globoid
cell leukodystrophy. Now, attempts are being made in
many laboratories for meaningful therapy, unthinkable
when I started working on this disease. Despite these
advances, there are still many unknowns and uncertain-
ties about Krabbe disease waiting to be clarified. VC 2016

Wiley Periodicals, Inc.

Key words: Krabbe; globoid cell leukodystrophy; galac-
tosylceramide; psychosine; saposin A; galactosylcerami-
dase; prosaposin; twitcher mouse

I arrived at Albert Einstein College of Medicine in
the Bronx, New York, as a starting neurology resident in
the summer of 1960, fresh from my internship in Japan.
Then, the “Einstein” was also a newly started medical
school and among the fellow first-year neurology resi-
dents were several of the first Einstein graduates. It was
the year of the Kennedy–Nixon Presidential election. I
had chosen Einstein because Saul Korey, who was the
first Neurology Chair, was embarking on a new type of
neurological research by combining newly available tools
of basic science. My personal plan was to receive training

in clinical neurology as the basis for future neurological
research and then to be initiated in the research laboratory
life. I did not even dream of staying in the United States
for more than 3 or 4 years. One can never predict what is
coming. I ended up staying in the United States for nearly
half a century! I have already written about my life as a
neurology resident, about Saul Korey and his department,
and also the musical scenes of New York during those
days, ending with the tragic death of Saul still in his 40s
(Suzuki, 2003a). When Saul died, I was already working
full time in the research laboratory as a postdoctoral
researcher, with clinical activities reserved only for night
duties. Having lost my mentor, I was groping alone,
working on what interested me. I was lucky that the
department had several excellent basic scientists, Bill Nor-
ton, Bob Ledeen, Stan Samuels, Elliot Robbins, and also
Maurice Rapport in the Department of Biochemistry,
who guided me in the unfamiliar territory of the labora-
tory life. Bob Katzman, who succeeded Saul as the Neu-
rology Chair, was kind enough and patient enough to

SIGNIFICANCE:

The author recounts the factual events, his thought process, and some

personal anecdotes regarding 1) his identification of the genetic cause

of classical Krabbe disease; 2) his hypothesis to explain the biochemi-

cal mechanism underlying the unique characteristics of Krabbe dis-

ease; 3) his discovery of a mouse model of the disease, which has

become one of the most frequently used animal models of human

genetic diseases; and 4) his discovery that defects in another gene,

saposin A, also cause fundamentally the same disease as classical

Krabbe disease. The author’s logical stepwise approach should be use-

ful for studies of other diseases.

References from the author’s laboratory cited in the text are all available

in the PDF format upon request to K.S. (kunihiko-suzuki@umin.ac.jp).
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wait until I was able to swim on my own in the labora-
tory. While at Einstein, I worked on basic aspects of brain
ganligosides, Tay-Sachs disease, then newly discovered
GM1-gangliosidosis, metachromatic leukodystrophy, Alz-
heimer disease, and Creutzfeldt-Jakob disease, but I had
no opportunity to work on Krabbe disease either with
patients or in the laboratory.

MY FIRST ENCOUNTER WITH KRABBE
DISEASE

In 1969, I moved from Einstein to the Department of
Neurology at the University of Pennsylvania in Philadel-
phia. While setting up my laboratory there, I learned that
brain specimens from three patients with Krabbe disease
were available in the freezer. Around that time, an excel-
lent clinical and genetic article on Krabbe disease was
published by one of the neuropediatricians I respect
highly (Hagberg et al., 1969). I had been curious about
the disease mainly because Jim Austin had published a
series of intriguing articles on the disease earlier. He
patiently plucked out by hand the “globoid bodies” in the
brain under the microscope and found that the fraction
was highly enriched with galactosylceramide and that the
ratio of galactosylceramide to sulfatide was abnormally
high in the brains of patients (Austin, 1963). Most impor-
tant among his observations was that, when he inserted
many pure lipids into rat brain, only galactosylceramide
elicited a cellular reaction very similar to the morphology
of Krabbe disease, including appearance of the “globoid
cell-like” cells (Austin and Lehfeldt, 1965). No other lipids
gave similar cellular reactions. This observation strongly
pointed to a possible specific relationship between Krabbe
disease and galactosylceramide. Also, Cumings et al.
(1968) reported a relatively high content of galactosycera-
mide in their “myelin fraction” isolated from Krabbe
patient brain. Furthermore, the analogy between Krabbe
disease and metachromatic leukodystrophy (MLD) was
irresistible. Both are classical genetic leukodystrophies, and
the genetic cause of MLD had already been identified as
deficiency of sulfatide degradation. Both sulfatide and gal-
actosylceramide are highly enriched in the myelin sheath
and are next to each other in the metabolic pathway. I
began to wonder if the cause of Krabbe disease (globoid
cell leukodystrophy; GLD) might be deficient degradation
of galactosylceramide in analogy to MLD.

GENETIC GALACTOSYLCERAMIDASE
DEFICIENCY

At that time two young colleagues from Japan were in
my laboratory, Yoshiyuki Suzuki and Yoshikatsu Eto. Eto
began our approach to Krabbe disease by isolating myelin
from the available brain specimens of GLD patients. This
proved to be an ordeal. One can easily isolate 100 mg of
clean, dry myelin from 1 g of normal white matter. How-
ever, at the terminal stage of the disease, the white matter
of GLD patients contains practically no myelin. When
Eto started from 1 g of white matter, there was a tiny
speck barely visible at the bottom of the centrifuge tube

at the end of the isolation procedure. Eto spent days and
nights isolating myelin, and in the end he managed to
accumulate barely enough for reliable analysis. The result
showed a myelin fraction with a completely normal lipid
profile (Eto et al., 1970)! This clearly contradicted the
Cumings et al. finding. At that point, I decided that it was
worth examining galactosylceramide degradation in
Krabbe disease. However, the idea came with a huge
conceptual obstacle. In all lysosomal diseases, including
MLD, the substrates of the defective lysosomal enzymes
accumulate abnormally in the tissue. However, it was
already known that, in Krabbe disease brain, there not
only was no abnormal accumulation of galactosylceramide
but, in fact, it was much less than normal. Deficiency of a
degradative machinery and no abnormal accumulation of
the substrate? Both Yoshi Suzuki and I were skeptical
about the whole project. Nevertheless, we decided to
proceed, even just to make sure our idea was wrong.

Luckily, David Bowen, then in Norm Radin’s labo-
ratory in Michigan, was beginning to study galactosylcer-
amidase. I asked Norm for his method of labeling
galactosylceramide and his assay system. Norm kindly sent
me an article still in press by Liselotte Hof, who was then
also working in his laboratory on hydrolysis of lactosylcer-
amide. Liselotte was the last doctoral student of Ernst
Klenk. The article included his procedure of labeling C6
of the terminal galactose by oxidation with galactose oxi-
dase, followed by reduction back to galactose with triti-
ated sodium borohydride. He also provided us with his
complicated assay system for galactosylceramidase. To this
day, I am grateful to Norm for providing me with his
procedures. I am sure Norm saved us a lot of trial and
error. I did the labeling of the substrate and the partial
purification of the enzyme from control and Krabbe
brains myself. I shall never forget the late evening when I
finally put several scintillation vials from the first experi-
ment into the counter and half absent-mindedly watched.
Yes, I got respectable counts from the normal controls.
This showed that Norm’s procedures worked in my
hand. Then, suddenly I woke up. No counts were forth-
coming from the Krabbe samples! I remember that I hast-
ily called Yoshi Suzuki home and told him the big news.

From that time onward, Yoshi and I worked like
crazy. The results of the first experiment with a single
sample of Krabbe brain had to be confirmed with addi-
tional cases. A mixing experiment was necessary to
exclude the presence of inhibitors. More importantly,
several pathological controls had to be added to ensure
that the finding was not due to brain pathology but was
specific for Krabbe disease. We wanted to include tissues
other than the brain. When we were finished with these
experiments, we were confident that tissues from Krabbe
patients were indeed deficient in galactosylceramidase
activity (Suzuki and Suzuki, 1970). I asked Jim Austin for
more specimens, which further strengthened our conclu-
sion. Once we had reached this point, a few important
questions were quickly resolved within 6 months thanks
to Yoshi Suzuki’s prodigious efforts, clinical diagnosis and
possible carrier detection with readily obtainable serum,
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peripheral leukocytes, and cultured fibroblasts (Suzuki
and Suzuki, 1971) and the proof that the dog model of
globoid cell leukodystrophy was also caused by the same
genetic deficiency of galactosylceramidase (Suzuki et al.,
1970). The first prenatal diagnosis was accomplished in
collaboration with Charlie Epstein in San Francisco
(Suzuki et al., 1971). It was an exciting year.

PSYCHOSINE HYPOTHESIS

Formulation of the Hypothesis

Deficiency of galactosylceramidase in Krabbe disease
left a puzzling question regarding the well-established
phenotype of the disease. In all other genetic lysosomal
enzyme deficiency states, the substrates involved accumu-
late abnormally (“storage disease”), as seems natural con-
ceptually, but in Krabbe disease not only does such an
abnormal accumulation of galactosylceramide not occur
but galactosylceramide is in fact much lower than normal.
A defect in degradation and less than normal substrate in

the tissue? Pathologically, the oligodendrocytes in the
white matter of GLD patients disappear very rapidly and
are essentially nonexistent at the terminal stage, in contrast
to the analogous disease, MLD, in which substantial num-
bers of the oligodendrocytes remain even at the terminal
stage and sulfatide accumulates intracellularly. The glo-
boid cells in Krabbe disease are of mesodermal origin and
are unique for the disease. Because galactosylceramide is
generated nearly exclusively by the myelin-forming cells
and is localized in the myelin sheath in the brain, the
much lower than normal amount of galactosylceramide in
the patient brain could be explained by the early and
complete disappearance of the oligodendrocytes and
myelin. However, this merely shifted the question from
biochemistry to pathology. Why then the oligodendro-
cytes disappear so rapidly and completely in Krabbe dis-
ease even in comparison with MLD?

My thoughts went to the lysogalactosylceramide
(galactosylsphingosine, psychosine). It is certainly chemi-
cally and potentially also metabolically related to galacto-
sylceramide. Taketomi and Nishimura (1964) had
reported that psychosine had strong hemolytic activity. At
that time, Tadashi Miyatake joined my laboratory from
Japan. We decided that he should examine degradation of
psychosine to sphingosine and galactose, a reaction analo-
gous to galactosylceramide hydrolysis to ceramide and
galactose. Because of my inexperience, really my igno-
rance, of organic chemistry, I thought we could label psy-
chosine with the same galactose oxidase-sodium
borohydride procedure of Radin as was used to label gal-
actosylceramide. To our dismay, we found oxidation of
psychosine by galactose oxidase generated a highly non-
polar “junk” with a huge molecular weight. It ran to the
top of the TLC plate. It was completely inert whatever
we tried to do to it. In desperation, I called Bill Norton,
my trusted organic chemistry consultant, who gave me an
immediate answer. When C6 of galactose of psychosine is
oxidized to an aldehyde, it forms an intermolecular Schiff
base with the preexisting free amino group of sphingo-
sine. For 2–3 months, Miyatake struggled trying to find a
suitable compound that could protect the amino group
during the oxidation-reduction steps and could then be
removed when reduction was complete. When all trials
failed, we resorted to an undesirable procedure of first
labeling galactosylceramide and then hydrolyzing it by
refluxing in heated barium hydroxide. At least I knew
that acid hydrolysis would yield only ceramide and galac-
tose but not galactosylsphingosine. The procedure was
undesirable because the yield of psychosine by the alkaline
hydrolysis was less than 10%. After losing >90% of nicely
labeled galactosylceramide, we finally obtained enough
galactose-labeleld psychosine to test its enzymatic hydro-
lysis. With that precious substrate, Miyatake found that
Krabbe tissues were also deficient in hydrolyzing psycho-
sine, strong evidence that psychosine was also a substrate
for the same galactosylceramidase that was genetically
deficient in Krabbe disease (Miyatake and Suzuki, 1972).
These experimental findings led us to formulate a hypoth-
esis that, in Krabbe disease, psychosine plays a critical role

Fig. 1. From my notebook of January, 1970. This is the very first set
of the raw data that indicated galactosylceramidase deficiency in
Krabbe disease.

Fig. 2. Portraits of young collaborators.
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in the pathogenesis of its unique clinical, pathological,
and biochemical phenotype (Miyatake and Suzuki, 1972;
Suzuki, 1998, 2003b). Analytical support for the hypothe-
sis followed several years later for brains of human patients
(Svennerholm et al., 1980) and also for the dog and
mouse models of GLD (Igisu, and Suzuki, 1984a,b).
Hideki Igisu came to my laboiratory from Kyushu Uni-
versity. Svennerholm at al. (1980) actually presented their
data in 1975 at one of the so-called Brooklyn Symposia
organized by Bruno Volk. Although tandem mass spec-
trometry now allows easy determination of very small
amounts of psychosine, the amount of psychosine in the
mouse and even dog brains was below the limit of the
analytical methodology available at that time. Svenner-
holm et al. could start from 100 g of white matter of
human patients. Igisu must first develop a new analytical
methodology involving introduction of a fluorescent
group to the free amino group of psychosine, followed by
thin-layer chromatography (Igisu and Suzuki, 1984a,b).

Remaining Questions Regarding Psychosine
Hypothesis

When the psychosine hypothesis was formulated, I
thought that we had managed to explain the unique phe-
notypic characteristics of Krabbe disease in contrast to all
other sphingolipidoses, including MLD. I thought that
the most likely source of psychosine would be by deacyla-
tion of galactosylceramide. I tried myself for nearly a year
with galactosylceramide of high specific activity to dem-
onstrate enzymatic deacylation of galactosylceramide to
psychosine and failed miserably. Norm Radin also tried
and failed, and he did publish the finding that deacylation
does not occur (Lyn and Radin, 1973). To this day and to
my knowledge, there has not been firm evidence that, at
least in mammalian systems, enzymatic deacylation of gal-
actosylceramide to psychosine or the reverse reaction
from psychosine to galactosylceramide occurs. This means
that psychosine can be generated only through the syn-
thetic pathway by galactosylation of sphingosine. This
statement, I believe, also holds true for all other sphingoli-
pids and corresponding lysosphingolipids. Hannun and
Bell (1989) attempted to generalize the psychosine
hypothesis to other sphingolipidoses. I have discussed var-
ious ramifications of their proposal in my review of the
psychosine hypothesis (Suzuki, 1998). The points that I

raised then still have to be evaluated and reconciled.
Recently, lysosphingolipids have often been used as prag-
matic and convenient “biomarkers” for diagnosis and
sometimes as the criteria to assess the outcome of the
treatment. I have no qualm about this because concentra-
tions of lyso- compounds are often high in patient tissues
and/or serum regardless of how they are generated. How-
ever, I must express my skepticism about the notion that
lysosphingolipids play important roles in the pathogenetic
mechanisms of sphingolipidoses in general except in
Krabbe disease and possibly in the neuronopathic form of
Gaucher disease. As the proposer of the psychosine
hypothesis, I could not have been happier if the concept
could be generalized to include other sphingolipisoses,
but I am still waiting for convincing experimental evi-
dence that lyso- compounds in the location and concen-
tration found in other sphingolipidoses are sufficiently
toxic to influence the biochemical pathogenesis or patho-
logical phenotype in other diseases. Science is empirical.
No amount of beautiful theories or concepts is enough to
gain citizenship in science.

DISCOVERY OF THE TWITCHER MUTANT
AS A USEFUL MODEL OF KRABBE DISEASE

In the summer of 1979, my wife, Kinuko, a neuropatholo-
gist, attended a meeting at Wye in the southern United King-
dom. Upon return, she reported that the neuropathology of a

Fig. 3. Portraits of young collaborators.

Fig. 4. Portraits of young collaborators.

Fig. 5. Portraits of young collaborators.
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mouse mutant, twitcher, presented by Jean Jacobs from the
group of Leo Duchen from Queen’s Square, London,
appeared very much like that of human Krabbe disease. I
immediately contacted the group, and they sent us a series of
coded frozen brain and liver samples for the galactosylcerami-
dase assay. Takuro Kobayashi, then in my laboratory from
Japan, undertook the assay. Even before decoding, the results
were clear. Several samples were completely deficient in gal-
actosylceramidase activity. Furthermore, there was a distinct
group that showed an intermediate activity between the
high-activity and the deficient groups. Decoding confirmed
that the deficient group consisted of affected mice and the
intermediate group of heterozygous carrier mice. Thus, the
twitcher mutant, which had been recognized and maintained
at the Jackson Memorial Laboratory in Maine as one of the
dysmyelinating mouse mutants was in fact an enzymatically
authentic model of human Krabbe disease (Kobayashi et al.,
1980). Kobayashi went on to develop a galactosylceramidase
assay procedure using the tip of the tail of newborn mice,
making possible determination of the genetic status well
before the clinical and even pathological onset of the disease
(Kobayashi et al., 1982). This enormously facilitated the
designing of experiments. The twitcher mutant became one
of the most frequently used mouse models of genetic human
diseases. Takuro Kobayashi who played a major role in defin-
ing the twitcher mouse as the model of human Krabbe dis-
ease was a man of broad interest, He was an avid hiker, and
he also played the French horn in the Kyushu University
Orchestra. His promising career was tragically cut short still in
his late 40s by an acute illness very soon after he had assumed
the Chair of Neurology at Kyusyu University.

MOLECULAR GENETICS OF KRABBE
DISEASE AND THE ANIMAL MODELS

Contributions from my laboratory to molecular cloning
of the galactosylceramidase gene from humans as well as
from animal models and the subsequent developments in
molecular genetic studies of GLD, including the recent
active attempts in many laboratories to find a therapy for
the disease, have been minimal and inconsequential. The
major credit for these studies belongs to David Wenger.
David will be providing a scholarly review of 100 years of
Krabbe disease for this volume, I will defer to him in pro-
viding detailed information on the molecular genetic and
therapeutic advances with Krabbe disease caused by
genetic galactosylceramidase deficiency.

Saposin A Deficiency as the Second Distinct
Genetic Form of GLD

Junko Matsuda arrived in my laboratory in 1998
from the Pediatrics Department of Tokushima University
in Japan. I told her to develop a project or two that she
would like to pursue while she worked in my laboratory.
Within a few days she came up with the idea of generat-
ing mouse models with specific deficiencies of saposin A
and saposin D. Studies of the saposins, the sphingolipid
activator proteins, which are essential components for
degradation of nonpolar sphingolipids in vivo, have a

long and tortuous history. David Wenger, Konrad Sandh-
off, John O’Brien, and many others have contributed
important information. It is sufficient to mention here
that four homologous saposins, A, B, C, and D, are coded
in tandem in a single gene called prosaposin and that, in
humans, patients were known with total saposin (prosa-
posin) deficiency and specific saposin B deficiency and
saposin C deficiency. Nobuya Fujita from the Depart-
ment of Neurology, Brain Research Institute, Niigata
University, had generated a prosaposin deficiency in the
mouse while he was in my laboratory (Fujita et al., 1996).
Oliver Smithies kindly provided us with a great deal of
help in technological know-how and even use of his lab-
oratory facilities. None of the four saposins was functional
in this mutant as in human patients.

When Junko Matsuda came up with her proposal,
no specific deficiency state of either saposin A or saposin
D was known in any species. The physiological functions
of saposin A or D were largely matters of speculation.
Matsuda’s approach was to start from the available knowl-
edge about the mutations that cause specific human sapo-
sin B or C deficiency and design analogous mutations in
the saposin A or saposin D domains of the mouse gene.
Then, suitable targeting oligonucleotides could be made
to introduce the mutation into the mouse. I felt some
trepidation because, although conceptually straightfor-
ward, the projects would require technical virtuosity and
perhaps some luck to be successful. I eventually relented
and let her work on the projects. The specific saposin A
knockout mouse was successfully made (Matsuda et al.,
2001a) before the saposin D deficiency, which gave us a
great deal more difficulty (Matsuda et al., 2004). Again, I
thank Oliver’s group for their help.

When the brain of the first specific saposin A knock-
out mouse was examined under the microscope, it was
immediately apparent that the pathology was that of GLD.
The electron microscopic examination was also consistent.
However, compared with the twitcher mouse, saposin A-
deficient mice clinically showed much later onset with
slower progression. Pathology was also milder than that in
the twitcher mouse. Biochemically, also, the abnormalities
were similar but milder. Although statistically highly signif-
icant, the brain psychosine level was twice normal com-
pared with the up to tenfold increase in the twitcher
mouse. Because there were no obvious abnormalities other
than those seen in the twitcher mouse, we concluded that
saposin A is a specific activator for galactosylceramidase and
that its deficiency causes a milder form of GLD (Matsuda
et al., 2001a). The clinical, biochemical, and pathological
abnormalities are qualitatively identical but milder than
those of the twitcher mouse. A detailed comparison of
pathology between the twitcher mouse and the saposin A-
deficient mouse has been published (Yagi et al., 2004).

Unexpected Dramatic Phenotypic Improvement
With Estrogen Treatment

The phenotype of the saposin A-deficient mouse is
sufficiently mild that both males and females are capable
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of reproduction. While observing their behavior, Matsuda
noticed dramatic phenotypic improvements when
affected female mice became pregnant. Not only the clin-
ical manifestations but also the pathology were milder in
affected pregnant mice. Matsuda did an obvious experi-
ment of embedding commercially available estrogen-
releasing pellets subcutaneously into affected male mice.
The pellet released estrogen slowly but constantly for
about 90 days. Matsuda was able to duplicate in the
estrogen-treated affected male mice the essential aspects of
the phenotypic improvements observed in affected preg-
nant females (Matsuda et al., 2001b). It should be noted
that it has been well known that women with multiple
sclerosis often show clinical improvements when they
become pregnant. This is one area that still requires more
detailed studies on the relationship between estrogen and
myelin maintenance. I also believe that clinical trials for
treating Krabbe patients, particularly of the late-onset
slowly progressive type, are worthwhile. The estrogen
treatment given to affected twitcher mice, either males or
females, yielded no improvements. Although we say sim-
ply that this is because the onset and progression of the
disease in the twitcher mice are so much earlier and more
rapid than those in the saposin A-deficient mice, this rea-
soning remains a mere conjecture.

Human Patients With Specific Saposin
A Deficiency

With the findings from the saposin A-deficient
mice, we predicted that human GLD patients with spe-
cific saposin A deficiency would be found in the future
(Matsuda et al., 2001a). The first human patient was
reported in 2005 from Israel (Spiegel et al., 2005). The
mutation was an in-frame 3-bp deletion within the sapo-
sin A domain, resulting in removal of a conserved valine
in the primary sequence. Although no description has yet
been published at the time of this writing, a second
patient with a specific saposin A deficiency is known
(Vanier, in preparation). The patient lived in France but
was of Portuguese origin. Interestingly, the mutation is
identical to that reported for the Israeli patient. Unlike
the saposin A-deficient mouse, however, both human
patients were of the classical infantile Krabbe disease phe-
notype. Obviously, human saposin A deficiency is
exceedingly rare. This is understandable because not only
must the mutation occur within a very short segment of
the genome but also its nature must be such that synthesis
of prosaposin, its transport to the lysosome, and its proc-
essing within the lysosome to the four separate saposins
must occur normally, keeping the other three saposins
functionally intact. Saposin A is the most upstream ele-
ment among the four saposin domains present, which
would further reduce the chance of a mutation not affect-
ing the three downstream elements. The possibility of
patients with GLD resulting from specific saposin A defi-
ciency should always be kept in mind.

A REMAINING MAJOR PUZZLE: A HIGHLY
COMPLEX INTERRELATIONSHIP BETWEEN
THE TWO LYSOSOMAL b-GALACTOSIDASES

There are two lysosomal acid b-galactosidases, each of
which has its own substrate specificity. Harumi Tanaka,
another young Japanese colleague who passed through
my laboratory, was instrumental in providing essential
basic information in this regard (see, e.g., Tanaka and
Suzuki, 1975). Genetic defects in one of the two b-
galactosidases, galactosylceramidase, results in Krabbe dis-
ease, and defects in the other, acid b-galactosidase, cause
GM1-gangliosidosis and Morquio B disease. Each disor-
der has a distinct clinical, pathological, and biochemical
phenotype. We earlier generated an acid b-galactosidase-
deficient mouse model (Hahn et al., 1997). When we
cross-bred twitcher mice and GM1-gangliosidosis mice,
we observed a totally unexpected series of phenomena
(Tohyama et al., 2000). Twitcher mice with additional
complete deficiency of acid b-galactosidase, i.e., double
knockouts, had the mildest phenotype with the longest
life span and a nearly rescued CNS pathology. In contrast,
twitcher mice with a single functional acid b-
galactosidase gene, i.e., heterozygous for GM1-
gangliosidosis, had the most severe phenotype with the
shortest life span even though GM1-gangliosidosis het-
erozygotes with the normal galactosylceramidase gene are
phenotypically normal. These mice additionally devel-
oped convulsions with associated CNS pathology not
seen in either twitcher mice or GM1-gangliosidosis mice.
The double-knockout mice alone accumulated a massive
amount of lactosylceramide, as we had predicted because
both b-galactosidases can efficiently hydrolyze lactosyl-
ceramide (Tanaka and Suzuki, 1975). Many other aspects
of the analytical findings were contrary to the expected
outcome of Mendelian autosomal recessive single-gene
disorders. I know that this description is confusing. This is
because the phenomena are confusing. I refer readers to
our original article cited above. I have not been able to
dissect out these findings to make sense. I am no longer
in a position to pursue this puzzle, so I hope it will be
resolved by future investigators. One fantasizes about how
human patients with Krabbe disease who also are carriers
for GM1-gangliosidosis might look. Around the same
time, Toshinori Ezoe et al. (2000a) cross-bred the
twitcher mutant and the UDP-gal:ceramide glalactosyl-
tranferase (CGT)-deficient mice that we had generated
earlier (Coetze et al., 1996). The mouse was incapable of
either synthesizing nor degrading galactosylceramide and
psychosine. Despite our expectation that the double-
knockout mice would simply show the phenotype of the
CGT-deficient mice because they produce no galactosyl-
ceramide or psychosine and thus the lack of degrading
enzyme should not create any problem, they actually
showed a complex phenotype. Noteworthy from the
GLD perspective was that the twitcher mice with a single
dose of functional CGT gene showed a clearly recogniz-
able, although minor, phenotypic improvement com-
pared with the twitcher mouse. This observation has an
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obvious implication for the substrate reduction approach
for treatment of GLD (Ezoe et al., 2000b).

EPILOGUE

My first contact with Krabbe disease was by chance when
I moved to the University of Pennsylvania in 1969. Since
then, our understanding of the disease has advanced on
many different fronts. I am happy that my group managed
to make our share of contributions to this history. I am
particularly grateful for all those talented young colleagues
who passed through my laboratory. Many came to
“learn,” but the interactions were always mutual in both
directions. I often learned from them as much as I man-
aged to teach them. This article dealt only with Krabbe
disease, and consequently those colleagues who were
directly involved in studying some aspects of the disease
are mentioned. However, there have been always interac-
tions among all members of the laboratory, and often one
cannot specify the contributions of each member. Count-
ing only those from Japan, altogether 30 young colleagues
have passed through my laboratory on the postdoctoral
level. In another way, I have counted all the students,
postdoctoral workers, short-term visitors (less than half a
year), and collaborators of senior levels from different
countries throughout my career. The statistics are United
States (50), Japan (38, including those mentioned here),
Germany (10), The Netherlands (five), Portugal (five),
and Italy (three), with one each from France, Canada,
Israel, Argentina, the United Kingdom, and Korea. Last
but not least, collaborations with my wife, Kinuko
Suzuki, a neuropathologist, has been an indispensable fac-
tor. Disregarding who is the primary author, 77 of my
375 full-length publications carry both names as authors.
We maintain domestic peace by pretending that I am
totally ignorant of pathology and that she knows nothing
about biochemistry. I firmly believe that the essence of
natural science is to understand how nature works. I real-
ize anew that any advances that my group managed to
contribute to this human endeavor are the fruits of the
concerted efforts of these nearly 120 colleagues. I express
my deep gratitude to all of them.
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Review

Lysosphingolipids and Sphingolipidoses:
Psychosine in Krabbe’s Disease

Stefka Spassieva1 and Erhard Bieberich2*
1Department of Molecular and Cellular Medicine, Texas A&M Health Science Center, College Station,
Texas
2Department of Neuroscience and Regenerative Medicine, Medical College of Georgia,
Augusta University, Augusta, Geogia

Until recently, lipids were considered inert building blocks
of cellular membranes. This changed three decades ago
when lipids were found to regulate cell polarity and vesi-
cle transport, and the “lipid raft” concept took shape. The
lipid-driven membrane anisotropy in form of “rafts” that
associate with proteins led to the view that organized
complexes of lipids and proteins regulate various cell
functions. Disturbance of this organization can lead to
cellular, tissue, and organ malfunction. Sphingolipidoses,
lysosomal storage diseases that are caused by enzyme
deficiencies in the sphingolipid degradation pathway,
were found to be particularly detrimental to the brain.
These enzyme deficiencies result in accumulation of
sphingolipid metabolites in lysosomes, although it is not
yet clear how this accumulation affects the organization
of lipids in cellular membranes. Krabbe’s disease (KD), or
globoid cell leukodystrophy, was one of the first sphingo-
lipidosis for which the raft concept offered a potential
mechanism. KD is caused by mutations in the enzyme
b-galactocerebrosidase; however, elevation of its sub-
strate, galactosylceramide, is not observed or considered
detrimental. Instead, it was found that a byproduct of gal-
actosylceramide metabolism, the lysosphingolipid psy-
chosine, is accumulated. The “psychosine hypothesis”
has been refined by showing that psychosine disrupts lip-
id rafts and vesicular transport critical for the function of
glia and neurons. The role of psychosine in KD is an
example of how the disruption of sphingolipid metabolism
can lead to elevation of a toxic lysosphingolipid, resulting
in disruption of cellular membrane organization and neu-
rotoxicity. VC 2016 Wiley Periodicals, Inc.

Key words: b-galactocerebrosidase; galactosylceramide;
galactosylsphingosine; psychosine; lipid rafts; enzyme
deficiencies

FROM THUDICHUM TO LIPID RAFTS:
BIOCHEMISTRY MEETS CELL BIOLOGY

The first comprehensive lipid analysis of the brain
was published more than a century ago in the book

entitled A treatise on the chemical constitution of the brain by
the German chemist Johann Ludwig Wilhelm Thudi-
chum (1829–1901; Thudichum, 1884, 1901; Pruett et al.,
2008). After he became a British citizen, most of Thudi-
chum’s studies were achieved in England when he
received a grant from the Privy Council of London. Thu-
dichum’s work was amazing considering that he separated
and characterized sphingomyelin, sphingosine, and other
brain lipid fractions based solely on their solubility,
hydrolysis with acids and bases, and precipitation of the
hydrolyzed products as adducts with different salts. He
also described for the first time a compound he termed
“psychosin,” which he obtained as a basic hydrolysis
product from the “phrenosin” (galactosylceramide) frac-
tion. Remarkably, Thudichum’s elemental analysis and
description of “psychosin” being composed of galactose
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and sphingosine was very similar to the compound now
known as galactosylsphingosine or psychosine (Fig. 1).
The correct structure of psychosine, with the only error
in the positions of the hydroxyl and amino groups, was
resolved 3 decades after Thudichum by another biochem-
ist, Ernst Klenk (Klenk, 1931; Sakagami, 1958). With the
introduction of thin-layer chromatography (TLC) in the
1950s, an analytical and preparative method to separate
lipids by their partitioning between a running solvent (a
mobile phase) and a sorbent coated on a glass plate (a sta-
tionary phase), the complete structural characterization of
sphingosine, psychosine, and many other sphingolipids
was achieved by Kokichi Ohno and Herbert Carter. Car-
ter also coined the term “sphingolipids” for lipids con-
taining the long-chain bases sphingosine and
dihydrosphingosine (Fig. 1; Sakagami, 1958; Carter et al.,
1947; Pruett et al., 2008). The development of radioac-
tive enzyme assays by Kunihiko Suzuki and Tadashi
Miyatake led to the discovery that in Krabbe’s disease
(KD; globoid cell leukodystrophy), deficiency of the same
lysosomal enzyme that hydrolyzes galactosylceramide, b-
galactocerebrosidase or galactosylceramidase, results in
accumulation of psychosine, which is also a substrate for
this enzyme (Fig. 1; Miyataki and Suzuiki, 1972). In
1972, Suzuki and Miyatake formulated the “psychosine
hypothesis” that KD is caused by accumulation of the
neurotoxic lysosphingolipid psychosine, several years
before Lars Svennerholm discovered elevation of psycho-
sine in KD brain tissue using mass spectrometry, currently
the prevalent method for sphingolipid analysis (Vanier
and Svennerholm, 1976; Suzuki, 1998; Dawson, 2015).
However, despite these major advances in lipid analysis, it
remained elusive why psychosine or other lysosphingoli-
pids, such as glucosylsphingosine and lysosphingomyelin,
are neurotoxic (Fig. 1).

In 1987, Yusuf Hannun and Robert Bell (1987,
1989a) published a seminal article showing evidence that
the neurotoxicity of sphingosine and lysosphingolipids,
including psychosine, is due to their inhibitory activity on
protein kinases, particularly protein kinase C (PKC). This
work initiated a plethora of studies defining protein tar-
gets for sphingolipids, including phosphatases (ceramide),
kinases (ceramide, sphingosine, and psychosine), and
receptors (sphingosine-1-phosphate; Snook et al., 2006;
Sandhoff, 2012; Schwartzmann et al., 2014; Ernst and
Brugger, 2014; Yamaji and Hanada, 2015). Despite solid
evidence for sphingolipid binding to these proteins, it is
still not fully understood which of these interactions is
critical for cell biological processes and the pathophysiolo-
gy of sphingolipidoses and other sphingolipid-related dis-
eases. The major conceptual and methodological obstacle
in defining the function of sphingolipid binding to pro-
teins is to reconcile the embedding of a sphingolipid in
cell membranes with its functional association with a
cytosolic protein. Although a lateral association of a lipid
with a protein with a transmembrane domain is potential-
ly easier to explain, it is enigmatic how cytosolic proteins

specifically recognize and bind as phingolipid when the
accessible portion is mainly the polar head group. In par-
ticular, cytosolic proteins would not be able to readily dis-
tinguish different hydrophobic tails of sphingolipids with
the same head group. One plausible explanation for how
sphingolipids bind to proteins comes from the structural
similarity of ceramide with diacylglycerol (DAG), for
which the binding mechanism to PKC is well established.
The structural similarity between DAG and ceramide sug-
gests that ceramide may bind to the pertinent protein(s)
by a similar mechanism (Hannun and Bell, 1989b; Gala-
gos and Newton, 2008). This is achieved by a two-step
binding process; first, PKC attaches to the polar surface of
the membrane, which is followed by probing the hydro-
phobic part with two prong-like protein domains digging
deep into the inner leaflet of the plasma membrane (Cho
and Stahelin, 1976; Stahelin et al., 2005). One could
imagine a similar “touch-and-dig” mechanism for a varie-
ty of proteins binding to sphingolipids; including the way
in which sphingosine and lysosphingolipids bind PKC to
inhibit it. This touch-and-dig binding mechanism implies
that the target proteins are first attracted to membrane
surfaces (“touch”) by a variety of lipid polar head groups
(glycerol, serine, phosphate, etc.) and then activated or
inhibited by association with the hydrophobic portion of
the lipid. The hydrophobic properties of the lipid are
defined by the number, length, saturation, and hydroxyl-
ation of its hydrocarbon moieties. Alternatively, in a
“touch-and-pull” mechanism, as in sphingolipid hydro-
lyzing enzymes or the ceramide transport protein
(CERT), the protein will lift the sphingolipid completely
out of the membrane and embed it in its binding site
(Sandhoff, 2012; Kumagi et al., 2005). Accordingly, these
proteins do not have to remain associated with the mem-
brane and can move the lipid within the cytosol or lumi-
nal space of membrane compartments.

The major enigma of both the touch-and-dig and
the touch-and-pull mechanisms is how the initial recogni-
tion of the membrane is achieved with some degree of
specificity without forcing the protein to scan membrane
surfaces randomly for binding to the appropriate lipid.
Clustering of specific lipids in rafts or microdomains to
facilitate scanning of proteins for selective “touch” could
be a plausible solution to this problem. The concept of
lipid clustering and sorting was postulated approximately
3 decades ago by Gerrit van Meer and Kai Simons. They
showed that fluorescently labeled glycosphingolipids are
asymmetrically transported to the apical membrane of
MDCK cells (van Meer et al., 1987; Simons and van
Meer, 1988). The “raft hypothesis” was formally intro-
duced about a decade later by Simons and Ikonen (1997)
in their seminal Nature publication. Experimental evi-
dence for “lipid microdomains,” however, can be traced
to studies from the early 1970s, which showed that alka-
line or cold Triton X-100-insoluble membrane fractions
were enriched in cholesterol and particular sphingolipids
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(Gurd et al., 1972; Butters and Hughes, 1974). These
insoluble membrane fractions were later shown to be
enriched with raft proteins, such as caveolins and, there-
fore, were considered to be equivalent to the biological
constitution of lipid rafts in living cells (Harder and
Simons, 1997; Gulbins and Kolesnick, 2003; Jacobson
et al., 2007; Lajoie et al., 2009; Lingwood and Simons,
2010; Levental et al., 2010; Simons and Sampaio, 2011;
Sonnino and Prinetti, 2013; Dawson, 2014; Ledeen and
Wu, 2015; Aureli et al., 2015, 2016). Recent evidence
emerging from modern imaging methods such as imaging
mass spectrometry or super-resolution fluorescence
microscopy shows that the lipid distribution in the cell
membrane of fixed cells is functionally organized in
microdomains or “rafts” (Frisz et al., 2013). However,
proof for an equivalent functional organization in living
cells is still elusive.

Apart from the proposed function of lipid rafts to
assemble cell signaling platforms by gathering membrane-
resident receptors, it is possible that they generate a partic-
ular polar surface potential of clustered lipid head groups
that can be recognized by adequate lipid binding proteins
prior to “digging” into the membrane or “pulling” out a
lipid. Lysosphingolipids such as psychosine can disturb
this microdomain organization or possibly aberrantly bind
proteins that rely on the formation and function of nor-
mal lipid rafts and in that way unfold neurotoxicity.
Indeed, several studies have provided evidence that psy-
chosine disturbs the lipid raft organization of oligoden-
drocytes and neurons in KD tissue (White et al., 2009,
2011). It should be noted that the raft concept as discussed
in this Review involves both the inner (cytoplasmic) and
the outer (exoplasmic) leaflet of the membrane, although
most of the typical raft lipids such as sphingomyelin, cho-
lesterol, and glycosphingolipids are distributed predomi-
nantly in the outer leaflet (Simons and Sampaio, 2011).
Lysosphingolipids such as psychosine are likely to be

elevated in the luminal (equivalent to outer) leaflet of the
lysosomal membrane. To affect cytosolic proteins, lysos-
phingolipids would have to alter the raft organization of
the inner membrane leaflet. To date, it is unclear how
this is achieved. Simons suggests that sphingolipids in the
outer leaflet are “coupled” to rafts in the inner leaflet via
very long fatty acid chains that reach across the two mem-
brane leaflets (Simons and Sampaio, 2011). In the case of
lysosphingolipids, however, this is not possible because
they lack the fatty acid moiety. A potential solution is that
accumulation of these lipids disturbs rafts in the outer leaf-
let, which then affects the inner leaflet through impaired
coupling. Alternatively, lysosphingolipids “flip” across the
membrane (transbilayer movement), which may require
flippases that have been suggested for a variety of sphingo-
lipids with polar head groups (Deleke, 2003; van Meer,
2011). Consistent with the higher water solubility and
rather low concentration of lysosphingolipids, they may
also act as “neurotoxic ligands” for specific receptor pro-
teins, which has been suggested for psychosine and other
lysosphingolipids (Meyer zu Heringdorf and Jakobs,
2007). On the other hand, a recent study showed that a
stereo-insensitive and nonenantioselective enantiomer of
psychosine has toxicity equal or even greater than that of
the stereo-specific and enantioselective enantiomer that is
suggested to bind specifically to a receptor protein (Haw-
kins-Salsbury et al., 2013). Probably, the difference
between effects resulting from receptor binding and a
more generalized raft-perturbing or even membrane-
lysing activity of psychosine depends on its concentration.
In KD brain white matter, the concentration of psycho-
sine is up to 10 mM, whereas nonspecific effects on the
membrane were tested at 20 mM (Svennerholm et al.,
1980; Hawkins-Salsbury et al., 2013). Currently, it is not
clear at which threshold concentration of psychosine the
raft-perturbing or even detergent-like effects are distinct
from specific activities for potential protein binding.

Fig. 1. Sphingolipidoses affect enzymes from the sphingolipid degradation pathway. Metabolic steps
in the sphingolipid degradation pathway affected by the mutations in the enzymes identified as the
underlying cause of the respected lysosomal storage diseases.
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Studies on KD and other sphingolipidoses show that
the current view of the neurotoxic mechanism has
evolved from the original hypothesis that neurotoxicity
emerges from lysosphingolipids inhibiting PKC to the
more holistic idea that these lipids lead to disorganization
of cellular membranes, particularly lipid rafts (Hannun
and Bell, 1989a; Kurzchalia and Parton, 1999). These
views are not mutually exclusive, and a closer look at dif-
ferent molecular and cellular levels of pathophysiology
will quickly reveal a complex cascade of various insults,
including those to membranes, protein binding, and
organellar function, ultimately leading to neurotoxicity
and disease pathology.

LYSOSPHINGOLIPIDS AND
SPHINGOLIPIDOSES: MIND YOUR

MEMBRANES

KD, or globoid cell leukodystrophy, is one of six autoso-
mal recessive sphingolipidoses with accumulation of a par-
ticular sphingolipid metabolite resulting from mutation or
deficiency of the enzyme that degrades it. Similarly to psy-
chosine in KD, other lysosphingolipids were found to be
100–1,000-fold enriched in sphingolipidoses; e.g., Gauch-
er’s disease (glucosylsphingosine or glucopsychosine),
Fabry’s disease (globotriaosylsphingosine), and Niemann
Pick disease (lysosphingomyelin or sphingosylphosphocho-
lin; Fig. 1; Svennerholm et al., 1991; Berger et al., 1995;
Kurzchalia and Parton, 1999; Ferraz et al., 2014, 2016). As
discussed above, there is solid evidence that the lysosphin-
golipid psychosine leads to membrane disorganization from
disruption of lipid rafts (Fig. 2; White et al., 2009; Cantuti-
Castelvetri et al., 2013). Nearly 20 years ago, Suzuki
(1998) proposed that the pathology of other sphingoli-
pidoses may follow a molecular mechanism similar to
that of KD, although he did not discuss the effect of
lysosphingolipids on membrane organization or rafts.
Whether disruption of membrane domains, as in KD,

plays a role in other sphingolipidoses, in which lysos-
phingolipids accumulate, remains to be tested. Never-
theless, it is worthwhile exploring whether there is a
more general model of a neurotoxic mechanism based
on a multileveled cascade of molecular, organellar, and
cellular pathologies that is initiated by membrane disor-
ganization resulting from accumulation of a particular
sphingolipid or its neurotoxic lysosphingolipid byprod-
uct (Fig. 2). It is possible that lipid raft disruption from
accumulation of lysosphingolipids compromises the abil-
ity of sphingolipid binding proteins to scan for a cluster
of polar head groups (see previous section), which leads
to defunct binding or activation or inactivation of kin-
ases and phosphatases or directly affects receptors and
channels.

The second level of molecular dysfunction in
sphingolipidoses involves a variety of organelles (ER,
including nuclear envelope, Golgi, endolysosomal com-
partment, and mitochondria), the function of which
critically relies on the organization of their membranes,
membrane–cytoskeleton interaction, and vesicle trans-
port. For example, psychosine has been shown to
induce dispersion of Golgi and endosomal vesicles as
well as to affect mitochondria (Haq et al., 2003; Kanaza-
wa et al., 2008). Some aspects of psychosine toxicity
resemble that of ceramide accumulation based on the
observation that psychosine and ceramide induce similar
malfunctions: disruption of axonal transport and growth
(Cantuti-Castelvetri et al., 2013, 2015), elevated protea-
somal protein degradation (Friant et al., 2003; Kroesen
et al., 2003; Cantuti-Castelvetri et al., 2015), and
increased autophagy (Ribbens et al., 2014; Jiang and
Ogretmen, 2014). Importantly, ceramide has been
reported to regulate lipid rafts, which may explain many
of its biological effects at the organellar and cellular lev-
els (Grassme et al., 2001; Gulbins and Kolesnick, 2003).
It is possible that the effects of psychosine on the

Fig. 2. Lysosphingolipid neurotoxicity on different levels of cellular organization.
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organelle level are also due to its disruption of mem-
brane rafts, as discussed above.

Psychosine has been shown to affect oligodendro-
cytes but remarkably also to impair the fast axonal trans-
port in neurons (Cantuti-Castelvetri et al., 2013). Because
neurons are not known to synthesize significant quantities
of galactosylceramide (Okahara et al., 2014), psychosine is
likely to be transported from glial cells to neurons. Most
recently, work from one of our laboratories has shown
the transfer of ceramide between astrocytes using extracel-
lular vesicles as carriers (Wang et al., 2012). It is plausible
that exosomes or other extracellular vesicles are able to
carry a variety of neurotoxic lipids, such as psychosine
and other lysosphingolipids, probably as a cleansing pro-
cess of the vesicle donor cells, which may cause collateral
damage to the neighboring cells from spreading of a toxic
lipid. Another set of similarities between psychosine and
ceramide is their activity on PKCs and glycogen synthase
kinase 3 (GSK3), as well as their effect on calcium release
and generation of reactive oxygen species in mitochondria
(Strasberg and Callahan, 1988; Hannun and Bell, 1989b;
Vartanian et al., 1989; Lozano et al., 1994; Muller et al.,
1995; Lee et al., 1996; Y.M. Wang et al., 1999; Bourbon
et al., 2000; G. Wang et al., 2005; Kitatani et al., 2007;
Cantuti-Castelvetri et al., 2013; Kong et al., 2015). Even
though there is no striking structural similarity between
psychosine and ceramide (Fig. 1), some of the pathologi-
cal effects on the cellular level suggest that the mechanism
for neurotoxicity is related, possibly through dysregula-
tion of lipid rafts.

Despite plausible similarities in the mechanisms
potentially underlying neurotoxicity in sphingolipidoses,
different sphingolipidoses affect different cell types and
tissues (Fig. 2). Macrophages in the brain turning into
large multinucleated cells, the so-called globoid cells, are
one of the first visible signs of KD pathology, so the dis-
ease is also known as globoid cell leukodystrophy. Uniquely
among the sphingolipidoses affecting the nervous system,
KD has been shown to damage oligodendrocytes and
Schwann cells and to involve neuronal degeneration
mostly after demyelination. Impairment of neuromuscu-
lar junctions and muscle degeneration, probably in the
wake of failed innervation, has also been described for
KD (Ribbens et al., 2014; Cantuti-Castelvetri et al.,
2015). On the other hand, Gaucher’s disease, a deficien-
cy of glucosylceramidase, and Farber’s disease, a defi-
ciency of ceramidase, affect mainly peripheral organs
such as spleen and liver (Figs. (1 and 2)). This specificity
is enigmatic if one tries to understand tissue failure on
the basis of membrane disorganization as a common
mechanism of neurotoxic lysosphingolipids. There are
clear limitations in a purely lipid raft point of view, and
additional modifiers determining cell- or tissue specific
neurotoxicity must be considered. These modifiers are
probably proteins interacting with lysosphingolipids the
expression of which is regulated in a cell- or tissue-
specific manner or different lipid makeup of the

membranes of different cell types in a specific tissue.
Understanding these interactions and differences will
require further development of sophisticated techniques
for lipid analysis and visualization that will elevate lipid
biochemistry to the level of cell biology.

NEXT-GENERATION LIPID ANALYSIS:
UNDERSTANDING LIPID–PROTEIN

INTERACTION

The major advantage of protein over lipid analyses at the
level of cell biology is the wealth of techniques available
to visualize the distribution of proteins in living cells. In
addition, visualization of the lipid rafts in living cells is
hampered by their small size and transient dynamic nature
at physiological temperature (Munro, 2003). This is not
just a technical problem but a serious conceptual obstacle
for lipid rafts when it comes to explaining their biological
function. If lipid rafts decay faster than raft proteins
respond, then the biological effect of rafts on these pro-
teins is likely to be negligible. The elevation of lysosphin-
golipids may do just that, making lipid rafts short-lived or
changing their composition and thereby rendering them
dysfunctional. However, currently only very limited tech-
niques are available to test this. So far, only alkaline- or
detergent-insoluble membranes, isolated by density gradi-
ent ultracentrifugation and tested for the distribution of
raft-associated proteins, are taken as evidence for
lysosphingolipid-induced disruption of lipid rafts in living
cells (White et al., 2009; Cantuti-Castelvetri et al., 2013;
Teixeira et al., 2014). A prerequisite is that insoluble
membrane fractions are truly representative of lipid rafts
and are not altered by the methods used for their isola-
tion. Furthermore, if distinct lipid rafts or domains are
formed in different cellular compartments, any isolation
technique based on cell lysis will obliterate this distinc-
tion. Most recently, a novel imaging technique using
high-resolution imaging mass spectrometry of metaboli-
cally labeled (15N) sphingolipids in combination with total
internal reflection fluorescence microscopy (TIRFM) of
Bodipy-conjugated sphingolipids has identified microdo-
mains that are enriched with sphingolipids (Frisz et al.,
2013). Intriguingly, these microdomains are not altered
by glutaraldehyde fixation and are regulated by the actin
cytoskeleton. The interaction of sphingolipids with the
cytoskeleton and its effect on cell polarity have been the
research interest in one of our laboratories for more than
10 years (Krishnamurthy et al., 2007a; Bieberich, 2008,
2011; Wang et al., 2008, 2009; He et al., 2012, 2014;
Kong et al., 2015). This group developed an anticeramide
antibody that was used to visualize the distribution of cer-
amide in the ER, Golgi, apical and leading cell membrane
of polarized and migrating cells, and, for the first time, an
apical ceramide-enriched compartment (ACEC) at the
base of primary and motile cilia (Krishnamurthy et al.,
2007b). Intriguingly, ceramide was not homogeneously
distributed in these membranes, but it was enriched in
contact sites that attached to the cytoskeleton, particularly
microtubules with a high degree of tubulin acetylation
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(Bieberich, 2008; He et al., 2014). Applying another
technique originally developed in their laboratory, lipid-
mediated magnetic-activated cell sorting (LIMACS), the
Bieberich group used the anticeramide antibody and mag-
netic beads to isolate ceramide-enriched vesicles that were
found to be associated with acetylated tubulin and the
small Rho GTPases cdc42 and Rab11 (He et al., 2014).
These results suggested that microdomains or rafts, partic-
ularly when enriched with ceramide, are involved in reg-
ulation of the cytoskeleton and that disruption of their
function will have an impact on cell polarity and vesicle
transport.

Any disorganization of raft lipids will affect their
interaction with the cytoskeleton, regardless of whether
rafts control the dynamics of the cytoskeleton or vice
versa. In principle, sphingolipid regulation of the cyto-
skeleton and dysregulation by lysosphingolipids can pro-
ceed via direct binding to cytokeletal proteins or
regulatory proteins such as microtubule-associated pro-
teins or kinases and phosphatases affecting cytoskeletal
dynamics. Recently, it was shown that ceramide binds
and activates GSK3, a protein kinase that is also activated
by psychosine (Cantuti-Castelvetri et al., 2013; Kong
et al., 2015). By using a bifunctional ceramide analogue,
the ceramide–GSK3 interaction was visualized in glial
cells (Kong et al., 2015). Bifunctional or biorthogonal lip-
id analogues contain a diazirine group for UV crosslinking
of the analogue to a binding protein and an alkyne group
for derivatization with fluorophores or biotin using click
chemistry (Haberkant and van Meer, 2009; Haberkant
et al., 2013; Haberkant and Holthuis, 2014). In another
approach, azido-derivatized ceramide and ceramide ana-
logues (S18) have been used with click chemistry to label
ceramide-binding proteins (e.g., azido-S18 interaction
with aPKC) in living cells (Walter et al., 2016). In addi-
tion, bifunctional lipid analogues have been used to iden-
tify or visualize fatty acid, cholesterol, sphingosine, and
ceramide binding proteins and will certainly allow for a
similar task with lysosphingolipids such as psychosine
(Haberkant et al., 2013, 2016; Hulce et al., 2013; Kong
et al., 2015).

CONCLUSIONS

Lipid analysis has come a long way from the first bio-
chemical characterization of psychosine more than 100
years ago to the psychosine and lysophingolipid hypothe-
ses as causative principles in KD and other sphingolipido-
ses, respectively. Still, novel concepts and technology are
needed to advance our knowledge from the idea of lipid
microdomains or rafts to an understanding of lipid–pro-
tein interaction within them and the effects on cellular
function and disease. Neurotoxicity caused by lysosphin-
golipids dysregulating the interaction of raft lipids with
cytoskeletal proteins can certainly be a major focus of this
research effort. Ultimately, a deeper understanding of lip-
ids as diagnostic markers and therapeutic targets will dem-
onstrate that lipids are more than just being fats or inert
structural “bricks” in the membranes but are bioactive

players in their own right and further fuel our effort to
take sphingolipid biochemistry to the level of cell
biology.
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Review

Krabbe Disease: One Hundred Years From
the Bedside to the Bench to the Bedside

David A. Wenger,* Mohammad A. Rafi, and Paola Luzi

Department of Neurology, Sidney Kimmel College of Medicine at Thomas Jefferson University,
Philadelphia, Pennsylvania

This Review summarizes the progress in understanding
the pathogenesis and treatment of Krabbe disease from
the description of five patients in 1916 by Knud Krabbe
until 2016. To determine the cause of this genetic disease,
pathological and chemical analyses of tissues from the
nervous systems of patients were performed. It was deter-
mined that these patients had a pathological feature
known as globoid cell in the brain and that this consisted
partially of galactosylceramide, a major sphingolipid com-
ponent of myelin. The finding that these patients had a
deficiency of galactocerebrosidase (GALC) activity
opened the way to relatively simple diagnostic testing
with easily obtainable tissue samples, studies leading to
the purification of GALC, and cloning of the GALC cDNA
and gene. The availability of the gene sequence led to the
identification of mutations in patients and to the current
studies involving the use of viral vectors containing the
GALC cDNA to treat experimentally naturally occurring
animal models, such as twitcher mice. Currently, treat-
ment of presymptomatic human patients is limited to
hematopoietic stem cell transplantation (HSCT). With
recent studies showing successful treatment of animal
models with a combination of HSCT and viral gene ther-
apy, it is hoped that more effective treatments will soon be
available for human patients. For this Review, it is not pos-
sible to reference all of the articles contributing to our cur-
rent state of knowledge about this disease; however, we
have chosen those that have influenced our studies
by suggesting research paths to pursue. VC 2016 Wiley

Periodicals, Inc.

Key words: galactocerebrosidase activity; gene therapy;
hematopoietic stem cell therapy; twitcher mice; viral
vectors

It has been 100 years since Dr. Knud Krabbe (1916)
described five infants with “diffuse sclerosis of the brain”
with shared clinical features, familial occurrence, and
pathological findings demonstrating the destruction of
white matter in certain regions of the brain, cerebellum,
and spinal nerve tracts. There had been at least one earlier
report of patients with similar histopathological changes
who may have had the same disease (Bullard and South-

ard, 1906). In 1924, Collier and Greenfield (1924)
described the globular distended multinucleated bodies
(globoid cells), which are a histopathological characteristic
of this disease, in the brains of these patients. However, it
is interesting that these features were seen in patients who
had a later-onset form of the disease (onset at 4.5 and 6
years of age). Until the 1950s, the term diffuse brain sclerosis
was used to describe patients with different causes but
similar nonspecific brain histopathology. In 1940,
deLange (1940) published an article entitled Ueber die
familiare infantile form der Gehirn-sklerose (Krabbe). In 1942,
Jervis (1942) used the title Early infantile “diffuse sclerosis”
of the brain (Krabbe’s type) for an article describing two
patients. However, both unrelated patients described in
the Jervis paper were Jewish and probably did not have
Krabbe disease. These are the earliest uses we could find
of the eponym Krabbe disease to acknowledge the contri-
bution of Dr. Krabbe in delineating the characteristics of
this disease, which in some ways resemble other infantile
neurodegenerative disorders. Since that time, clinicians,
pathologists, biochemists, geneticists, molecular biologists,
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veterinarians, and others have devoted their expertise to
understanding this complex disorder better. Although Dr.
Krabbe described infants with the classic infantile form of
this disease, subsequently older patients, ranging from late
infantile to adults, have been diagnosed with this disease.
Initially, when this disease was suspected, a biopsy of the
brain was required to determine whether typical patho-
logical features were present. Soon, it was recognized that
there was a deficiency of myelin in both the CNS and the
PNS. These individuals were shown to have characteristic
lesions known as globoid cells that differentiated this disease
from other infantile neurodegenerative disorders, such as
Tay-Sachs disease. In 1954, Blackwood and Cumings
(1954) determined the lipid content in brains from three
patients with diffuse cerebral sclerosis, each with a differ-
ent diagnosis, including Canavan disease, Pelizaeus-
Merzbacher’s disease, and Krabbe disease. When the child
with Krabbe disease died at 3 years of age, they found an
increase in galactosylceramide (cerebroside) in the brain,
and this glycolipid was probably present in the so-called
globoid bodies. They proposed that these globoid bodies
resulted from an attempt by phagocytes to deal with this
periodic acid-Schiff-positive material and that these cells
had a microglial origin. Beside the five infantile cases
described by Krabbe, most of the other patients used in
other seminal studies were either of later onset or possibly
did not have Krabbe disease.

In 1963, Professor Bengt Hagberg and colleagues
(1963) defined three clinical stages in the lives of infantile
patients with Krabbe disease. In 1969, Hagberg et al.
(1969) described the clinical and genetic aspects of 32
Swedish cases of infantile Krabbe disease, commenting on
the clinical uniformity of the cases. Since that time, the
stages of disease progression have not changed signifi-
cantly in untreated patients. Stage I is characterized by
generalized hyperirritability, hyperesthesia, episodic fever
of unknown origin, and some stiffness of the limbs. The
child, apparently normal for the first few months after
birth, becomes hypersensitive to auditory, tactile, and vis-
ual stimuli and begins to cry frequently without apparent
cause. Slight retardation or regression of psychomotor
development, vomiting with feeding difficulty, and con-
vulsive seizures may occur as initial clinical symptoms.
The protein concentration in the cerebrospinal fluid
(CSF) is already increased. In stage II, severe motor and
mental deterioration develops rapidly. There is marked
hypertonicity, with extended and crossed legs, flexed
arms, and arched back. Tendon reflexes are hyperactive.
Minor tonic or clonic seizures occur. Optic atrophy and
sluggish pupillary reactions to light are common. Stage III
is the “burned-out” stage, sometimes reached within a
few weeks or months. The infant is decerebrate and blind
and has no contact with his or her surroundings. Deafness
may also occur. Patients rarely survive for more than 2
years. Another staging system for infantile Krabbe disease
to help predict the outcome after unrelated umbilical
cord blood transplantation was published more recently
(Escolar et al., 2006). It is interesting that Drs. Krabbe and
Hagberg were both from Scandinavian countries, where

the incidence of the infantile form is most prevalent. At
the time of Professor Hagberg’s seminal article, the defini-
tive diagnosis of clinically suspected patients was still
being made from suspicious nonspecific laboratory find-
ings (i.e., high CSF protein), biopsy of nervous tissues,
and family history (when a previous child was definitively
diagnosed in that family). In addition to the pathological
changes in the CNS, severe degeneration and fragmenta-
tion of the myelin sheaths in the peripheral nerve were
noted (Hagberg et al., 1969). Not much could be done
for individuals diagnosed with significant clinical features
except to provide supportive care to help with spasticity,
irritability, seizures, and infections. Although individuals
with infantile onset are diagnosed more often among the
northern European population, other locations have a
higher incidence of patients with late infantile and juve-
nile onset. These include regions of Sicily, Greece, India,
and Japan. The onset and progression of disease in the
late-onset forms can be quite variable. Individuals can be
clinically normal until increasing weakness, vision loss,
and intellectual regression become evident. However,
some adult patients have had recognized problems with
gait and balance earlier in life. The onset of symptoms
and clinical course can be variable even among siblings
(Wenger, 2011; Debs et al., 2013).

Because the brain and other nervous tissues had
characteristic pathological features, it was left to the bio-
chemists and neurochemists to try to determine whether
there was an imbalance in an important brain chemical
that could explain the features of this disease. Previous
studies in brains from infants who died with Tay-Sachs
disease had shown that a ganglioside known as GM2 was
greatly elevated from the low levels seen in non-Tay-
Sachs individuals. That led to the identification of the
deficiency of the enzyme hexosaminidase A as responsible
for the lysosomal degradation of this ganglioside.
Although the initial chemical findings in the brains from
patients with Krabbe disease were not so dramatic, they
did show that isolated globoid cells contained an excess
amount of galactosylceramide. It had been determined
that myelin, the insulation around nerves, consists of lipids
and proteins forming a bilayer that wraps around axons to
expedite impulse transmission down the nerve. Galacto-
sylceramide and sulfatide are the major glycosphingolipids
in myelin. Although globoid cells had an excess of galac-
tosylceramide, the whole brain, especially the white mat-
ter, actually had less of this lipid. This could indicate that
the galactosylceramide in globoid cells could have origi-
nated from the breakdown of myelin. It was known that
myelin in the CNS is made by the oligodendrocytes and
in the PNS by the Schwann cells. During early develop-
ment of the nervous systems, starting in utero in humans,
myelin is wrapped around newly formed naked axons.
Myelination continues for many years, probably into the
20s or possibly the 30s. However, in addition to normal
turnover, there are other reasons why remyelination may
be necessary. Repair of myelin may be required after
demyelination induced by environmental insults such as
infections, hypoxia, physical injury, or other mechanisms.
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Remyelination would require normal functioning oligo-
dendrocytes and Schwann cells.

With a decrease in myelin in nervous tissues from
patients with Krabbe disease, the explanation could be a
defect in the myelin-forming cells or in the synthesis or
degradation of a key component necessary for the pro-
duction of stable, compact myelin. However, Malone
(1970) and Suzuki and Suzuki (1970) reported that there
was very low activity for a lysosomal enzyme that was
responsible for the degradation of galactosylceramide.
This enzyme is called galactocerebrosidase, galactosylceramidase
or galactosylceramide b-galactosidase (GALC). GALC is pres-
ent in all tissues, even though some tissues have little
apparent requirement for its activity. These include
peripheral leukocytes that are readily available from a
small sample of blood. This discovery opened the way for
accurate diagnostic testing of at-risk patients without the
requirement for brain or other biopsies. Within a very
short time, prenatal diagnosis of at-risk pregnancies
because of a previously affected child was accomplished
by measuring GALC activity with cultured amniotic fluid
cells (Suzuki et al., 1971) and, eventually, chorionic villus
samples. The identification of affected fetuses before 20
weeks of gestation resulted in some terminations of preg-
nancies because of the lack of effective therapies. Other
fetuses found to be affected were born and received sup-
portive care. Most at-risk couples (three of four on aver-
age) were given good news that the fetus would not have
Krabbe disease.

Meanwhile, studies on the biochemistry of nervous
tissues from patients who had Krabbe disease and on the
properties of the GALC continued. It was soon discov-
ered that another galactolipid, galactosylsphingosine (psy-
chosine), was a substrate for GALC (Miyatake and
Suzuki, 1972). It was then found that psychosine was ele-
vated in the brain, especially in the white matter, of
patients (Svennerholm et al., 1980). It was also elevated in
peripheral nerves. Although this lipid is found in only
very low amounts in nervous tissues from normal individ-
uals, it is present in elevated amounts in patients with
Krabbe disease. Although the amount is not great enough
to be detected easily, such as the excess GM2 ganglioside
in brain samples from patients with Tay-Sachs disease, it
may play a critical role in the pathogenesis of Krabbe dis-
ease. How is psychosine produced? Whether psychosine
is synthesized during the period of rapid myelination
when the enzyme ceramide-galactosyltransferase is cata-
lyzing the transfer of galactose from uridine diphosphoga-
lactose to various lipid acceptors, including ceramide and
diacylglycerol, or arises from the catalytic removal of the
fatty acid from galactosylceramide has not been clarified.
Although the elevated amount of psychosine is not great,
psychosine is a toxic compound that can inhibit some
critical cell processes, and it may lead to the death of oli-
godendrocytes and Schwann cells (Hannun and Bell,
1987; Tanaka and Webster, 1993; Cho et al., 1997;
Taniike et al., 1999; Jatana et al., 2002; Zaka and
Wenger, 2004; Khan et al., 2005; Zaka et al., 2005; Giri
et al., 2006). The elevation of psychosine is especially

apparent in the white matter of the brain and in sciatic
nerves. Although the “psychosine hypothesis” for cell
death in Krabbe disease is generally acknowledged, there
is some evidence that argues against a causative relation-
ship between psychosine accumulation and white matter
loss and gliosis (Potter et al., 2013).

The purification of GALC from any tissue was very
difficult and took many years of work. Several groups
were trying to accomplish this at the same time. The lab-
oratories of Kunihiko Suzuki and David Wenger were in
friendly competition to purify the GALC protein to study
its properties and substrate specificity and, eventually, to
obtain sequence information that would lead to cloning
the cDNA and gene. The reasons for the difficulty in
purification were its very low abundance and extreme
hydrophobicity. In 1993, after many years of trials and
errors, the protein was initially purified from human urine
by Chen and Wenger (1993). Eventually, it could be
purified from other tissues with methods similar to those
used for urine. The purified GALC could catalyze the
hydrolysis of galactosylceramide, psychosine, and to some
degree 4-methylumbelliferyl-b-galactose (a synthetic sub-
strate). Amino acid sequence information from the puri-
fied protein was used to prepare degenerate
oligonucleotide probes to screen a cDNA library and iso-
late the cDNA (Chen et al., 1993). Additional studies led
to the isolation of the nearly 60-kb gene coding for
GALC (Luzi et al., 1995). Previously, multipoint linkage
analysis had determined that the gene responsible for
Krabbe disease was located on human chromosome 14
(Oehlmann et al., 1993). In situ hybridization with a
cDNA probe localized the GALC gene to 14q31 (Canni-
zzaro et al., 1994).

With the isolation and sequencing of the GALC
cDNA and gene, disease-causing mutations could be
identified in both infantile patients and later-onset
patients. Initially, a large deletion starting in intron 10 and
extending past the end of the coding region of the gene
was found to be a common mutation in patients with
Krabbe disease (Rafi et al., 1995). Although this mutation
is more common in patients with northern European her-
itage, it is also found in patients from Asia, Latin America,
and southern Europe. It is interesting that homozygosity
for this mutation is very common in infantile patients
from Scandinavia. However, heterozygosity for this
mutation has been identified in late-onset patients and
even adults when the second mutation is considered mild
(Debs et al., 2013). This raises the important issue of
whether inheriting two copies of certain “mild” muta-
tions would be disease causing (Wenger et al., 2014). The
answer has implications for newborn screening, accurate
diagnosis of neurologically impaired patients, and decid-
ing whether and when to institute therapy. In “Krabbe
disease (globoid cell leukodystrophy),” a chapter in Online
metabolism and molecular bases of inherited disease, Wenger
et al. (2013) cataloged 147 mutations in the GALC gene.
These include over 80 mutations that would be classified
as “severe” because of the nature of the mutation (prema-
ture stop codons, deletions, and insertions that result in a
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frame shift, splice junction mutations that result in skipped
exons, etc.) or from the clinical features of the child
homozygous or heterozygous for combinations of these
mutations. Other mutations can be considered mild
because they occur in late-onset patients, even when the
second mutation is considered severe. This shows the
modulating effect of the mild mutation. Also, it should be
noted that mutations are found in the coding regions of
this gene that lower the measured GALC activity but do
not produce disease, even when homozygous. These
mutations are considered benign polymorphisms. This
must be taken into account when interpreting results of
newborn screening (see below). When certain polymor-
phisms are found together in cis with another mutation,
they may in fact render the other mutation disease causing
(Wenger et al., 2014). Although it makes sense to propose
that the mild mutations can supply some small amount of
GALC activity, it cannot be reliably measured. It may take
only a small amount (possibly less than 3% of normal in
the correct tissues) of GALC activity to prevent or slow
the onset of disease. This issue has implications for the
treatment of this disease because GALC activity near nor-
mal does not have to be reached to achieve pathological
and clinical correction. Insights into the effects of muta-
tions in the GALC protein can be examined with the crys-
tal structure of murine GALC (Deane et al., 2011).

An article on dogs with the pathological features of
globoid cell leukodystrophy (GLD) was published by
Fletcher et al. in 1966, before the genetic defect was iden-
tified in this disease. Later studies confirmed that these
dogs had a defect in GALC activity and that inheritance
was also autosomal recessive (Fletcher et al., 1977). More
recently, a colony of carrier Cairn and West Highland
white terriers was established for the purpose of generat-
ing affected dogs for study. The GALC cDNA in dogs
was cloned and sequenced, and the mutation causing
GLD in these breeds of dogs was identified (Victoria
et al., 1996). Mutant C57BL/6J mice with defective mye-
lination and characteristic globoid cells were identified at
Jackson Laboratories. These mice had the feature of
twitching after about 20 days of age and because of this
were named twitcher (twi). Most die, on average, by 40
days of age, following hindleg weakness and weight loss.
The affected mice have a deficiency of GALC activity
(Kobayashi et al., 1980). When heterozygote mice were
bred, on average, one in four pups was affected. Later, the
disease-causing mutation in the GALC gene in these mice
was identified (Sakai et al., 1996). These mice have been
invaluable for the study of pathology and treatment of
GLD (see below). In addition to these animal models, a
rhesus macaque monkey was also identified with patho-
logical features suggestive of GLD (Baskin et al., 1989).
The GALC deficiency was confirmed, and further breed-
ing produced another affected monkey. After cloning of
the rhesus GALC cDNA, the molecular defect in this spe-
cies was identified (Luzi et al., 1997). Although some
studies have been conducted in affected monkeys from
this colony, the number of affected monkeys available is
limited. GLD has also been identified in other breeds of

dogs and species of animals, but none is available for fur-
ther study.

With the cloning of the GALC cDNA, it was possible
to insert it into different viral vectors and perform transduc-
tion studies in cultured cells. These studies showed that
GALC cDNA could be introduced into cultured cells, high
GALC activity could be expressed, and some activity could
be transferred to other cells (Rafi et al., 1996; Costantino-
Ceccarini et al., 1999). This cross-correction showed that
GALC activity from overexpressing cells could be donated
to neighboring cells, meanng that not all cells had to pro-
duce their own GALC activity. After in vitro studies and
the identification of newly characterized viral vectors, in
vivo studies could be attempted. This is still a rapidly devel-
oping field that will see further improvements in the future.
Most studies on treatment of GLD in the animal models
have been conducted with twi mice. This model is attractive
because of the availability, cost, and previous detailed patho-
logical and biochemical studies that have helped researchers
to understand the changes that take place in mammals with
low GALC activity in relation to a defect in myelination.
Although it is not possible to reference all of the therapy tri-
als here, some attempts will be mentioned. These include
bone marrow transplantation (BMT; Yeager et al., 1984;
Hoogerbrugge et al., 1988), neural and mesenchymal stem
cell transplantation (Taylor and Snyder, 1997; Strazza et al.,
2009; Neri et al., 2011; Ripoll et al., 2011), substrate reduc-
tion therapy (LeVine et al., 2000), antioxidant and pharma-
cological chaperone therapy (Berardi et al., 2014), enzyme
replacement therapy (Lee et al., 2005, 2007), gene therapy
alone (Lin et al., 2005; Rafi et al., 2005, 2012, 2015a; Shen
et al., 2005), and various combinations of these treatments
(Lin et al., 2007; Galbiati et al., 2009; Reddy et al., 2011;
Qin et al., 2012; Hawkins-Salsbury et al., 2015; Rafi et al.,
2015b; Ricca et al., 2015). A review of experimental thera-
pies for the mouse model of Krabbe disease has been pub-
lished (Li and Sands, 2014). Although some of these
approaches have resulted in a significant extension of life
and provided evidence for improved myelination in animal
models, they cannot be used in human patients for ethical
reasons. Some of these treatments include multiple injec-
tions into the brain and spinal cord, bone marrow transplan-
tation with irradiation as a myelosuppressive procedure, and
multiple weekly injections for life of chemicals that may
suppress synthesis of glycosphingolipids. Other treatment
attempts have resulted in a limited extension of life and are
not worthy of continued trials. Although some treatments
have resulted in a significant extension of life, no treatment
has resulted in a complete correction of the clinical and
pathology features associated with this disease and a normal
life span in twi mice.

It is critical to the long-term wellbeing of affected
animal models and humans that the PNS also be corrected
by the treatment method(s) chosen. The failure to correct
the PNS is a serious problem in infants receiving hemato-
poietic stem cell transplantation (HSCT) when they are
still free of significant clinical features. In mice, BMT
alone may ameliorate some of the inflammatory conse-
quences of GLD and provide some GALC activity to
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tissues, and the addition of viral gene therapy will provide
higher GALC levels quickly to tissues. Transduced cells
may then donate activity to the neighboring cells. The
migration of viral vector or gene product from the site(s)
of injection to the nervous tissues is critical to the global
delivery of corrective GALC. In addition to the global
delivery of adequate amounts of GALC activity, the tim-
ing of treatment in relation to the start of pathological
changes and myelination is also critical. Although delivery
of some GALC activity to the brain and spinal cord is
required, the PNS must also be corrected if normal motor
function is to be obtained.

Recent studies from this laboratory have concen-
trated on the use of adreno-associated viral rh10
(AAVrh10)–GALC in twi mice (Rafi et al., 2012,
2015a,b). Initial studies involved the injection of this vec-
tor intracerebroventicularly, intracerebellularly, and intra-
venously (iv) on PND2 (Rafi et al., 2012). In that study,
some mice received only one iv injection of vector on
PND2, which was not as effective as in mice that also
received injections into the brain. The early time point
for the injections was selected to provide adequate GALC
activity before pathological changes were apparent. Multi-
ple sites in the nervous system were injected to provide
global delivery of GALC activity. This treatment greatly
prolonged the lives of twi mice and also improved myeli-
nation in the CNS. The treated mice showed normal
behavior for most of their lives until the very end, when
they became weak and were sacrificed (Rafi et al., 2012).
More recently, a single iv injection of the same vector at
PND10 was tried (Rafi et al., 2015a). PND10 corre-
sponds to the start of rapid myelination in the mouse.
Also, more viral vector could be injected via the tail vein
in the larger mouse. We found that the mice lived longer
when the vector was injected iv on PND10 compared
with iv injection on PND2. Some of these mice lived for
longer than 200 days, and many demonstrated fertility by
having litters of pups or siring pups. Normal GALC activ-
ity was present in brain, cerebellum, and spinal cord, and
a supranormal GALC activity was present in the sciatic
nerves. Also, the sciatic nerve showed normally myelin-
ated axons. Although it is generally accepted that earlier
treatment is better, this study indicated a broader window
for effective treatment at least in mice. Nonetheless, in
spite of normal or supranormal GALC activity in critical
nervous tissues by this treatment, the treated-affected
mice lived less than a normal life span. This could reflect
the lack of correction of the inflammatory component of
Krabbe disease. Human infants who are predicted to have
infantile Krabbe disease and receive HSCT within the
first 40 days of life live much longer than expected if left
untreated. They have relatively preserved cognitive func-
tion, indicating that some donor hematopoietic cells are
reaching the brain, and they can donate GALC activity to
critical cells. However, these treated children eventually
have severe peripheral neuropathy, resulting in limitations
in mobility. Therefore we hypothesized that combining
BMT with a single iv injection of AAVrh10–GALC
cDNA could result in a synergistic effect that would lead

to correction of the CNS as well as the PNS. Recent
studies in twi mice have shown this to be true (Rafi et al.,
2015b). Studies from other investigators have also demon-
strated a beneficial effect of combining BMT with other
treatments (Lin et al., 2007; Reddy et al., 2011; Qin
et al., 2012; Hawkins-Salsbury et al., 2015). When BMT
at PND10 was followed by a single iv injection of
AAVrh10–GALC 1 day later, there was a dramatic increase
in life span, quality of life (strength, mobility, balance, and
weight maintenance), and evidence for normal myelination
in the CNS and the PNS. In addition to normal or supra-
normal levels of GALC activity in nervous tissues, there
was evidence for a decrease in inflammatory factors in these
tissues. Most mice treated in this way lived for more than
200 days, and many were still living after 300 days. Some
have even shown evidence of fertility by siring pups with
heterozygous females. Although some treated mice have
died, either because of traumatic injury (fights with other
male mice) or other somatic abnormalities, none of the
deaths appears to be related to the viral vector or expressed
GALC, and no mice had neurologic abnormalities at the
time of death. In addition to continuing studies of dosing
and timing of AAVrh10 administration after BMT in the
twi mice, similar studies are also proceeding in dogs with
GLD.

With the success of certain treatments in animal
models that might be applicable to human patients, the
requirement for earlier diagnosis in human patients has
increased. In addition to enzyme-based and mutation-
based testing of suspected individuals, newborn screening
for Krabbe disease has been instituted in several states
(Duffner et al., 2009a). A punch from a dried blood spot
is used to measure GALC activity with a specific substrate
and tandem mass spectroscopy to detect the reaction
products. The state of New York has screened over
2,000,000 newborns and identified five babies predicted
to have infantile Krabbe disease from additional traditional
enzyme measurement, mutation analysis, and neurodiag-
nostic testing. The families of these infants were offered
HSCT to slow the progression of the disease. This advice
was based on studies showing that infants predicted to
have Krabbe disease who were treated by 5 weeks of age
did better than their untreated siblings; however, some
had serious health issues (Escolar et al., 2005; Duffner
et al., 2009b). Among the five infants identified as high
risk in the New York newborn screening, one died with-
out a transplant, two died of complications from the
transplant, and two are living with significant graft-vs.-
host disease (GVHD). Other newborns with low GALC
activity were identified as high risk, but have mutations
only found in patients with late-onset Krabbe disease or
had multiple mutations considered to be polymorphisms
in both copies of the GALC gene. Initial followup with
neurodiagnostic testing did not show any evidence of
neurodegeneration in any of these individuals. Whether
they will ever develop symptoms of Krabbe disease
remains a concern. Another study showed that later-onset
patients with GLD could be treated effectively by HSCT
(Krivit et al., 1998). The search for an increase in a
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biomarker such as psychosine in plasma or CSF that
would signal the onset of disease has not yet proved
fruitful.

The questions of whether and when to provide
potentially curative treatment to individuals who have or
are predicted to develop Krabbe disease remains a serious
concern. This is in addition to the question of which
treatment options to recommend. The first concern is
accurate diagnosis, ideally before the clinical features are
obvious. If an infant is diagnosed when the neurologic
features are significant, he/she may receive only support-
ive care. If a presymptomatic infant is identified by new-
born screening or by family history, options for treatment
must be considered quickly. At this time, the only
approved treatment is HSCT, which supplies some
GALC activity to certain nervous tissues (Escolar et al.,
2005). This treatment extends the lives of these children,
who retain near-normal cognitive function. However,
within a few years, these children have progressive prob-
lems with mobility and expressive language (Duffner
et al., 2009b). Other infants treated with HSCT have
died of complications from the transplant procedure or
have had significant GVHD or other issues. The individu-
als who are predicted to develop later-onset Krabbe dis-
ease, either from the identification of certain mutations
following newborn screening or from family history,
present with a different set of issues. A serious concern is
the variability in the age of onset and clinical course in
these individuals (Wenger, 2011; Debs et al., 2013). Kri-
vit et al. (1998) described BMT in later-onset patients
with Krabbe disease. Although the procedure appeared to
slow the progression of the disease, long-term followup
has not been reported. Therefore, the replacement of
hematopoietic cells of a patient with those of a healthy
donor does supply some GALC activity to certain nervous
tissues. In addition, part of the positive response may be
due to the anti-inflammatory effect of donor HSC. It is
possible to isolate an individual’s blood stem cells, trans-
duce them with cDNA of interest, and transplant them
back into the individual, as has been shown for metachro-
matic leukodystrophy (Biffi et al., 2013). However, there
is as yet no proof that this approach for Krabbe disease is
better than a well-matched allogeneic transplant or that
there will be long-term expression of the transgene.

What does the future look like for Krabbe disease?
Will newborn screening improve and expand so that
more newborns receive an accurate diagnosis before fea-
tures appear? This advance will require improved meth-
odology in the laboratory as well as neurodiagnostic
testing. Biomarkers may be identified that will aid in the
prediction of onset of disease. Prediction of the clinical
course, especially in later-onset patients, also requires
improvement. Natural history studies, coupled with
mutation analysis, may be helpful in this regard. How-
ever, there is some evidence that environmental factors
may play a significant role in the onset and the course of
the disease in later-onset patients and in other neurodege-
nerative disorders (Malone et al., 1975; McGuinness
et al., 1996; for review see Nicolson, 2008). The effects

of these factors are difficult to document, and they are dif-
ficult to prevent. After a diagnosis is made, what treat-
ments will be available for that individual? Will gene
therapy be able to safely supply the missing enzyme to all
the tissues requiring it? It is hoped that with developments
in viral vector discovery and their characterization, highly
efficient vectors will be found that will do that with no
serious side effects. As stated above, many treatments,
some alone and some in combination, have been tried in
the mouse model. Some resulted in only modest
improvement in the condition of affected mice, and
others will probably never be used in human patients.
Our recent studies in twi mice combining BMT with a
single iv injection of AAVrh10 containing the mouse
GALC cDNA show promise in delivering GALC activity
to all nervous tissues while suppressing the inflammatory
component resulting from the breakdown of myelin (Rafi
et al., 2015b). In this study, there is no evidence for virally
related toxicity, and GALC expression continues for the
life of the mice. Of course, mice live much shorter lives
than humans, have much smaller brains and other nervous
tissues, and live in a more controlled environment. As
noted previously, some infants treated with only HSCT
before they showed significant neurologic features have
retained cognitive function, indicating that enough GALC
activity had reached the brain to prevent serious conse-
quences. It appears that the PNS does not receive enough
GALC activity by HSCT alone to prevent the perihadph-
eral neuropathy observed in these treated patients. Our
recent studies show that, in the twi mouse model, the
PNS is effectively treated by a single iv injection of
AAVrh10–GALC. This has yet to be tried in humans.
Hopefully, it will be attempted in the near future. It is
likely that other techniques will be developed to treat all
aspects of this disease so that all diagnosed patients will
have a greatly improved quality of life. Other potential
therapy options were recently reviewed by Graziano and
Cardile (2015).

In conclusion, it is both interesting and sad that Dr.
Knud Krabbe lived until 1961 only 9 years before the
enzyme defect in this disease was identified in 1970 and
that he died after suffering for more than 10 years from
paralysis agitans, a progressive neurodegenerative disease
resulting in tremors, weakness, and severe problems with
mobility, possibly Parkinson’s disease. He would no
doubt have been pleased to see how far research has pro-
gressed and to see the treatment options that are coming
for patients with Krabbe disease.
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Krabbe’s disease (KD; also called globoid cell leukodys-
trophy) is a genetic disorder involving demyelination of
the central (CNS) and peripheral (PNS) nervous systems.
The disease may be subdivided into three types, an infan-
tile form, which is the most common and severe; a juve-
nile form; and a rare adult form. KD is an autosomal
recessive disorder caused by a deficiency of galactocere-
brosidase activity in lysosomes, leading to accumulation
of galactoceramide and neurotoxic galactosylsphingosine
(psychosine [PSY]) in macrophages (globoid cells) as well
as neural cells, especially in oligodendrocytes and
Schwann cells. This ultimately results in damage to mye-
lin in both CNS and PNS with associated morbidity and
mortality. Accumulation of PSY, a lysolipid with detergent-
like properties, over a threshold level could trigger mem-
brane destabilization, leading to cell lysis. Moreover, sub-
threshold concentrations of PSY trigger cell signaling
pathways that induce oxidative stress, mitochondrial dys-
function, apoptosis, inflammation, endothelial/vascular
dysfunctions, and neuronal and axonal damage. From
the time the “psychosine hypothesis” was proposed,
considerable efforts have been made in search of an
effective therapy for lowering PSY load with pharmaco-
logical, gene, and stem cell approaches to attenuate
PSY-induced neurotoxicity. This Review focuses on the
recent advances and prospective research for under-
standing disease mechanisms and therapeutic
approaches for KD. VC 2016 Wiley Periodicals, Inc.

Key words: globoid cell leukodystrophy; Krabbe’s dis-
ease; myelin; therapy

Krabbe disease (KD; OMIM No. 245200) is a fatal
autosomal recessive lysosomal storage disorder (LSD)
caused by genetic deficiency or abnormalities of galacto-
cerebrosidase (GALC; EC 3.2.1.46) and, thus, accumula-
tion of its substrates galactosylceramide (GalCer) and
galactosylsphingosine (psychosine [PSY]) in macrophages

and neural tissue, leading to progressive loss of myelin
(Miyatake and Suzuki, 1972; Kolodny, 1996; Wenger
et al., 2001). The disease was first described by the Danish
neurologist Knud H. Krabbe in 1916, and PSY-mediated
disease mechanisms were first established by Miyatake and
Suzuki in 1972 as “the psychosine hypothesis” (Miyatake
and Suzuki, 1972). KD is also known as globoid leukodys-
trophy because of its characteristic pathological features of
large multinucleated macrophages (globoid cells) in brain
white matter and demyelination and gliosis (leukodystro-
phy; Collier and Greenfield, 1924; Wenger et al., 2001).
The disease most often affects infants, with onset before
the age of 6 months in more than 85–90% of cases, with
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irritability, fever, limb stiffness, seizures, feeding difficul-
ty, slowing of mental and motor development, and
growth retardation. Approximately 10–15% of patients
have a later onset, late infantile (6 months to 3 years),
adolescence (3–8 years), or adulthood, which is clinically
more heterogeneous and less severe (Wenger et al.,
2000). Adults may present with mild symptoms or even
be asymptomatic despite the same enzyme abnormalities
(Kolodny et al., 1991; Lyon et al., 1991; Turazzini et al.,
1997).

GENETIC CAUSES OF KD

Deficiency of GALC enzyme activity in lysosomes in KD
was first reported by Malone in 1970 and further con-
firmed by Suzuki and Suzuki (1970). GALC was mapped
to chromosome 14 by Zlotogora et al. (1990), and its
cDNA was cloned by Chen and Wenger (1993) and Sakai
et al. (1994). The human GALC gene (OMIM No.
606890) encodes a precursor form of GALC (80 kDa), a
single-chain peptide of 669 amino acid residues (Sakai
et al., 1994). The precursor form of GALC is processed to
the mature form by cleavage to 50-kDa N-terminal frag-
ment and 30-kDa C-terminal fragment in lysosomes
(Nagano et al., 1998). Currently, more than 130 muta-
tions have been identified in the Human Gene Mutation
Database (HGMD), 147 in the Online Molecular and
Metabolic Bases of Inherited Diseases, and 149 in the
Leiden Open Variation Database. Based on the HGMD,
at least 128 mutations have been reported to cause KD by
deletions, frameshifts, and missense mutations in GALC
gene (De Gasperi et al., 1996; Rafi et al., 1996; Furuya
et al., 1997; Wenger et al., 1997; Fu et al., 1999; Xu
et al., 2006; Lissens et al., 2007; Tappino et al., 2010;
Fiumara et al., 2011). The genetic features of these muta-
tions have previously been reviewed (Wenger et al.,
2000; Graziano and Cardile, 2015). Among the muta-
tions, a 30-kb deletion that encodes nonfunctional protein
is the most common (35–50%; Rafi et al., 1995; Wenger
et al., 1997). In addition, most other GALC mutations
associated with KD are missense mutations that cause
catalytic inactivation, protein truncation, misfolding, mis-
targeting, and degradation (Lee et al., 2010).

METABOLISM OF PSY AND
GALACTOCEREBROSIDES

PSY, a cytotoxic lysolipid, is a dead-end metabolic
byproduct in the metabolism of sphingolipids under
GALC-deficient conditions. PSY is generated by galacto-
sylation of sphingosine by UDP-galactose ceramide galac-
tosyl transferase (CGT; E.C. 2.4.1.45; Cleland and
Kennedy, 1960; Fig. 1). Alternatively, studies have shown
that PSY may also be produced by deacylation of GalCer
by N-deacylase (Svennerholm et al., 1980; Kanazawa
et al., 2000; Fig. 1). Under normal conditions, the cellular
and tissue levels of PSY are extremely low. However,
under GALC-deficient conditions, PSY accumulates to
high levels in tissues, especially in the brain (up to �50%
of total brain cerebrosides; Suzuki, 1998, 2003). Similarly

to PSY, GALC is synthesized by galactosylation of cer-
amide by CGT. Unlike most other lysosomal diseases, the
primary substrate of GALC (GalCer) is not found at such
high levels in KD tissue because of its alternative hydroly-
sis by GM1 ganglioside b-galactosidase (b-gal; EC
3.2.1.23; van der Knaap and Valk, 2005; Fig. 1).

PATHOLOGICAL ROLE OF PSY IN
OLIGODENDROCYTES

CGT is highly expressed in oligodendrocytes (OLs) and
Schwann cells and is expressed to a lower degree in neu-
rons and astrocytes (Schaeren-Wiemers et al., 1995;
Pernber et al., 2002; Castelvetri et al., 2011). According-
ly, CGT-expressing cells are highly vulnerable to the
PSY-induced neurotoxicity under GALC-deficient con-
ditions (Nagara et al., 1986; Ida et al., 1990; Suzuki,
1998). Under normal conditions, CGT in OLs and
Schwann cells participates in synthesis of myelin lipids
(e.g., GalCer and sulfatide; Dupree et al., 1999; Marcus
et al., 2002, 2006) and thus plays a critical role not only in
myelin formation but also in functional and structural
maintenance of myelin and other cellular membranes
(Schulte and Stoffel, 1993; Stahl et al., 1994; Schaeren-
Wiemers et al., 1995); in support of this, cgt-knockout
mice showed functional abnormality in myelin (Coetzee
et al., 1996). OLs express CGT and GalCer (O1 antigen;
Bansal et al., 1989) in late processes of OL progenitor cell
(OPC) differentiation into OLs (Suzuki and Suzuki,
1970; Gard and Pfeiffer, 1989). OL differentiation is
divided into four distinct stages (1, OPCs; 2, pro-OLs; 3,
immature OLs; 4, mature OLs) according to cell prolifer-
ation capacity, mobility, temporal expression of cell
markers, and morphology (Gard and Pfeiffer, 1990; Fig.
2). Figure 2 illustrates that CGT and GalCer (O1) are
expressed in immature OLs (stage 3) in which the cells no
longer divide and show maturation of their arborization
but do not yet form myelin (Berg and Schachner, 1982;
Gard and Pfeiffer, 1990), suggesting that PSY accumula-
tion under GALC-deficient conditions is initiated at stage
3 in immature OLs. In support of this, in in vitro cell
culture studies, GALC-deficient OPCs did not have any
obvious cytotoxicity under normal conditions (Won
et al., 2013), whereas they showed increased susceptibility
to exogenous PSY-induced cytotoxicity (Graziano et al.,
2016). Accordingly, after initiation of OPC differentia-
tion, in the absence of exogenous PSY, cells experienced
increased cytotoxicity in parallel with increased expression
of CGT (Won et al., 2013). Although the OL differentia-
tion stage specific for PSY cytotoxicity under GALC-
deficient conditions requires additional elucidated in vivo,
the results from these studies suggest a possible role of
CGT expression and synthesis of GalCer in degeneration
of differentiating OLs under GALC-deficient conditions
(Won et al., 2013).

Initially, KD had been reported as a demyelinating
disease in which progressive accumulation of PSY in OLs
and myelin causes loss of OLs and myelin (Wenger et al.,
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2001; Suzuki, 2003). However, the presence of severe
hypomyelination with a lack of large-diameter axons in
the PNS of twitcher (Twi)-5J mice bearing missense
mutation of galc (E130K; Potter et al., 2013) and the
incomplete myelin pattern and associated decrease in con-
duction velocities of PNS nerves in a primate model of
KD (Weimer et al., 2005) suggest that KD might also
involve dysmyelination, formation of defective myelin, or
failure of myelin development. Although the underlying
mechanisms for dysmyelination under GALC-deficient
conditions are not currently known, PSY accumulation
during OL differentiation and its inhibition of final matu-
ration and survival of differentiating OLs have been
described as factors contributing to myelin loss (Won
et al., 2013; Fig. 2). OPCs and immature OLs are greatly
overproduced during normal development. Among them,
only immature OLs that succeed in ensheathing axons
survive (�50%), whereas those that fail degenerate (Barres
et al., 1992; Trapp et al., 1997; Fig. 2). Because immature
OLs seem to accumulate PSY under GALC-deficient
conditions, the spontaneous degeneration of immature
OLs that fail ensheathment of axons could cause a greater
PSY burden on neighboring cells (e.g., myelinating OLs,
astrocytes, microglia, and neurons) and thus accelerate
disease pathology.

At the molecular level, degeneration of immature
OLs during normal differentiation is induced as a result of
failed or limited binding of OLs to axonal neuregulin and
laminin, which are known to promote their survival and
maturation via activation of membrane-bound EGF
receptor and integrin a6b1 (for review see Simons and
Trajkovic, 2006). In addition, locally limited amounts of
neurotrophic factors, such as insulin-like growth factor-1,
neurotrophin-3, and ciliary neurotrophic factor, produced
by neurons and astrocytes are also known to play pivotal
roles in these processes (Simons and Trajkovic, 2006).
Proinflammatory cytokines and chemokines produced by
inflammatory cells (astrocytes, microglia, and macro-
phages) are also known to influence OL differentiation
and myelin formation (for review see Schmitz and Chew,
2008), so PSY-associated inflammatory responses in KD
may also influence OL differentiation and myelin forma-
tion. Direct impact of PSY load on neuronal survival and
axonal functions and structural integrities has also been
described recently (Castelvetri et al., 2011; Cantuti-
Castelvetri et al., 2012, 2013, 2015); however, the role of
PSY-induced neuronal and axonal defects in OL differen-
tiation and myelin formation is not currently understood.
Moreover, the participation of other brain-resident cells
(e.g., astrocytes and microglia) and infiltrating immune

Fig. 1. Anabolic and catabolic pathways of PSY and GalCer. GalCer
is one of the major glycosphingolipids of myelin. It is synthesized by
galactosylation of ceramide by the action of UDP-galactose CGT.
GalCer is degraded to ceramide by degalactosylation by both GM1 b-
gal and GalCer b-gal (GALC). PSY is synthesized by galactosylation
of sphingosine, which is generated from deacylation of ceramide by
ceramidase. Alternatively, PSY may also be synthesized from

galactosylceramide by the action of N-deacylase. PSY is a neurotoxic
lysolipid and is present at extremely low levels in the cells and tissues
under normal conditions. However, under GALC-deficient condi-
tions, PSY accumulates to high levels in tissues, especially in the brain.
Unlike most other lysosomal diseases, the primary substrate of GALC
(galactosylceramide) is not found at such high levels in KD tissues
because of its alternative hydrolysis by GM1 ganglioside b-gal.
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Fig. 2. Mechanisms underlying demyelination and dysmyelination and
mechanism-based therapeutic targets for KD. PSY is a byproduct of
metabolism of GalCer, one of the major glycosphingolipids of myelin.
Therefore, expression of GalCer-synthesizing enzyme UDP-galactose
CGT, leading to production of GalCer, is tightly linked to PSY synthesis
and thus PSY-induced OL toxicity under GALC-deficient conditions.
In OPCs, the expression level of CGT is low, but its expression is upre-
gulated during differentiation into immature and mature OLs. There-
fore, PSY may accumulate in OLs during the late stages of
differentiation, resulting in failure of myelin formation. In addition, the
myelin turnover process may result in additional accumulation of PSY in
surviving mature OLs and thus ultimately lead to loss of OLs and demy-
elination. Based on the critical role of PSY accumulation in the disease
processes, numerous therapeutic approaches have been proposed and
tested to reduce the PSY load. These include pharmacological inhibition
of PSY synthesis (L-cycloserine), ERT, gene therapy, and stem cell

therapies. Recent studies have explored stabilizing the misfolded GALC
enzyme in KD by pharmacological chaperone in cell culture studies.
The loss of OLs may induce neuroinflammation via activation of innate
immune responses mediated by TLR2, and, at the same time, the
induced neuroinflammation may be amplified by PSY released from
degenerated OLs. In addition to brain-resident cells such as astrocytes
and microglia, infiltrating peripheral immune cells such as macrophages
and lymphocytes are also involved in PSY-induced mechanisms of neu-
roinflammatory, oxidative, and nitrosative stress pathways. In addition,
these secondary disease processes may involve other disease processes,
such as endothelial vascular complications, neuronal/axonal loss and thus
neuromuscular dysfunction. Therefore, drugs designed to decrease the
PSY load and neuroinflammation (e.g., NSAIDs, sPLA2 inhibitors) and
antioxidants (NAC and vitamin D) could be potential alternative thera-
pies or combination therapies with other approaches, such as ERT, gene
therapy, and stem cell therapy.
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cells (e.g., macrophages and lymphocytes) via expression
of neurotrophic and proinflammatory factors in regulation
of OL differentiation and myelin formation requires addi-
tional investigation.

IMPLICATION OF ACTIVE MYELINATION
PROCESSES IN THE CNS

PATHOLOGY OF KD

In humans, most dramatic changes in myelination occur
between midgestation and the end of the second postnatal
year, even though in some areas of the CNS (e.g., cortical
fibers of the cerebral cortex) the myelination continues
for �30–40 years after birth (Sampaio and Truwit, 2001).
Although the spatiotemporal pattern of myelin abnormali-
ties of KD patients during gestation and infancy is not ful-
ly defined, magnetic resonance (MR) imaging studies
have shown that spinal cord involvement precedes intra-
cranial abnormalities in infantile KD (Vasconcellos and
Smith, 1998; Given et al., 2001). The spinal cord is one
of the first CNS areas acquiring myelin (at 20 weeks of
gestation), and its myelination is not completed until the
second postnatal year (Tanaka et al., 1995; Dambska and
Wisniewski, 1999). This suggests that KD pathology may
involve actively myelinating areas. Accordingly, MR sig-
nal abnormalities were also reported in other active mye-
linating areas in early-onset (<2 years) and late-onset (>2
years) KD. These include corticospinal projection fibers
(pyramidal tract), posterior corpus callosum, and parieto-
occipital white matter (Loes et al., 1999). Pyramidal tract
myelination begins at 25 weeks of gestation (Wozniak
and O’Rahilly, 1982), and it continues until �2–3 years
of age (Yakovlev and Lecours, 1967; Kinney et al., 1988).
Myelination of corpus callosum posterior begins �3–
8 months after birth (Yakovlev and Lecours, 1967; Barko-
vich et al., 1988; Kinney et al., 1988) and continues
through adolescence and adulthood (Courchesne et al.,
2000; Bartzokis et al., 2001). Myelination of parieto-
occipital white matter begins 4–6 months after birth
(Yakovlev and Lecours, 1967; Kinney et al., 1988) and
achieves the 50% level by 11–14 months of age (Dietrich
et al., 1988; Deoni et al., 2011). These findings indicate
that brain areas of pyramidal tract, posterior corpus cal-
losum, and parieto-occipital white matter are under active
myelination during the course of early-onset (<2 years)
and late-onset (>2 years) KD, thus supporting involve-
ment of active myelinating CNS areas in KD pathology.
Accordingly, abnormalities of cerebellar white matter
were observed only in early-onset and not in late-onset
KD (Loes et al., 1999). Myelination of cerebellar white
matter begins during gestation (Kinney et al., 1988) and
reaches adult levels at �3–18 months of age (Barkovich
et al., 1988). Therefore, myelination of cerebellar white
matter, for the most part, reaches adult levels before the
onset of late-onset KD pathology (>2 years). Although
the mechanisms underlying these findings are not current-
ly known, it will be of interest to study whether the CNS

areas that have already reached adult levels of myelination
before onset of KD are less vulnerable to late-onset KD
pathology. Because MR studies have not fully reflected
degrees of myelination/demyelination to local levels of
PSY in different CNS regions of KD patients, detailed
studies of regional PSY accumulation to degree of myeli-
nation/demyelination may provide insights into mecha-
nisms of regional-specific KD pathologies.

MECHANISMS UNDERLYING PSY TOXICITY
IN CNS AND PNS

Because of PSY’s detergent-like properties, PSY-induced
changes in membrane architecture were initially believed
to be the cause of OL death and loss of myelin in KD
pathology (Suzuki, 1998). Indeed, recent studies have
shown that PSY induces membrane disruption in a
liposome-based in vitro model and altered structure and
function of lipid rafts critical for many membrane process-
es (White et al., 2011; Hawkins-Salsbury et al., 2013).
However, studies demonstrating the apoptotic loss of OLs
in post mortem brain tissue of KD patients and in vitro
studies supporting exogenous PSY-induced apoptosis of
C6 rat glioma cells have suggested a role for PSY-induced
proapoptotic cell signaling mechanisms (Jatana et al.,
2002). Although the mechanisms underlying PSY-induced
apoptosis are not fully understood at present, several studies
from various laboratories have indicated the participation
of multiple cell signaling pathways in PSY-induced toxic-
ities, as summarized in Table I.

PSY-Induced Stress and Proapoptotic
Signaling Pathways

Studies using differentiating human OL cells
(MO3.13) have shown that exogenous PSY induces oxi-
dative stress and apoptosis via reducing mitochondrial
action potentials, releasing mitochondrial cytochrome C,
and activating caspases 3 and 9 (Haq et al., 2003). PSY
was also reported to activate JNK (Haq et al., 2003), a
stress-activated protein kinase that plays a pivotal role in
apoptotic cell death in OLs (Jurewicz et al., 2006) and
induces activities and expression of cell death signaling,
such as caspase-3, phosphatase and tensin homolog
(PTEN), and Bad, while inhibiting cell survival signaling,
such as phosphoinositide 3-kinase (PI3K), Akt, and ERK
activities (Haq et al., 2003; Arai and Lo, 2010; Won
et al., 2013; Graziano et al., 2016). In addition, the
observed p53 immunoreactivity in post mortem brain tis-
sue of KD patients (Jatana et al., 2002), p53 mediated
apoptotic death of PSY-treated cultured OLs (Pannuzzo
et al., 2010), and PSY-induced decreased activity of
nuclear factor-jB (NF-jB, which prevents apoptotic
death of OLs; Hamanoue et al., 2004) indicate that multi-
ple signaling pathways participate in PSY-induced OL
apoptosis. Exogenous PSY was internalized quickly
(minutes) in in vitro OL culture (personal communica-
tion), but the mechanism for its internalization is not cur-
rently known. T-cell death-associated gene 8 (TDAG8)
was reported as a receptor for PSY (Im et al., 2001), but

994 Won et al.

Journal of Neuroscience Research



TABLE I. Mechanisms Underlying PSY Toxicity

Pathways involved Selected citations

Membrane stability and functions

Membrane disruption and altered lipid-raft function White et al., 2009, 2011; Hawkins-Salsbury et al., 2013

Stress and proapoptotic pathways

Inhibition of cell survival signaling (e.g., Akt and ERK) Hamanoue et al., 2004; Zaka et al., 2005; Won et al., 2013

Activation of proapoptotic pathways (e.g., JNK, p53, caspases 3/9,

and cytochrome C release)

Haq et al., 2003; Giri et al., 2006; Smith et al., 2011; Ribbens et al.,

2014

Transcription factors (up- and downregulation of AP-1 and NF-jB) Haq et al., 2003

Immune and inflammatory responses

Cellular involvement in the CNS

Astrocytes Kobayashi et al., 1986; Jesionek-Kupnicka et al., 1997; Mohri et al.,

2006; Hawkins-Salsbury et al., 2012; Ransohoff and Brown, 2012;

Snook et al., 2014

Microglia Ohno et al., 1993; LeVine and Brown, 1997; Bashir and Haq, 2011;

Ransohoff and Brown, 2012; Ijichi et al., 2013; Claycomb et al.,

2014; Snook et al., 2014

Peripheral immune cells (e.g., macrophages and lymphocytes) Kobayashi et al., 1986; Ohno et al., 1993; Wu et al., 2000; Kondo

et al., 2011

Pro- or anti-inflammatory mediators

Proinflammatory cytokines (e.g., IL-1b, IL-6, and TNF-a) LeVine and Brown, 1997; Pedchenko and LeVine, 1999; Giri et al.,

2002

Chemokines (e.g., MCP-1, MIP-1a, and MIP-1b) Wu et al., 2000; Wu et al., 2001

Anti-inflammatory cytokine (e.g., IL-10 and LIF) Wu et al., 2000; Potter et al., 2013

MMP-3 expression and altered ECM composition Ijichi et al., 2013; Claycomb et al., 2014

Related transcriptional regulation; AP-1, C/EBP, and Oct-1

(no alteration in NF-jB)

Giri et al., 2002; Haq et al., 2003

Innate immune responses; OL death induced TLR2 activation

of microglia and macrophage

Snook et al., 2014

Systemic immune/inflammatory responses

Functional impairment of hematopoietic stem/progenitor cells Visigalli et al., 2010

Thymic atrophy by autonomic denervation Galbiati et al., 2007

Increased apoptosis of peripheral blood lymphocytes and

proinflammatory responses of peripheral blood mononuclear cells

Formichi et al., 2007

Oxidative and nitrosative stress

Increased oxidative stress Haq et al., 2003; Khan et al., 2005; Giri et al., 2008;

Hawkins-Salsbury et al., 2012; Voccoli et al., 2014

Decreased levels of reduced glutathione Khan et al., 2005; Hawkins-Salsbury et al., 2012

Increased iNOS expression Giri et al., 2002; Borda et al., 2008; Bashir and Haq, 2011;

Ripoll et al., 2011; Hawkins-Salsbury et al., 2012

Efficacy of antioxidant treatment (NAC) Haq et al., 2003; Khan et al., 2005; Giri et al., 2008;

Hawkins-Salsbury et al., 2012

Cellular metabolic processes

Mitochondrial dysfunctions and decreased ATP levels Haq et al., 2003; Khan et al., 2005; Formichi et al., 2007;

Voccoli et al., 2014

Peroxysomal dysfunction Khan et al., 2005; Haq et al., 2006

Abnormal lipid metabolism

Upregulated biosynthesis of cholesterol and free fatty acids Giri et al., 2008

sPLA2 activation and increases in AA and LPC Giri et al., 2006, 2008

AMPK inactivation Giri et al., 2008

Neuro- and axonopathies and neuromuscular dysfunctions

Axonal defects and neuronal death Castelvetri et al., 2011

Decrease peripheral nerve conduction and skeletal muscles atrophy Dehkharghani et al., 1981; Marjanovic et al., 1996; Dolcetta et al.,

2005

Neuromuscular junctional abnormalities by dysregulations of

caspases and Akt

Cantuti-Castelvetri et al., 2015

a-Synuclein inclusion in neurons Smith et al., 2014

Neurofilament abnormality by deregulation of PP1 and PP2A and

dysregulation of axonal transport by GSK3b activation

Cantuti-Castelvetri et al., 2012; Cantuti Castelvetri et al., 2013
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subsequent studies revealed that TDAG8 is not involved
in PSY-induced OL death (Giri et al., 2006).

Role of PSY in Immune and Inflammatory
Responses

Immune and inflammatory responses mediated by
brain-resident microglia and astrocytes as well as infiltrat-
ing peripheral immune cells have been implicated in the
pathogenesis of various CNS disorders (Ransohoff and
Brown, 2012). The implications of brain-resident
immune cells in KD pathology were first recognized after
the observation of globoid cells, multinucleated activated
microglia or macrophages, in the CNS of KD patients
and in brains of twi mice, an authentic animal model of
KD that lacks the galc gene. Although the precise mecha-
nism for formation of globoid cells in response to inflam-
matory reactions is not currently understood, astroglial
metalloproteinase-3 expression (Ijichi et al., 2013) and
altered extracellular matrix composition have been
reported as possible mechanisms (Claycomb et al., 2014).
In the CNS of KD/twi mice, activation of astrocytes, as
characterized by increased proliferation and enhanced
expression of glial fibrillary acidic protein (GFAP), has
been shown to be prominent in demyelinating areas of
white matter (Kobayashi et al., 1986; Jesionek-Kupnicka
et al., 1997). The activation of astrocytes coincided chro-
nologically and topographically with infiltration of mac-
rophages (Kobayashi et al., 1986). Studies with twi mice
have shown increased expression of chemoattractant pro-
tein (e.g., monocyte chemoattractant protein-1 [MCP-1])
in the brain and increased infiltration of hematogenous-
lineage cells into the CNS (Wu et al., 2000), suggesting
that there are interactions between CNS and PNS
immune systems in KD/twi pathophysiology. GALC
deficiency in twi mice was also reported to induce func-
tional impairment of hematopoietic stem/progenitor cells
(Visigalli et al., 2010), autonomic denervation of lym-
phoid organs, and thus irreversible thymic atrophy
(Galbiati et al., 2007) and altered immune competence.
PSY is present in nanomolar concentrations in blood and
thymus (Galbiati et al., 2007; Zhu et al., 2012; Chuang
et al., 2013) and has been reported to affect survival and
inflammatory responses of peripheral blood lymphocytes
and peripheral blood mononuclear cells directly (Formichi
et al., 2007). Overall, these results indicate that GALC

deficiency systemically affects immune/inflammatory
responses.

In the brains of KD and twi mice, activation of
astrocytes and microglia and infiltration of vascular
immune cells in demyelinating white matter areas are
associated with expression of cytokines (e.g., tumor
necrosis factor-a [TNF-a], interleukin [IL]-1b, and IL-
6), chemokines (e.g., MCP-1, macrophage inflammatory
protein [MIP]-1a, and MIP-1b), and inducible nitric
oxide synthase (iNOS; LeVine and Brown, 1997;
Pedchenko and LeVine, 1999; Wu et al., 2001; Giri
et al., 2002; Borda et al., 2008; Ripoll et al., 2011;
Hawkins-Salsbury et al., 2012). Therefore, induction of
neuroinflammation is a key event in PSY-mediated OL
toxicity in twi mice and KD pathology. Proinflammatory
cytokines, such as TNF-a and IL-1b, and iNOS-induced
oxidative/nitrosative stress have been implicated in OL
death under demyelinating disease conditions (Smith
et al., 1999; Takahashi et al., 2003; Buntinx et al., 2004).
However, studies have also shown that mice cross-bred
from twi and macrophage-deficient osteopetrotic mutants
show a more severe clinical phenotype compared with
twi mice, suggesting that macrophages in KD/twi may
also play a protective role (Kondo et al., 2011).

Mechanisms underlying PSY-induced neuroinflam-
mation in the CNS are not fully understood at present.
Previous studies with cultured astrocytes have shown that
PSY alone is unable to induce expression of proinflamma-
tory genes (e.g., IL-1b, IL-6, TNF-a, or iNOS) because
of its inability to activate NF-jB (Giri et al., 2002), a tran-
scription factor critical for proinflammatory gene expres-
sion (Lawrence, 2009). Rather, PSY was able to enhance
proinflammatory gene expression induced by proinflamma-
tory stimulators, such as lipopolysaccharide, interferon-g,
and IL-1b, by further activation of transcription factors,
such as activating protein-1 (AP-1), CCAAT/enhancer-
binding protein (C/EBP), and octamer binding protein-1
(Oct-1) (Giri et al., 2002), suggesting the role of PSY in
upregulation of pre-existing inflammation (Fig. 2). It is of
interest to note that twi mice exhibited increased expres-
sion of Toll-like receptor 2 (TLR2,; a TLR involved in
the innate immune system) in microglia/macrophages, and
its activation by PYS-induced OL death resulted in astro-
cyte activation and upregulation of cytokine/chemokine
gene expression (Snook et al., 2014). These observations

TABLE I. Continued

Pathways involved Selected citations

Endothelial and vascular dysfunction

Abnormalities in brain microvasculature

Enlargement of perivascular space, dilated lumens, and altered

endothelium and smooth muscle cell morphologies; increased brain

vascular permeability, vessel fragmentation; decreased microvascular

density and total vessel lengths

Kondo and Suzuki, 1993; Belleri et al., 2013; Giacomini et al., 2015

Underlying mechanism

Decreased endothelial proliferation and migration and thus

decreased neovascularization

Belleri et al., 2013

Actin cytoskeleton disruption and decreased tight junction protein Belleri et al., 2013
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suggest that PSY is directly/indirectly involved in induction
and amplification of neuroinflammation in twi mice. How-
ever, recent work with another KD mouse model (twi-5J)
did not support the relationship of degree of PSY load with
inflammatory disease (Tappino et al., 2010; Potter et al.,
2013). Twi-5J mice showed higher PSY levels in the CNS
than in the PNS, but hypomyelination and axonal loss were
more severe in the PNS (Potter et al., 2013). Accordingly,
the PNS expressed higher levels of proinflammatory cyto-
kines (e.g., IL-1b) but lower levels of anti-inflammatory
and myelin protective cytokine (e.g., leukemia inhibitory
factor; Marriott et al., 2008; Potter et al., 2013). Although
these results support the critical role of neuroinflammation
in OL/Schwann cell survival and myelin stability under KD
conditions, the mechanisms underlying differential PSY
accumulation and, thus, regulation of CNS vs. PNS inflam-
mation and demyelination in twi vs. twi-5J mice are not
currently understood.

Involvement of Secretory Phospholipase A2 in
PSY-Induced Cytotoxicity

Phospholipase A2 (PLA2; EC 3.1.1.4) is a family of
enzymes catalyzing the hydrolysis of glycerophospholipids
at sn-2 to generate free fatty acids and lysophospholipids.
Three main categories or types of PLA2 are secretory
PLA2 (sPLA2), cytosolic PLA2, and calcium-independent
PLA2. Previous studies with brains of KD patients and twi
mice and in vitro studies of OLs treated with PSY showed
a significant increase in levels of PLA2 metabolites, such
as arachidonic acid (AA) and lysophosphatidylcholine
(LPC; Giri et al., 2006). Additional cell culture studies
showed that PSY induced AA and LPC release from glyc-
erophospholipids in OLs by activation of sPLA2 (Giri
et al., 2006). sPLA2 activation under pathological condi-
tions is known to cause excessive production of free fatty
acids (e.g., AA) and their metabolites (e.g., prostaglandins,
leukotrienes, and epoxides), leading to inflammatory reac-
tion, mitochondrial depolarization, oxidative stress, and
subsequent cell/tissue injuries (Okuda et al., 1994; Buck-
land et al., 1998; Toborek et al., 1999; Adibhatla et al.,
2003; Titsworth et al., 2008; Boyanovsky and Webb,
2009). In addition, a concomitant increase in lysophos-
pholipids (e.g., LPC) may exert deleterious effects such as
OL apoptosis and myelin breakdown (Shields et al., 1999;
Blakemore et al., 2002; Wallace et al., 2003). The observed
low levels of reduced glutathione (GSH) in brains of twi
mice and OLs treated with PSY and the attenuation of
PSY-induced cell death by treatment with pharmacological
sPLA2 inhibitor or antioxidant N-acetylcysteine (NAC;
Haq et al., 2003; Khan et al., 2005; Giri et al., 2006, 2008;
Hawkins-Salsbury et al., 2012) indicate a pathological role
of the sPLA2 pathway in PSY-induced oxidative stress and
cytotoxicity to OLs.

PSY-Induced Mitochondrial and Peroxisomal Defects

Mitochondria are the cellular site for energy pro-
duction as well as for a number of essential metabolic
reactions. Studies have shown that PSY accumulation

induces mitochondrial dysfunction, such as loss of action
potential, generation of reactive oxygen species (ROS),
and release of cytochrome c (Haq et al., 2003; Giri et al.,
2006; Voccoli et al., 2014) and, thus, depletion of ATP as
well as GSH (Khan et al., 2005). Although the mecha-
nism underlying PSY-induced mitochondrial dysfunction
is not currently understood, pathognomonic increase in
mitochondrial calcium has been recently suggested to be
one of the mechanisms for PSY-induced mitochondrial
dysfunction (Voccoli et al., 2014). In addition, the abnor-
mal increase in sPLA2 activity induced by PSY could also
participate in mitochondrial damage (Haq et al., 2003)
because LPC, a product of sPLA2, has been reported to
inhibit mitochondrial enzyme activities (Kalous et al.,
1992) and disrupt mitochondrial integrity and, thus, func-
tion (Hollie et al., 2014).

Peroxisomes, another subcellular organelle, discov-
ered in the 1950s, are now recognized to perform critical
cellular functions, such as lipid metabolism as a specific
fatty acid b-oxidation system (Wanders and Waterham,
2006), detoxification of hydrogen peroxide by catalase
(Schrader and Fahimi, 2006), biosynthesis of polyunsatu-
rated fatty acids and plasmalogens for OL differentiation,
and myelin synthesis (Hajra and Das, 1996; Sprecher,
2000; Contreras and Rapoport, 2002). The role of per-
oxisomes in the formation and maintenance of myelin is
underscored by the observed demyelination in peroxi-
somal disorders of single enzyme deficiency of X-linked
adrenoleukodystrophy and deficiency of peroxisomal
biogenesis in Zellweger syndrome (Adamo et al., 1986;
Lazo et al., 1991; Houdou et al., 1993). The deleterious
role of PSY in peroxisomal functions was first reported
by Khan et al. (2005), who described PSY-mediated
inhibition of peroxisomal b-oxidation, reduced acyl-
CoA oxidase expression, and decreased plasmalogen syn-
thesis. Cellular homeostasis of peroxisomes is maintained
via a “growth and division” process in which nuclear
transcription factor peroxisome proliferator-activated
receptors (PPARs) play a critical role in peroxisomal
biosynthesis (Kersten et al., 2000). PPAR belongs to the
nuclear receptor superfamily and is composed of three
subtypes, PPARa, PPARb, and PPARg. PSY was
reported to downregulate PPARa activity in OLs via
activating the sPLA2 pathway (Haq et al., 2006) and thus
biogenesis and proliferation of peroxisomes. These
observations indicate that excessive PSY accumulation in
KD inhibits not only mitochondrial functions but also
peroxisomal functions and thus causes disruption of both
metabolic and energy homeostasis.

PSY-Induced AMP-Activated Protein Kinase
Dysregulation and Defects in Metabolic and
Energy Homeostasis

AMP-activated protein kinase (AMPK) is an energy
sensor protein kinase that plays a key role in regulating
cellular energy metabolism. As its name indicates, AMPK
is activated when cells are under conditions of energy
deprivation (high AMP and low ATP; Hardie, 2004;
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Carling, 2005). After activation (phosphorylation), it
phosphorylates and inactivates a number of anabolic
enzymes to save ATP (e.g., acetyl-CoA carboxylase and
HMG-CoA reductase) and activates catabolic processes
(e.g., glucose uptake and fatty acid oxidation) to produce
ATP (Hardie, 2004; Carling, 2005). PSY-induced mito-
chondrial dysfunction causes ATP depletion (Haq et al.,
2003; Khan et al., 2005; Voccoli et al., 2014). However,
AMPK activity in OLs was downregulated under KD
conditions, and biosynthesis of lipids (e.g., cholesterol and
free fatty acids), which consumes the cellular ATP, was
upregulated (Giri et al., 2008). These observations suggest
that AMPK inactivation by PSY under KD conditions
may produce severe metabolic imbalance that accelerates
ATP depletion in OLs. Pharmacological activation of
AMPK by 5-aminoimidazole-4-carboxamide-1-b-4-
ribofuranoside (AICAR), an analogue of AMP, attenuat-
ed the PSY-induced downregulation of AMPK and
restored the altered biosynthesis of lipids (Giri et al.,
2008). However, AICAR was not able to rescue mito-
chondrial dysfunction and ROS generation induced by
PSY (Giri et al., 2008), suggesting that PSY-induced
AMPK downregulation and mitochondrial dysfunction
are irreversible and/or caused by different cell signaling
pathways.

Neuropathy, Axonopathy, and Neuromuscular
Dysfunctions

The atrophy of skeletal muscles in patients with KD
is one of its major debilitating manifestations (Dehkhar-
ghani et al., 1981; Marjanovic et al., 1996), and demye-
lination of the PNS has been regarded as one of the
mechanisms in muscle dysfunction (Duchen et al., 1980;
Powell et al., 1983; Kondo et al., 1988; Tanaka et al.,
1988). However, a growing body of evidence suggests
that neuromuscular pathology in KD may involve PSY-
mediated direct abnormality and degeneration of neu-
rons, axons, and neuromuscular junctions (Dolcetta et al.,
2005; Castelvetri et al., 2011; Smith et al., 2014;
Cantuti-Castelvetri et al., 2015). PSY was reported to
induce neuronal inclusions of a-synuclein (Smith et al.,
2014), neurofilament abnormalities by deregulation of
PP1 and PP2A phosphatases (Cantuti-Castelvetri et al.,
2012), and dysregulation of axonal transport induced by
activation of glycogen synthase kinase 3b (GSK3b; Can-
tuti Castelvetri et al., 2013), and, thus, axonal defects and
neuronal death (Castelvetri et al., 2011). PSY is also
known to decrease peripheral nerve conduction (Dolcetta
et al., 2005) and to increase neuromuscular junctional
abnormalities by activation of caspase and repression of
Akt activity (Cantuti-Castelvetri et al., 2015). Galbiati
et al. (2007) reported autonomic denervation of lym-
phoid organs leading to immune atrophy in twi mice.
Overall, these results provide an evidence of the role of
PSY in neuropathy/axonopathy and neuromuscular and
immune dysfunctions.

Brain Microvascular Dysfunction

Alterations of brain microvasculatures and disruption
of the blood–brain barrier (BBB) are critical features of
many neurological disorders (Greenberg and Jin, 2005;
Segura et al., 2009; Rosenberg, 2012; Belleri and Presta,
2016). The abnormalities in brain microvasculature in
KD were initially reported by Kondo and Suzuki (1993)
and reported later by other research groups (Belleri et al.,
2013; Giacomini et al., 2015; Belleri and Presta, 2016).
Key features of the microvasculature abnormalities in the
brains of KD patients or twi mice include enlargement of
perivascular space, increased brain vascular permeability,
macrophage andinfiltration, decreased microvessel densi-
ty, reduced vessel length, increased vessel fragmentation,
dilated lumens with altered endothelium morphology,
and discontinuous endothelial wrapping by smooth mus-
cle cells (Kondo and Suzuki, 1993; Belleri et al., 2013;
Giacomini et al., 2015). Mechanisms underlying micro-
vasculature abnormalities in KD/twi brains are largely
illusive, but recent studies by Belleri et al. (2013) sug-
gested the involvement of PSY-induced reductions in
endothelial proliferation and migration, decreased
response to proangiogenic factors (e.g., vascular endothe-
lial growth factor and fibroblast growth factor 2), and thus
impeded neovascularization. PSY-induced disruption of
actin cytoskeleton and decreased expression of tight junc-
tion protein (e.g., ZO-1; Belleri et al., 2013) may also
contribute to the alterations in microvascular ultrastruc-
ture and its permeability. Overall, these studies suggest
that functional and structural deficits in brain microvascu-
latures are novel pathogenic mechanisms in KD/twi and
thus are potential therapeutic targets.

THERAPEUTIC APPROACHES FOR KD

Since Miyatake and Suzuki (1972) proposed the psycho-
sine hypothesis, numerous therapies have been attempted
in human and animal models to lower the PSY burden in
the CNS and the PNS and, thus, to reduce the PSY-
induced neural toxicity. These include pharmacological,
gene, stem cell, enzyme replacement, pharmacological
chaperon, anti-inflammatory, and antioxidant therapies.

Pharmacological Inhibitor of Sphingolipid
Synthesis

Progressive accumulation of neurotoxic PSY is a key
hallmark of KD. Therefore, intensive efforts by numerous
investigators have been focused on development of thera-
peutic approaches for reducing the synthesis of PSY. Cur-
rently, there is no known specific inhibitor for CGT.
Rather, a pharmacological inhibitor of sphingolipid synthe-
sis, L-cycloserine, was tested in twi mice for its therapeutic
potential for KD. L-cycloserine is an irreversible inhibitor
of 3-ketodihydrosphingosine synthetase, which is the first
enzyme of the sphingolipid pathway. Treatment of twi
mice with L-cycloserine was reported to reduce PSY bur-
den in neural tissue and disease pathology along with some
increase in life span, but the tested mice eventually died
with KD pathologies (LeVine et al., 2000; Biswas and
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LeVine, 2002). In spite of L-cycloserine’s observed effica-
cy, clinical use of L-cycloserine for KD remains a concern
because of the potential adverse effect of inhibition of
sphingolipid biosynthesis. Sphingolipid synthesis is required
for normal brain development (Hirabayashi and Furuya,
2008), so L-cycloserine-mediated global inhibition of
sphingolipid synthesis could potentially disturb normal
brain development.

Enzyme Replacement Therapy

The theoretical basis of enzyme replacement therapy
(ERT) for KD is that lysosomal enzymes, including
GALC, secreted from enzyme-producing cells are taken
up by surrounding enzyme-deficient cells, a phenomenon
known as cross-correction (Sands and Davidson, 2006).
Compared with other therapies (e.g., gene and stem cell
therapies), ERT is readily applicable in the general clinical
setting and is suitable not only for stand-alone therapy but
also in combination with other therapeutic approaches.
ERT has been successful with LSDs such as Gaucher’s
disease and Fabry’s disease (Schiffmann et al., 1997;
Germain, 2002; Baldo, 2015). The molecular basis of
ERT for LSDs is that the secreted lysosomal hydrolases
tagged with the unique mannose-6-phosphate (M6P)
group are taken up by cells with specific M6P receptors
(Coutinho et al., 2012). Human GALC protein possesses
four potential N-glycosylation sites (Deane et al., 2011)
that play a role in M6P receptor-mediated targeting of
GALC to lysosomes (Kornfeld, 1986). In cell culture
studies, GALC-deficient OLs were able to take up exoge-
nous GALC enzyme (Luddi et al., 2001; Kondo et al.,
2005). In addition, systemic GALC treatments of twi
mice as well as human mutant GALC knockin mice were
reported to reduce the CNS PSY accumulation (Lee
et al., 2005; Matthes et al., 2015). However, current
ERT therapy based on recombinant GALC ERT was not
successful in stopping the death of animals from KD
pathologies (Lee et al., 2005; Matthes et al., 2015). The
reasons for the limited efficacy of recombinant GALC
ERT are reported to be its inability to cross the BBB and
low cross-correction efficiency of recombinant wild-type
(WT) GALC (Wenger et al., 2000; Meng et al., 2005;
Kim, 2014). Recent articles have described increased
GALC cross-activity with a fusion protein (GALC with
HIV-1 transactivator of transcription [Tat] protein trans-
duction domain [PTD]; Zhang et al., 2008; Meng et al.,
2013). Tat-PTD is a short peptide known to cross plasma
membranes efficiently (Derossi et al., 1994, 1996, 1998;
Kim et al., 2005; Choi et al., 2006; Fu et al., 2006; Wu
et al., 2006; McConnell et al., 2007; Zhang et al., 2008;
Meng et al., 2013). GALC fusion with Tat-PTD
increased its cellular uptake in cultured skin fibroblasts
from KD patients compared with WT GALC lacking Tat
domain (Zhang et al., 2008; Meng et al., 2013). This
increased cellular uptake correlated with increased lyso-
somal accumulation of Tat-GALC fusion protein in lyso-
somes as well as in other subcellular compartments
(Zhang et al., 2008; Meng et al., 2013). Because GALC
has optimal enzyme activity at lysosomal low pH (Hill

et al., 2013), additional or alternative approaches for spe-
cific targeting or enrichment of GALC to lysosomes are
required for successful ERT in KD.

Gene Therapy

Gene therapy for sustained delivery of functional
GALC gene was tested with viral delivery systems (e.g.,
adenovirus, lentivirus, and adeno-associated virus) in ani-
mal models of KD. Transfer of GALC gene with viral
vectors significantly inhibited accumulation of PSY in the
CNS and prolonged the life span of tested twi mice, but,
again, all tested animals eventually died (Shen et al., 2001;
Galbiati et al., 2009; Rafi et al., 2012, 2015a). For
instance, treatment of twi mice with GALC expressing
adeno-associated virus vector of serotype rh10, which
crosses the BBB (Zhang et al., 2011), resulted in increased
GALC activities in brain as well as in other organs and
significantly improved weight gain, life span, fertility,
neuropathology, and myelination (Rafi et al., 2012,
2015a). However, the mice eventually suffered hind leg
weakness and paralysis (Rafi et al., 2012, 2015a). Gene
therapy using current viral vectors is highly efficient and
can transduce a wide variety of cell types and tissues.
However, its requirement for high dosages of viral vectors
for global replacement of GALC gene in human brain is a
critical limitation of the approach.

Stem Cell Therapy

Stem cell therapy, which can provide healthy cells
with intact GALC activity to allow remyelination, has
been suggested as a promising alternative approach for
treatment of KD. Transplantation of hematopoietic stem
cells (HSCs) and umbilical cord blood-derived stem cells
(UCBSCs) from compatible healthy donors attenuated
the disease course, but the patients eventually developed
deterioration of motor and language skills (Krivit et al.,
1998; Escolar et al., 2005; Pastores, 2009). Several factors
may contribute to this inefficacy of stem cell transplanta-
tion, including broad distribution of cells in the body and
the relatively large size of the targeted human brain in
which stem cells may access and correct only limited areas
of brain. Low efficiency of stem cell differentiation into
mature OLs is another drawback of stem cell therapy. To
overcome these limitations, embryonic stem cell-derived
OLs were transplanted into twi mice (Kuai et al., 2015).
However, there was no significant improvement in brain
GALC activity or disease pathology of twi mice, possibly
because of poor cell survival and limited migration ability
of transplanted OLs (Kuai et al., 2015). Immune rejection
of the transplanted cells is another critical drawback of
HSC and UCBSC transplantation. Genetically engineered
stem cells (patient-derived HSCs) with lentiviral vectors
expressing functional GALC gene (Biffi et al., 2013),
multipotent progenitor cells, and induced pluripotent
stem cells (Giri and Bader, 2015) are interesting. These
approaches allow production of large quantities of geneti-
cally engineered stem cells that are compatible with the
patient’s immune system. However, relatively longer
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preparation time for sufficient numbers of genetically
engineered stem cells and related technical difficulties
allow only experienced centers with highly technical
facilities to perform these types of studies (Herberts et al.,
2011). However, a study has shown that forced GALC
expression to higher levels is also toxic to hematopoietic
stem and progenitor cells (HSPC; Gentner et al., 2010).
To avoid HSPC cytotoxicity induced by GALC overex-
pression, GALC gene in lentiviral vector was incorporat-
ed with a specific target sequence for micro-RNAs (e.g.,
miR-126 and miR-130a) that are specifically expressed in
HSPCs to inhibit GALC gene overexpression (Gentner
et al., 2010; Ungari et al., 2015). Transplantation of these
genetically modified HSPCs increased the life span of twi
mice and ameliorated phenotype compared with untreat-
ed siblings, but, again, the mice eventually developed the
disease (Gentner et al., 2010; Ungari et al., 2015). No
successful stem cell approach has extended the life span of
twi mice to a length similar to that of WT controls.
Recent studies showed that a combination of stem cell
transplantation and gene therapy greatly extended the life
span of twi mice, with normal behavior and improved
CNS and PNS findings (Rafi et al., 2015b; Ricca et al.,
2015). Therefore, a combination of different strategies for
restoring GALC activity would be the ideal approach for
efficient therapy for KD.

Pharmacological Chaperone Therapy

Nearly 70% of KD-associated missense mutations
are predicted to cause instability and misfolding of GALC
(Wenger et al., 1997; Deane et al., 2011), and some of
these mutations observed in late-onset KD still retain par-
tial GALC activity (Conzelmann and Sandhoff, 1983).
Recently, pharmacological chaperone therapy (PCT) has
emerged as an alternative strategy for treating LSDs caused
by partially defective enzyme activities (for review see
Parenti et al., 2015). A pharmacological chaperone is a
small molecule that specifically binds to the catalytic site
of the misfolded enzyme and thus facilitates its proper
folding, maturation, and transport to a final cellular desti-
nation (Parenti et al., 2015). Lee et al. (2010) reported the
first such study of PCT on KD in which treatment of cells
expressing human mutant GALC (D528N) with a-
lobeline, a novel PCT compound for GALC, increased
the cellular GALC enzyme activity. However, this com-
pound was ineffective for other GALC mutations (e.g.,
I234T and L629R). Later, N-octyl-4-epi-b-valienamine,
a synthetic b-galactose-type unsaturated carbasugar
amine, was tested and reported to stabilize enzyme activi-
ty of mutant GALC (e.g., G270D and G352R) in skin
fibroblasts (Hossain et al., 2015). However, such efficacy
was not observed in skin fibroblasts bearing different
GALC mutations from other patients (Hossain et al.,
2015). Recently, a study showed that azasugar derivatives
(isogalactofagomine and azagalactofagomine) specifically
bind at the GALC active site and stabilize GALC (Hill
et al., 2015), but their efficacies on different types of
GALC mutants have not yet been validated. PCT is an
innovative approach for KD, especially for late-onset

forms bearing misfolded mutations, but has major draw-
backs. In most cases, pharmacological chaperones are
reversible competitive inhibitors of target enzymes and
bind to the active site of target proteins, and the net
increase in enzyme activity is variable with different
enzyme variants bearing different mutations (Parenti
et al., 2015).

Anti-Inflammatory and Antioxidant Therapies

Anti-inflammatory therapy. In brains of KD
patients and twi mice, inflammatory activities are com-
monly associated with PSY-induced demyelination/dys-
myelination processes (LeVine and Brown, 1997; Giri
et al., 2002, 2006; Haq et al., 2003; Kagitani-Shimono
et al., 2005; Formichi et al., 2007; Pasqui et al., 2007;
Adachi and Chiba, 2008; Luzi et al., 2009; Kappos et al.,
2010; O’Sullivan and Dev, 2015). Inflammation in the
white matter seems to be the secondary process to PSY-
induced OL death because proinflammatory cytokines
and associated disease mechanisms are potentially harmful
to myelin (Peterson and Fujinami, 2007). Therefore, tar-
geting the mechanism responsible for expression of proin-
flammatory mediators is regarded as one of the strategies
to delay or suppress the disease process. Treatment of twi
mice with ibudilast (MN-166), an anti-inflammatory
phosphodiesterase inhibitor (Fujimoto et al., 1999; Suzu-
mura et al., 1999; Taguchi et al., 1999), reduced micro-
glial activation, apoptotic loss of OLs, and myelin loss but
failed to extend the life span (Kagitani-Shimono et al.,
2005). Another study evaluated efficacies of nonsteroidal
anti-inflammatory drugs (NSAIDs) such as minocycline,
indomethacin, and ibuprofen on mice expressing mutant
GALC (H168C) and showed that these NSAIDs extend-
ed the life span of the tested mice to some degree, but the
tested mice died with the disease (Luzi et al., 2001, 2009).

Antioxidant therapy. CNS disease of twi mice is
associated with severe PSY-induced oxidative stress and
mitochondrial dysfunction (Haq et al., 2003; Khan et al.,
2005; Giri et al., 2008; Hawkins-Salsbury et al., 2012).
OLs are more sensitive to oxidative stress than other brain
cells because of their low antioxidant capacity (Smith et al.,
1999). Therefore, normalization of the redox potential of
OLs is important in attenuation of OL loss in the CNS of
KD patients and twi mice. A study using diet-based therapy
showed that a combination of galactose-free soy isoflavones
and antioxidant mixture (L-glutathione, coenzyme Q10,
and xanthophylls) significantly attenuated disease progres-
sion in twi mice (Pannuzzo et al., 2010). A cell culture
study also showed that each antioxidant component and
the combination inhibited PSY-induced OL death (Pan-
nuzzo et al., 2010). NAC is a thiol-based antioxidant that
functions either directly as an ROS scavenger or indirectly
as a glutathione precursor (Atkuri et al., 2007). In cell
culture studies, NAC treatment protected against
PSY-induced OL death (Haq et al., 2003; Khan et al.,
2005; Giri et al., 2008). In twi mice, NAC treatment was
effective in decreasing oxidative stress and improving
immunohistochemical markers of disease (Hawkins-
Salsbury et al., 2012) but without any clinical

1000 Won et al.

Journal of Neuroscience Research



improvements (Hawkins-Salsbury et al., 2012). The brains
of KD patients as well as twi mice showed impaired vita-
min D homeostasis and, thus, vitamin D deficiency (Pain-
tlia et al., 2015). Vitamin D, one of the fat-soluble
secosteroids responsible for intestinal absorption of calcium
and phosphate and a potent membrane antioxidant (Wise-
man, 1993), was also tested in a twi mouse model. The
supplementation of twi pups with vitamin D3 (cholecalcif-
erol, a precursor of vitamin D) via breast milk from the
nursing mothers before weaning and its continuous supple-
mentation with chow after weaning significantly delayed
the neurological disabilities with a modest increase in life
span of twi mice (Paintlia et al., 2015). Although the pre-
sent antioxidant therapy as a stand-alone therapy has shown
limited efficacy in KD pathology, combining the antioxi-
dant/anti-inflammatory therapy with therapy targeting
PSY accumulation is a potentially attractive approach for
control of KD disease processes.

SUMMARY AND CONCLUSION

KD, a fatal neurological disorder, is caused by genetic
inheritance of mutant GALC that causes progressive accu-
mulation of PSY and demyelination/neurodegeneration.
PSY is a neurotoxic metabolic byproduct of galactosphin-
golipids, which are the major lipids of OLs and myelin,
and loss of OLs and myelin are the primary underlying
mechanisms in KD. Twi mice express significant levels of
myelin (Paintlia et al., 2015), and this suggests that not all
OLs are affected by GALC deficiency and PSY toxicity
and that some of the OLs undergo complete differentia-
tion into myelin-producing mature OLs. The differentia-
tion stage-specific expression of CGT and GalCer in
OLs, their death under GALC-deficient conditions, and
the observed MR abnormalities in the active myelinating
area of KD brains suggest that KD pathology may involve
both dysmyelinating and demyelinating mechanisms and
that timely targeting of these pathologies in different brain
areas is critical for an effective therapeutic approach.
There also is significant evidence that KD involves multi-
ple secondary disease processes such as immune, inflam-
matory, vascular, neuronal, and axonal pathologies.
Therefore, a combination of approaches to decrease PSY
load with antioxidant/anti-inflammatory therapies may
potentially be effective against spatiotemporal disease pro-
cesses of KD.
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Globoid cell leukodystrophy (GLD), or Krabbe’s dis-
ease, is a debilitating and always fatal pediatric neuro-
degenerative disease caused by a mutation in the gene
encoding the hydrolytic enzyme galactosylceramidase
(GALC). In the absence of GALC, progressive loss of
myelin and accumulation of a neurotoxic substrate
lead to incapacitating loss of motor and cognitive func-
tion and death, typically by 2 years of age. Currently,
there is no cure. Recent convincing evidence of the
therapeutic potential of combining gene and cell thera-
pies in the murine model of GLD has accelerated the
requirement for validated markers of disease to evalu-
ate therapeutic efficacy. Here we demonstrate clinically
relevant and quantifiable measures of central (CNS)
and peripheral (PNS) nervous system disease progres-
sion in the naturally occurring canine model of GLD. As
measured by brainstem auditory-evoked response
testing, GLD dogs demonstrated a significant increase
in I-V interpeak latency and hearing threshold at all
time points. Motor nerve conduction velocities (NCVs)
in GLD dogs were significantly lower than normal by
12–16 weeks of age, and sensory NCV was significant-
ly lower than normal by 8–12 weeks of age, serving as
a sensitive indicator of peripheral nerve dysfunction.
Post-mortem histological evaluations confirmed neuro-
imaging and electrodiagnostic assessments and
detailed loss of myelin and accumulation of storage
product in the CNS and the PNS. Additionally, cerebro-
spinal fluid psychosine concentrations were signifi-
cantly elevated in GLD dogs, demonstrating potential
as a biochemical marker of disease. These data dem-
onstrate that CNS and PNS disease progression can
be quantified over time in the canine model of GLD
with tools identical to those used to assess human
patients. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe’s disease; large animal model; bio-
marker; electrophysiological testing; neuroimaging; CSF
psychosine

Globoid cell leukodystrophy (GLD), also known as
Krabbe’s disease (KD), is a progressive and fatal neurode-
generative lysosomal storage disorder. This inherited dis-
ease is caused by deficient activity of galactosylceramidase
(GALC), which is responsible for degrading myelin, spe-
cifically the myelin lipids galactosylceramide and

SIGNIFICANCE

This study further characterizes the naturally occurring canine model

of globoid cell leukodystrophy (GLD), or Krabbe’s disease, and dem-

onstrates that we can conduct identical electrodiagnostic and neuro-

imaging studies in GLD dogs with results analogous to those in

human patients. Post-mortem histological evaluations verify clinical

assessments and detail loss of myelin and accumulation of storage in

the central and peripheral nervous systems. Furthermore, we establish

the utility of a minimally invasive biochemical marker of disease.
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galactosylsphingosine (psychosine). The absence of suffi-
cient GALC activity results in galactolipid accumulation,
oligodendrocyte and Schwann cell death, abnormal cen-
tral (CNS) and peripheral (PNS) nervous system myelina-
tion, and infiltration of multinucleated macrophages
(globoid cells; Wenger et al., 2015).

Symptoms in children emerge in the first year of life
and include irritability, stiffness, loss of developmental
milestones, and seizures. The disease rapidly progresses to
loss of all body faculties and death, often by 2 years of age
(Duffner et al., 2009, 2011). Currently, the only available
therapeutic intervention for children with GLD is hema-
topoietic stem cell transplantation (HSCT) from donor
umbilical cord blood or bone marrow. When employed
early, HSCT has proved capable of slowing disease pro-
gression (Escolar et al., 2005); however, the quality of life
in children is poor because of neurologic deterioration,
resulting in loss of cognitive and motor functions (Alden-
hoven and Kurtzberg, 2015).

Development of new and effective therapies for
Krabbe’s disease has been slow because of the dearth of
experimental therapies that have been found to improve
neurological disease substantially in animal models and the
absence of validated surrogate markers of disease that can
be monitored as secondary clinical endpoints. However,
recent studies in the twitcher mouse, a murine model of
KD, have shown that gene therapy with an adeno-
associated virus vector carrying a wild-type copy of
murine GALC cDNA synergizes with HSCT to improve
motor deficits, survival time, and CNS pathology signifi-
cantly (Lin et al., 2007; Reddy et al., 2011; Hawkins-
Salsbury et al., 2015; Rafi et al., 2015). Although clearly
provocative, differences in disease phenotype between
murine and human KD and the small size and limited life
span of the mouse hinder the translational utility of this
model. In contrast, naturally occurring KD in dogs reca-
pitulates the clinical, pathological, and biochemical abnor-
malities of human disease (Cozzi et al., 1998; Wenger
et al., 1999; McGowan et al., 2000; Cantuti-Castelvetri
et al., 2015). Additionally, the canine brain is similar in
size compared with that of an infant, allowing for the
implementation of HSCT and CNS gene transfer meth-
ods identical to those that would occur in infants and for
the evaluation of the efficacy of these therapies with elec-
trodiagnostic, imaging, and biochemical markers identical
to those used in children.

We propose that the canine model of GLD is a criti-
cal intermediate step in advancing therapies from the
twitcher mouse into the clinic. In this article, histological
evaluations corroborate clinical assessments and detail loss
of myelin and accumulation of storage product in the
CNS and the PNS. Next, we demonstrate quantifiable
measures of disease progression in canine GLD using elec-
trodiagnostic and imaging tools identical to those used in
pediatric patients. Finally, using high-performance liquid
chromatography (HPLC)-coupled mass spectrometry, we
establish significant elevations of psychosine in cerebrospi-
nal fluid (CSF) of GLD dogs, suggesting that this as a sen-
sitive biochemical marker of disease. These

complementary clinical and biochemical markers of dis-
ease progression will be used in ongoing preclinical stud-
ies in the canine model of GLD and should benefit future
investigations of new drug applications.

MATERIALS AND METHODS

Animals

Mixed-breed dogs were raised in the National Referral
Center for Animal Models of Human Genetic Disease of the
School of Veterinary Medicine of the University of Pennsylva-
nia (NIH OD P40-10939) under National Institutes of Health
and USDA guidelines for the care and use of animals in
research. The experimental protocols were approved by the
University’s institutional animal care and use committee. Equal
numbers of male and female dogs were used. Whole blood
from dogs was tested for the GALC missense mutation with a
TaqMan real-time polymerase chain reaction (PCR)-based
DNA test to identify affected, normal, and heterozygote dogs.
The custom TaqMan SNP genotyping assay included forward
primer ACTGGCCTTACGTGAATCTTCAG and reverse
primer GCTTGGCACCCACAATCC with VIC/NFQ as the
reporter/quencher for allele 1 and FAM/NFQ for allele 2. The
assay was performed with a TaqMan genotyping master mix
(catalog No. 4371353; Life Technologies, Grand Island, NY)
on an Applied Biosystems (Foster City, CA) 7500 platform.
GLD dogs were euthanized at a humane endpoint (15.7 6 4.8
weeks of age; mean 6 SD; n 5 19) defined by complete pelvic
limb paralysis. Euthanasia was performed with an overdose of
intravenous barbiturate. After having been sacrificed, animals
were perfused through the left ventricle with 750 ml 0.9% cold
saline, and tissues were collected.

Dogs were evaluated weekly via clinical neurological
evaluations, approximately every 4 weeks (8 weeks to first day
of 12 weeks, 12 weeks to first day of 16 weeks, and 16–20
weeks) for electrodiagnostic testing and at end-stage disease
(pelvic limb paralysis) for psychosine, imaging, and histological
evaluations.

Magnetic Resonance Imaging

Dogs were anesthetized with propofol, endotracheally
intubated, and maintained on isoflurane anesthesia. Imaging
was performed at 1.5 T with a dedicated research magnetic res-
onance imaging (MRI) scanner (Signa; GE Healthcare,
Milwaukee, WI). The imaging session was performed as previ-
ously described (Cozzi et al., 1998). Briefly, an extremity coil
was used in transmit–receive mode to acquire the images.
Imaging sessions consisted of sagittal spin-echo imaging with
long TR/TE, axial spin-echo imaging with short TR/TE, axial
fast spin-echo imaging with long TR/TE sequences, and
dorsal-plane axial conventional spin-echo imaging with short
TR/TE. T2-weighted images were generated with
TR 5 6,000 msec, TE 5 88 msec, 192 phase encode steps, and
256 data points. MRI analysis was conducted on four end-stage
GLD-affected dogs (9.3–16.4 weeks of age) and two normal,
age-matched control dogs. Representative images of three
regions at the level of the caudate nucleus, midbrain, and cere-
bellum from one GLD-affected and one normal control dog are
shown (see Fig. 1).
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Brainstem Auditory Evoked Response

Brainstem auditory evoked response (BAER) was con-
ducted at 8–12 (normal n 5 5, GLD n 5 8), 12–16 (normal
n 5 6, GLD n 5 6), and 16–20 (normal n 5 5, GLD n 5 4)
weeks of age in left and right ears of normal and GLD dogs.
Dogs were anesthetized with propofol, endotracheally intu-
bated, and maintained on isoflurane anesthesia. BAER data
were recorded on a Nicolet Viking Quest machine (Nicolet
Biomedical, Madison, WI) with 12-mm, 29-gauge subdermal
needle recording electrodes. The active electrode was placed in
the skin over the osseous bulla of the stimulated ear, the refer-
ence electrode was placed in the skin over the vertex of the
skull, and the ground electrode was placed in the skin over the
contralateral osseous bulla. Alternating rarefaction and conden-
sation clicks (0.1-msec duration) were delivered to the stimulat-
ed ear at 11.1 Hz with a 25-cm plastic tube connected to a
plastic earpiece placed within the external ear canal. The filter
settings for the amplifier were set to 20 Hz and 3 kHz. One
thousand evoked responses were averaged for each tracing
obtained. An amplifier sensitivity of 1 lV/cm was used to
record the responses; the analysis time was 10 msec. Central
conduction time was defined as the time between the first and
the fifth peaks. Hearing threshold was defined as the sound
intensity at which an evoked waveform was first visible.

Nerve Conduction Velocity

Nerve conduction velocity (NCV) determination was
conducted at 8–12 (normal n 5 5, GLD n 5 8), 12–16
(normal n 5 6, GLD n 5 6), and 16–20 (normal n 5 5, GLD
n 5 4) weeks of age in normal and GLD dogs. Dogs were
anesthetized with propofol, endotracheally intubated, and
maintained on isoflurane anesthesia. NCV was conducted
with an electrodiagnostics machine (Nicolet Viking Quest;
Nicolet Biomedical). Motor NCV in the tibial, sciatic, and
ulnar nerves of the left limb was determined with 12-mm,
29-gauge subdermal needle recording electrodes placed in the
interosseous muscle. The tibial nerve was electrically stimu-
lated at the tarsus and stifle. The sciatic nerve was electrically
stimulated at the stifle and at the level of the femoral head.
The ulnar nerve was stimulated at the carpus and elbow.
Nerves were stimulated with monopolar stimulating electro-
des placed subcutaneously for a duration of 200 msec. Stimulus
intensity was increased until an M wave of maximal ampli-
tude was obtained. Sensory NCV was determined for the
superficial radial nerve. Subcutaneous recording electrodes
were placed lateral to the superficial radial nerve at the level
of the elbow and the skin over the dorsum of the paw and
stimulated with subcutaneous monopolar stimulating electro-
des for 200 msec.

Fig. 1. MRI. T2-weighted MRI of the brain shows bilaterally symmetrical increases in signal inten-
sity of the corona radiata (D, arrow), corpus callosum, centrum semiovale, and internal capsule
(E, arrow) in a GLD dog compared with a normal, age-matched control dog (A,B). Similarly, the
cerebellar white matter (F, arrow) and optic radiations were found to be hyperintense in the GLD
dog compared with a normal, age-matched control dog (C). Cerebral ventricles of the GLD dog
were dilated (E, arrow) and sulci were widened, indicating cerebral atrophy (D, arrow).
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CSF Psychosine Concentrations

CSF psychosine levels were measured in GLD dogs
(n 5 5) at the late stage of disease progression (10.9–16.4 weeks
of age) and compared with normal, age-matched control dogs
(n 5 5). CSF was collected from the cerebellomedullary cistern
while animals were under anesthesia for NCV or immediately
prior to euthanasia. Protein precipitation was performed to
extract psychosine from 50 ml dog CSF. Deuterated galactosyl
sphingosine (psychosine-d5, 1 ng/ml) was used as an internal
standard and was added to the samples before extraction. Quality
control (QC) samples were prepared by pooling the extracts
from study samples. QC was performed every five-study sample
to make sure that the analytical method and instrument
response were constant. Data are reported as peak area ratio of
analyte to internal standard.

Sample analysis was performed with a Shimadzu (Shimadzu
Scientific, Somerset, NJ) 20AD HPLC system coupled to a
triple quadrupole mass spectrometer (API 4000 QTrap;
ABSciex, Framingham, MA) operated in MRM mode. The
positive-ion ESI mode was used for detection of psychosine
and deuterated psychosine-d5. Data processing was conducted
in Analyst 1.5.1 (Applied Biosystems; http://sciex.com/prod-
ucts/software/analyst-software).

Histology

Perfused brains were fixed in 4% paraformaldehyde and
paraffin embedded. Sections were cut at 5 lm, and slides were
deparaffinized and rehydrated in a series of xylenes and ethanols
(100%, 95%, and 70%). For myelin staining, slides were incu-
bated in an eriochrome cyanine R solution (catalog No. 32752;
Sigma, St. Louis, MO) with ferric chloride and sulfuric acid for
30 min at room temperature; rinsed in running water, followed
by incubation in an iron (III) nitrate nonahydrate (catalog No.
216828; Sigma) differentiating solution for 2–5 min and rinsed
in running water. Slides were counterstained with eosin, dehy-
drated in a series of ethanols and xylenes, and mounted. For
periodic acid-Schiff (PAS) staining, slides were incubated in
periodic acid solution (catalog No. 3951; Sigma) for 5 min at
room temperature and rinsed with several changes of water, fol-
lowed by incubation in Schiff’s reagent (catalog No. 3952016;

Sigma) for 15 min. Slides were rinsed in running water, dehy-
drated in a series of ethanols and xylenes, and mounted. Brain
regions that were analyzed included sections at the level of the
frontal lobe, caudate nucleus, thalamus, midbrain, occipital cor-
tex, cerebellum, and brainstem of end stage from three GLD-
affected (9.3–16.4 weeks of age) and two normal control dogs.
Representative images of three regions at the level of the, cau-
date nucleus, midbrain, and cerebellum from one GLD-affected
and one normal control are shown (see Figs. 2 and 3).

Electron Microscopy

Samples of tibial, common peroneal, sciatic, ulnar, and
superficial radial nerves were processed in a routine manner for
single-nerve-fiber teasing and semithin/ultrathin sections as
previously described (Vite et al., 2001). Nerves were fixed in
universal fixative (37% formaldehyde aqueous solution; 100 ml
100% formalin, 880 ml distilled water, 2.7 g NaOH, 11.6 g
NaH2PO4-H2O, and 20 ml 50% glutaraldehyde). Electron
microscopy was conducted on ultrathin sections prepared from
tibial, sciatic, ulnar, radial, and common peroneal nerves in a
GLD dog at endpoint.

Statistical Analysis

Two-tailed, unpaired t-tests and figures were conducted
in Prism 6 (RRID:SCR_002798; GraphPad Software, La Jolla,
CA; http://www.graphpad.com).

RESULTS

CNS and PNS disease progression in the canine model of
KD closely recapitulates human disease (Table 1). Affect-
ed dogs had a consistent age of onset of clinical signs,
with pelvic limb ataxia, thoracic limb dysmetria, and head
tremor beginning by 4–6 weeks of age; inability to walk
without falling and urinary incontinence occurring by 12
weeks of age; and complete paralysis of the pelvic limbs
warranting humane euthanasia occurring at 15.7 6 4.8
weeks of age (mean 6 SD, n 5 19). A variable age of
onset of increased tone to the pelvic limbs and decreased
myotatic and withdrawal reflexes also occurred.

MRI

MRI of the brain of a GLD-affected dog showed
T2-weighted bilaterally symmetrical increases in signal
intensity of the corona radiata (Fig. 1D, arrow), corpus
callosum, centrum semiovale, internal capsule (Fig. 1E,
arrow), and cerebellar white matter (Fig. 1F, arrow) com-
pared with a normal, age-matched control dog (Fig. 1A–C).
Cerebral ventricles were dilated (Fig. 1E, arrow), and sulci
were widened (Fig. 1D, arrow), indicating cerebral atrophy
in GLD dogs. Gadolinium enhancement of the white matter
was not seen in any of the dogs recently imaged, although it
was previously described for a West Highland white terrier
(Cozzi et al., 1998).

Brain Histopathology

In line with MRI findings, GLD-affected dogs
showed severe loss of myelin, indicated by iron-

TABLE 1. Phenotypic comparison of Krabbe disease

Phenotype

Human

patients

Murine

model

Canine

model

Irritability 1 2 2

Psychomotor

regression

1 ? ?

Cerebellar ataxia/intention

tremor

1 1 1

Postural reaction deficits 1 1 1

Stiffness 1 1 1

Spastic paresis/paralysis 1 1 1

Hearing loss 1 2 1

Vision loss 1 2 1

Motor and sensory

neuropathy

1 1 1

Autonomic nervous

system dysfunction

1 1 1
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eriochrome cyanine R histological stain. Loss of myelin
was apparent in all sections of the brain compared with
normal, age-matched control dogs. Representative images
in Figure 2 include brain sections at the level of the cau-
date nucleus, cerebrum at the level of the midbrain, and
cerebellum. Numerous white matter tracts, including the
centrum semiovale, corpus callosum, fimbria hippocampi
(Fig. 2, inset), and cerebellar white matter show little or
no staining at end-stage disease. In contrast, subcortical u-
fibers, also known as short association fibers, and the
brainstem retained more myelin staining. U-fibers repre-
sent terminal zones of myelination, which are the last
areas to myelinate in the normal brain and experience a
slower rate of myelin turnover (Maricich et al., 2007),
demonstrating that disparity in normal myelin metabolism
may have consequences for disease pathogenesis. Loss of
myelin strongly correlated with the presence of PAS-
positive storage material (Fig. 3).

BAER Testing

BAER testing was conducted in GLD dogs to assess
the effect of disease on the auditory pathway over time.
In GLD dogs, there was a significant increase (P� 0.001)
in central conduction time, measured by the difference in
peak I-V latencies in all age groups analyzed, 8–12,
12–16, and 16–20 weeks, compared with normal, age-
matched control dogs (Fig. 4A). A significant increase in
hearing threshold over normal was also identified in
affected dogs at all time points evaluated (Fig. 4B). The
slight reduction in threshold significance at the final time
point (P� 0.01) likely was due to the small number of
affected animals that survived >16 weeks and still had
recordable BAER (n 5 4). The increase in central con-
duction time, increase in hearing threshold, and loss of
waveform integrity on BAER are all consistent with audi-
tory system demyelination in the GLD dog.

NCV Testing

NCVs were quantified in motor and sensory nerves
of GLD dogs and normal, age-matched controls at three
time points, 8–12, 12–16, and 16–20 weeks of age. In
GLD dogs, motor NCVs of the tibial (Fig. 5A) and sciatic
(Fig. 5B) nerves were significantly decreased by 12–16
weeks of age (P 5 0.028, P 5 0.004, respectively) and
were also significantly decreased at 16–20 weeks of age
for the sciatic nerve (P 5 0.009). NCV of the ulnar nerve
(Fig. 5C) was significantly reduced at 8–12 (P 5 0.047)
and 12–16 (P 5 0.005) weeks of age. Significance was not
achieved at the latest time point in the tibial and ulnar
nerves, likely because of the low number of animals that
survived beyond 16 weeks and still had recordable NCV
(n 5 4). Sensory NCV of the radial nerve (Fig. 5D) was
the most dramatically decreased, with a P value of 0.0001
at both 8–12 and 12–16 weeks of age. Values trended
toward significance at endpoint; however, statistics could
not be calculated because of insufficient animal numbers
(only two GLD dogs had recordable sensory NCV at
16–20 weeks; in the remaining dogs, no response could

be evoked). The reduction in conduction velocity of
motor and sensory nerves is consistent with severe demy-
elination of peripheral nerves in GLD dogs.

Electron Microscopy of Peripheral Nerves

Analysis of ultrathin sections of peripheral nerves by
electron microscopy revealed that storage inclusions and
thinly myelinated fibers were a prominent feature in all
nerves analyzed (tibial, sciatic, ulnar, radial, and common
peroneal) in one GLD dog at end-stage disease. Storage
inclusions were present in numerous Schwann cells (Fig.
6A) and in macrophages (Fig. 6B), most commonly locat-
ed in the endoneurium with occasional presence in the
perineurium. The inclusions were highly heterogeneous
(Fig. 6A, arrow), with the most prominent and typical
morphology consisting of straight, elongated, needle-like
prismatic inclusions. In some cells, the prismatic inclu-
sions were voluminous and arranged in different plans of
section, giving them a wave-like curvilinear pattern (Fig.
6C, arrow). Other membrane-bound concentric or irreg-
ularly shaped inclusions as well as honeycomb, crystalloid
structures frequently accompanied the characteristic pris-
matic inclusions. Myelin-like lamellar structures occasion-
ally occurred with these inclusions (Fig. 6D, arrow). No
inclusions were observed in unmyelinated fibers, which
appeared normal. Thinly myelinated fibers were common
in all nerves analyzed (Fig. 6E,F, arrows).

CSF Psychosine Concentrations

It has previously been shown that psychosine is dra-
matically increased in the white matter of GLD dog brains
(Wenger et al., 1999). For this study, we quantified psy-
chosine concentrations in CSF by HPLC-coupled mass
spectrometry. CSF psychosine levels were significantly
elevated (P 5 0.004) in GLD dogs (mean 0.069 6 0.036,
n 5 5) at late stage of disease progression (10.9–16.4
weeks of age) compared with normal, age-matched con-
trol dogs (n 5 5; Fig. 7). The highest CSF psychosine
concentration was found in the oldest GLD dog evaluated
(16.4 weeks of age). This minimally invasive method of
determining CNS-specific disease progression could serve
as a valuable biomarker of disease progression; repeated
measures over time are now underway.

DISCUSSION

Canine GLD was first described in 1966 (Fletcher et al.,
1966). In 1996, the disease-causing mutation in West
Highland white and Cairn terriers was identified as an A-
to-C transversion at cDNA position 473 in the GALC
gene, resulting in the replacement of a hydrophobic tyro-
sine residue with a hydrophilic serine in the protein.
Transient transfection of COS-1 cells with the mutant
canine GALC cDNA revealed that the mutant protein is
not functional (Victoria et al., 1996). Affected dogs,
homozygous for the recessive mutation, can be identified
at birth from whole blood with real-time PCR amplifica-
tion of genomic DNA. In 2000, a breeding colony of
canine GLD was established and has been maintained at
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the School of Veterinary Medicine at the University of
Pennsylvania. Since then, KD has also been characterized
in the Irish setter, in which it occurs because of an

insertion mutation (McGraw and Carmichael, 2006); no
colony of these dogs is currently established. In light of
recent advancements demonstrating unprecedented

Fig. 2. Myelination in normal and GLD dog brain. Iron-eriochrome cyanine R histological stain shows
loss of myelin (purple stain) in a GLD dog at end stage (right) compared with a normal, age-matched
control dog (left). Additionally, white mater regions are subjectively small in GLD dogs compared with
normal control dogs. Cerebral hemisphere sections are shown at the level of the caudate nucleus (top),
cerebrum at the level of the midbrain (middle), and cerebellum (bottom). Insets are3 25.
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Fig. 3. Storage material in normal and GLD dog brain. PAS histological stain shows accumulation
of storage material in a GLD-affected dog at end stage (right) compared with a normal,
age-matched control dog (left). Brain sections are shown at the level of the caudate nucleus (top),
cerebrum at the level of the midbrain (middle), and cerebellum (bottom). Insets are 3 25.
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therapeutic efficacy with a combination of bone marrow
transplantation and gene therapy in the twitcher mouse
(Lin et al., 2007; Reddy et al., 2011; Hawkins-Salsbury
et al., 2015; Rafi et al., 2015), the canine model of GLD
has renewed significance as an intermediate model in
translation of therapeutics to the clinic. Here we further

characterize the canine model and identify the onset of
clinical signs by 4 weeks of age and a survival time to
15.7 6 4.8 weeks of age (n 5 19). Electrodiagnostic test-
ing methods, routinely used in affected children, are
reported longitudinally in the canine model of GLD,
allowing a quantifiable means to track disease progression.

Fig. 4. BAERs in normal and GLD dogs. BAER was conducted at
8–12 (normal n 5 5, GLD n 5 8), 12–16 (normal n 5 6, GLD n 5 6),
and 16–20 (normal n 5 5, GLD n 5 4) weeks of age in left and right
ears of normal (circles) and GLD (squares) dogs. A: Central

conduction time, the time between the first and the fifth peak, was
increased in affected dogs. B: Hearing threshold, defined as the sound
intensity at which an evoked waveform was first visible, was increased
in affected dogs. **P� 0.01, ***P� 0.001.

Fig. 5. NCV in normal and GLD dogs. NCV was conducted at 8–12
(normal n 5 5, GLD n 5 8), 12–16 (normal n 5 6, GLD n 5 6), and
16–20 (normal n 5 5, GLD n 5 4) weeks of age in normal (circles)
and GLD (squares) dogs. For pelvic limb motor NCV, the tibial nerve
was stimulated at the tarsus and stifle (A), and the sciatic nerve was

stimulated at the stifle and at the level of the femoral head (B); for the
thoracic limb, the ulnar nerve was stimulated at the carpus and elbow
(C); for sensory NCV, the radial nerve was stimulated at the level of
the elbow (D). *P� 0.05, **P� 0.01, ***P� 0.001.
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Fig. 6. Electron micrographs of the peripheral nerve of a GLD dog at end stage demonstrating stor-
age inclusion in Schwann cells (319,500; A, arrow), storage inclusions in macrophages (315,700;
B), prismatic inclusions in a wave-like curvilinear pattern (341,300; C, arrow), myelin-like lamellar
structures within inclusions (341,300; D, arrow), thinly myelinated fibers (330,300; E, arrow), and
thinly myelinated fibers (319,500; F, arrow).



Furthermore, we have determined that psychosine is ele-
vated in the spinal fluid of affected dogs. Future studies
will evaluate its use as a biomarker of disease severity or
of therapeutic efficacy.

The clinical data in dogs compare well with those
that have been published for human patients. In children,
neurologic evaluations revealed that, in 41 patients,
abnormal results on motor examination were identified,
with 90% demonstrating increased muscle tone, typically
in the extremities. Deep tendon reflexes were abnormal
in the majority of children (71% decreased reflexes and
increased in 19%), and clonus and plantar extensor
responses were also common (Duffner et al., 2011). GLD
is also naturally occurring in nonhuman primates. In a
natural history study of GLD-affected rhesus macaques,
the onset and progression of symptoms were highly vari-
able, and survival ranged widely from 52 to 642 days
(Borda et al., 2008). In this study, the canine model of
GLD was found to have repeatable and predictable onset
of clinical signs and limited range of survival.

Analysis of MRI scans from 39 early-infantile KD
patients, those with symptom onset from 0 to 6 months
of age, showed abnormalities in 38 of 39 cases. The most
common irregularities were T2 signal intensity changes in
the deep cerebral white matter periventricular/centrum
semiovale (84.6%) and the dentate (84.6%), followed by
cerebellar white matter (53.8%), thalamus (41.0%), and
parietal-occipital regions (30.8%; Abdelhalim et al.,
2014). Similar changes were found in our canine model
of GLD, including T2 signal hyperintensities in numerous
white matter tracts. In contrast, there were no remarkable
findings on MRI of GLD-affected rhesus macaques
(Borda et al., 2008).

BAER testing conducted in children with early-
infantile KD revealed prolonged wave I-V interpeak
latency in 88% (15/17) of children. Among children who
were symptomatic at the time of testing, 100% (13) expe-
rienced increased central conduction time, and two of

four presymptomatic children had similar abnormalities
(Aldosari et al., 2004). Similarly, GLD dogs demonstrated
a significant increase in I-V interpeak latency at all times
analyzed, 8–12, 12–16, and 16–20 weeks of age. Because
there is overlap in values between normal and GLD-
affected dogs, BAER is not likely a sensitive measure for
detecting improvements, especially in early disease stages
following treatment. Instead BAER will be most useful as
a repeated-measure analysis to study individual animals
longitudinally.

Peripheral neuropathy has also been previously eval-
uated in children affected with early-infantile KD. Among
24 KD patients assessed, 23 had abnormal NCVs, with
82% showing deficient sensory and 82% showing slow
motor conduction velocities. Abnormalities in motor
conduction velocities were comparable in lower (79%)
and upper (80%) extremities. Importantly, the severity of
the demyelination on NCV studies correlated well with
the clinical severity of the disease (Siddiqi et al., 2006).
Similarly, conduction velocities of the median, ulnar, and
tibial nerves were significantly slower in GLD-affected
rhesus macaques compared with normal monkeys and
also correlated with disease progression (Weimer et al.,
2005). Comparably, motor NCVs of pelvic (tibial and sci-
atic nerves) and thoracic limbs (ulnar nerve) were a sensi-
tive indicator of peripheral nerve dysfunction in the
canine model of GLD, with all conduction velocities sig-
nificantly lower than normal by 12–16 weeks of age.
Decreases in sensory (radial) NCV achieved the greatest
and earliest significance of 0.0001 by 8–12 weeks of age,
and mean velocity continued to decrease with age. Unlike
BAER, radial NCV resulted in no overlap between nor-
mal and GLD-affected dogs at any time point and is
therefore expected to be a sensitive and robust means to
determine therapeutic efficacy, even early in disease.

NCV studies in combination with neuroimaging
studies have been proposed as the most sensitive measure
to assess the severity of KD in human patients (Moser,
2006). Here we demonstrate that we can conduct identi-
cal electrodiagnositic and neuroimaging studies in the
GLD dog with results analogous to those found in human
patients. Post-mortem histological evaluations verify clini-
cal assessments and detail loss of myelin and accumulation
of storage product in the CNS and the PNS. Further-
more, we establish the utility of CSF psychosine as a
potential biochemical marker of disease. Thus, electro-
diagnostic, imaging, and biochemical data may serve as
secondary clinical outcome measures in ongoing preclini-
cal studies in the canine model of GLD and could benefit
future human clinical trials for KD.
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Commentary

Fluid Levity of the Cell: Role of
Membrane Lipid Architecture in
Genetic Sphingolipidoses

Ludovic D’Auria* and Ernesto R. Bongarzone*

Department of Anatomy and Cell Biology, University of Illinois, Chicago, Illinois

Sphingolipidoses arise from inherited loss of function of
key enzymes regulating the sphingolipid (SL) metabolism
and the accumulation of large quantities of these lipids in
affected cells. Most frequently, toxicity is manifested in the
nervous system, where survival and function of neurons
and glial cells are most affected. Although detailed infor-
mation is available on neuroglial alterations during terminal
stages of the disease, the initial pathogenic mechanisms
triggering neuropathology are largely unclear. Because
they are key components of biological membranes,
changes in the local concentration of SLs are likely to
impact the organization of membrane domains and func-
tions. This Commentary proposes that SL toxicity involves
initial defects in the integrity of lipid domains, membrane
fluidity, and membrane bending, leading to membrane
deformation and deregulation of cell signaling and func-
tion. Understanding how SLs alter membrane architecture
may provide breakthroughs for more efficient treatment of
sphingolipidoses. VC 2016 Wiley Periodicals, Inc.

Key words: lipid rafts; psychosine; sphingolipids; caveolin;
fluidity; Krabbe’s disease; neurodegeneration

HYPOTHESIS

Sphingolipidoses represent a large group of neuro-
logically handicapping diseases caused by inherited loss of
function of key enzymes in lipid catabolism and the conse-
quent accumulation of undigested lipid material (for
review see Platt, 2014). Although promising results are
being obtained from gene therapy and hematopoietic
replacement studies, the field has remained largely stalled
with respect to curing most of these diseases (Cox
and Cachon-Gonzalez, 2012). This shortage of effective
treatments could be due, in part, to an incomplete under-
standing of how sphingolipids (SLs) initiate cellular dys-
function (Schulze and Sandhoff, 2011). Emerging roles of
SLs in different physiological processes may hold the key
for understanding their toxicity under nonphysiological
conditions such as sphingolipidoses. For example, several
SLs have been reported to play major roles as bioactive
lipids (Bartke and Hannun, 2009), suggesting that they are

not mere bricks in the big wall of biological membranes
but rather integral, active, and functional constituents. It is
important to note that the organization of SLs in cellular
membranes is no longer regarded as random and inert
(Singer and Nicolson, 1972). Rather, we now know that
SLs are key components arranged into plasma membrane
(PM) realms, ranging from nanometer lipid rafts (Simons
and Ikonen, 1997; Lingwood and Simons, 2010) to submi-
crometer domains (Carquin et al., 2015). Furthermore, it
is now accepted that SLs play roles in the macroscopic
arrangement and shaping of cell membranes (Cooke and
Deserno, 2006). These SL features are essential for host
proteins and for regulating physiological events such as
surface tension, force sensing (Mollinedo and Gajate,
2015), or cell signaling (Gomez-Mouton et al., 2004; Iwa-
buchi et al., 2010).

Under pathological conditions, when SL homeostasis
is compromised, specific SLs accumulate at one or more
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Fig. 1. Potential pathological mechanisms initiated by SL accumulation
illustrated in Krabbe’s disease. A: The PM is composed of lipid
domains, as illustrated for the SL domains (rafts and submicrometer
domains) and the nonraft phase. Note the cone-shaped cholesterol
(brown triangle), truncated cone-shaped PE (magenta), cylindrical PC
(light blue), and PS (dark blue), whereas the SLs (gray) such as SM
(truncated inverted cone shape), GalCer, gangliosides, and psychosine
have inverted cone-shaped structures. The SL tail is composed of a
sphingosine base (red polygon in psychosine) and binds to a long and
saturated fatty acyl chain to form ceramide (green rectangle). In con-
trast, glycerophospholipids contain shorter single or polyunsaturated
acyl chains (as illustrated by the bent acyl chain). B: Two hypothetical
effects of abnormal levels of SLs are presented, taking as an example
the increased levels of psychosine observed in Krabbe’s disease. The
deficiency of the galactosylceramidase (GALC) leads to increasing

levels of psychosine over time. In model 1, the accumulation of SLs
disrupts the architecture of lipid domains and impairs cellular signaling.
The integrity of lipid domains is affected in early stages by either
disruption or enlargement of these domains, leading to a decrease of
functional signaling and, eventually, irreversible toxicity on a variety
of potential processes (synapse failure; deficiencies in fast axonal trans-
port [FAT] impairment, myelin, or autophagy). In model 2, the accu-
mulation of inverted cone-shaped SLs induces an increase of the
membrane curvature. The insertion of many molecules of psychosine
at the outer leaflet of the PM promotes a distortion of the membrane
and a positive (1; toward the extracellular space) bending. Ultimately,
membrane bending may promote vesiculation, impacting axonal and
myelin membrane integrity. These two models are not mutually
exclusive; it is likely that a combination of both and other alternatives
not discussed in this Commentary takes place during sphingolipidoses.
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orders of magnitude. This alteration in the local stoichiome-
try of the membrane could lead to rapid changes in lipid
aggregation, disruption of membrane architecture, changes
in membrane curvature and stability, and consequently
impairment of vital membrane-dependent cellular processes
(Carquin et al., 2015). This Commentary postulates that, in
sphingolipidoses, the insertion of abnormal quantities of SLs
in cell membranes destabilizes lipid domains and impairs the
associated functions, inducing membrane changes (e.g.,
bending, vesiculation, and others) incompatible with nor-
mal cellular activities and leading to toxicity and cellular
dysfunction.

EXPERIMENTAL CHALLENGES TO THE
STUDY OF MEMBRANE LIPID DOMAINS

Three major lipid classes define the lipid organization of the
PM (Fig. 1A). Cholesterol is the most abundant membrane
lipid, with a nonpolar backbone inserted within the mem-
brane bilayer and outwardly exposing a single hydroxyl
group. Glycerophospholipids (phosphaticylcholine [PC],
phosphatidylserine [PS], and phosphatidylethanolamine [PE])
are abundant lipids in PM, composed of saturated straight and
unsaturated bent fatty acyl chains and a polar head group. SLs
have a hydrophobic core formed by the sphingoid base
sphingosine, which in most cases is acetylated with a fatty
acyl chain to form a ceramide. Ceramides are bound to dif-
ferent head groups, including choline (i.e., sphingomyelin
[SM]); sugars (i.e., glycosphingolipids [GSLs], such as in
galactosylceramide [GalCer]; or glucosylceramide) or even
more complex and larger head groups (i.e., sulfatides, gan-
gliosides). Lysolipids are also formed by sphingosine and a
sugar (i.e., galactosyl-sphingosine or psychosine).

These lipids spontaneously assemble to form membrane
bilayers in a nonrandom fashion. The biophysical mecha-
nisms and dynamics of membrane lipid organization are
essential for understanding how SLs modulate lipid domains
and the consequent impact during disease. Artificial mem-
brane models have provided a major contribution in under-
standing lipid organization by facilitating study of the effects
of lipid content in a controlled environment. One of the
basic models is the ternary lipid-phase diagram, a chart dis-
playing thermodynamically distinct phases that coexist at
equilibrium, namely, liquid-disordered, liquid-ordered (Lo),
and solid-ordered (So) phases (Goni et al., 2008). Most mix-
tures consist of low-melting-temperature lipids (glycerophos-
pholipids) with high-melting-temperature lipids (SLs) and
cholesterol (de Almeida et al., 2003). The lipid composition
is key in the formation and maintenance of membrane
domains, particularly for modulating their shape and size (for
review see Bagatolli et al., 2010). SLs form Lo or So domains
in the glycerophospholipid fluid phase (for review see West-
erlund and Slotte, 2009). Studies using simple planar lipid
bilayers (Fidorra et al., 2006), giant unilamellar vesicles (Die-
trich et al., 2001; Kahya et al., 2003; Pinto et al., 2008) and
cell-derived PM (Bernardino de la Serna et al., 2004; Baum-
gart et al., 2007; Plasencia et al., 2007) have been critical in
determining that SL–cholesterol interactions are essential for
domain formation (Ramstedt and Slotte, 2002), which is the

cornerstone of the lipid raft theory (Simons and Ikonen,
1997). Among SLs, ceramide was shown to exert striking
effects on domain formation with high lateral separation at
low concentration with atypical shape capable of altering the
packing of the fluid phase (Castro et al., 2014).

The lipid domain concept is well established in artifi-
cial systems, but its occurrence in PM cells has been
unclear (Munro, 2003; Bagatolli, 2006). Innovative imag-
ing approaches are rapidly contributing to address this.
Submicrometer domains can be observed with optical
techniques such as high-resolution confocal, two-photon
microscopy and total internal reflection microscopy. These
microscopy techniques are versatile and can be combined
with other approaches to study dynamics of lipid and the
lipid–lipid or lipid–protein interactions such as fluores-
cence recovery after photobleaching, fluorescence lifetime
imaging, and fluorescence correlation spectroscopy. The
advent of super-resolution microscopic techniques has
overcome the limitation of the resolution limit (�200 nm)
for analyzing the nanometer lipid rafts. These include 1)
photoactivation localization microscopy, 2) structured illu-
mination microscopy, 3) stimulated emission depletion
microscopy, 4) atomic force microscopy, 5) near-field
scanning optical microscopy, 6) scanning ion mass spec-
trometry, and 7) single dye tracing. Nanometer molecular
interactions can also be measured by F€orster resonance
energy transfer combined with super-resolution micro-
scopes. Altogether these techniques are becoming gold
standards for studying micrometer (Carquin et al., 2015)
and nanometer (Castro et al., 2013) dynamic parameters of
lipid domains in biological membranes.

ALTERATION OF MEMBRANE
DOMAINS IN SPHINGOLIPIDOSES

Brain cells are highly polarized and specifically enriched in
various types of SLs (e.g., gangliosides in neurons; GalCer,
sulfatides, and SM in myelin; for review see Aureli et al.,
2015). A growing body of evidence shows that the patholog-
ical accumulation of SLs affects the highly organized architec-
ture of brain membranes. For example, Krabbe ‘s disease is a
sphingolipidosis with one the most severe neurodegenerative
phenotype, caused by the deficiency of the lysosomal enzyme
galactosyl-ceramidase and the accumulation of high amounts
of psychosine. Psychosine is present in very low levels under
healthy conditions, but its physiological function remains
undetermined, being considered a biologically irrelevant
intermediate (Suzuki, 1998). We have actively investigated
the physicochemical properties of psychosine, seeking to
understand its physiological function in health and disease.
Psychosine accumulates in lipid rafts in central and peripheral
nervous tissue from the murine twitcher model of Krabbe’s
disease as well as in the brain of Krabbe’s disease patients
(White et al., 2009). Increased levels of psychosine promoted
significant changes in rafts, with enrichment of cholesterol,
altered flotillin-2 and caveolin-1 distribution, and abnormal
activation of protein kinase C (White et al., 2009). In neu-
rons, psychosine negatively impacts fast axonal transport and
neurofilament cytoskeleton via deregulation of raft-associated
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protein phosphatase 1 and 2 and glycogen synthase kinase-3b
(Cantuti-Castelvetri et al., 2012, 2013). Additional evidence
that psychosine alters membrane architecture via destabiliza-
tion of lipid domains was also reported recently (Hawkins-
Salsbury et al., 2013). New evidence from our laboratory
underscores that psychosine disrupts endogenous submi-
crometer lipid domains but promotes the formation of new
and likely aberrant high-order submicrometer domains, lead-
ing to an increase of PM rigidity (D’Auria and Bongarzone,
unpublished data).

Similar effects have been found in other sphingoli-
pidoses. For example, the accumulation of SM in lipid rafts
impairs membrane RhoA targeting and activation in Nie-
mann-Pick type A disease (Galvan et al., 2008). Further-
more, accumulation of SM at synaptic membranes disrupted
synaptic plasticity dependent on the phosphoinositide path-
way (Trovo et al., 2015). In these studies, exposure of neu-
rons to exogenous SM reproduced those effects, suggesting
that SM membrane accumulation was sufficient to induce
PM defects. GM1 is another lipid raft component that can
lead to major alteration of membranes and cellular processes.
For example, neurons from GM1 gangliosidosis (Purpura
and Baker, 1977; Purpura, 1978) or after exogenous admin-
istration of GM1 (Byrne et al., 1983) exhibited enlarged
neurites. In metachromatic leukodystrophy, the accumula-
tion of sulfatides (sulfated GalCer) decreased the content of
MAL in myelin rafts (Saravanan et al., 2004) and affected
the association of platelet-derived growth factor receptor-a
with lipid rafts, impacting oligodendrocyte formation
(Pituch et al., 2015). A recent work on immune cells ana-
lyzed the perturbation of specific SL metabolism on Toll-
like receptor-dependent immune signaling, leading to a spe-
cific inflammation phenotype. Furthermore, predictions of
inflammatory states in cells of patients affected by lipid
storage disorders could be elaborated (Koberlin et al., 2015).
As stated previously, ceramide represents a SL with a partic-
ular behavior. Generated after the hydrolysis of SM by
sphingomyelinase, ceramide forms submicrometer domains
also called ceramide-rich platforms. These platforms participate
in membrane fragility (Montes et al., 2008) and changes in
normal physiological functions, such as transmembrane sig-
naling, clustering of specific proteins, and membrane desta-
bilization by flip-flop diffusion (for reviews see Stancevic
and Kolesnick, 2010; Castro et al., 2014) and may be rele-
vant in neuronal deficits in sphingolipidoses (Prinetti et al.,
2001).

DESTABILIZATION OF MEMBRANE
ARCHITECTURE: A LETHAL KICKOFF

FOR SPHINGOLIPIDOSES

The physiological and structural architecture of cell mem-
branes is highly dependent on two key properties, fluidity
and membrane curvature. Fluidity is a biophysical param-
eter of membranes that refers to the average membrane
viscosity generated by the rotational and lateral mobility
of individual molecules and their interactions with sur-
rounding molecules (Lenaz, 1987). Fluidity is a funda-
mental property of cell membranes that influences the

correct positioning of key proteins, receptors, and even
lipids. Fluidity within the PM depends on its composi-
tion. For example, short and unsaturated lipid will pro-
mote highly fluid membranes, whereas packing of long
and saturated fatty acid chains of SLs with cholesterol will
decrease membrane fluidity (i.e., increase order, rigidity,
or viscosity). Most SLs, such as GM1 (Nishio et al.,
2004), SM (Koike et al., 1998; Galvan et al., 2008; von
Einem et al., 2012) and even psychosine (D’Auria and
Bongarzone, unpublished data), appear to alter cell mem-
branes by decreasing fluidity. It is then conceivable that
one of the first pathological changes in sphingolipidoses
results from focal decreases in membrane fluidity, impair-
ing the mobility of proteins and lipids essential for vital
cellular functions.

Intimately linked to fluidity, membrane curvature is
fundamental for regulating cell shape, endo- and exocytosis,
process formation, and even synaptic activity. The shapes of
different lipids influence how much a membrane can curve
(i.e., bend). The intrinsic molecular volume of the head
group and the composition of the fatty acyl chains (i.e., sat-
urated vs. unsaturated) in lipids will determine steric dimen-
sions and distinct shapes for each lipid species. From this
consideration, lipids can be classified as cylinders (head
group is similar to the tail; PC, PS), truncated cones (head
group is smaller than the tail; PE), cones or triangles (head
group is minimal; cholesterol), truncated inverted cones
(head group is larger than the tail; SM), and inverted cones
(tail is minimal; GSLs, psychosine, and LPC; Fig. 1A). The
type of lipid and its abundance are major factors influencing
morphological features of cell membranes (McMahon and
Boucrot, 2015). The degree of membrane curvature of a
bilayered membrane is determined by the difference result-
ing from the combined curvatures of the inner vs. the outer
monolayer leaflets. For example, a monolayer of inverted
cone lipids promotes a positive curvature, whereas conical
lipids favor negative curvatures. Cylindrical lipids or associa-
tions among cones with inverted cone lipids tend to pro-
duce flat monolayers (Cooke and Deserno, 2006). The
asymmetric distribution of lipid species across the bilayer
(i.e., SLs are located mainly in the outer leaflet, whereas PS
and PE are associated mainly with the inner leaflet) influen-
ces the resulting membrane curvature (Devaux et al., 2008).
Although specialized proteins play active roles in membrane
curvature (for review see McMahon and Boucrot, 2015),
the strong dependence between shape/composition and
membrane curvature underscores the idea that increased
SLs in sphingolipidoses change the composition of lipid
domains, inducing positive (outward) membrane bending
(Fig. 1B). This structural alteration is likely to impact mem-
brane topology and the activity of associated signaling
pathways.

Changes in membrane curvature could explain some
of the phenotypic changes, such as membrane swelling,
observed in various sphingolipidoses. For example, neu-
rons from GM1 and GM2 gangliosidoses displayed large
axonal and dendritic swellings (Purpura and Baker, 1977;
Purpura, 1978). For Krabbe’s disease, our group reported
in vivo axonal swelling in spinal cords and peripheral
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nerves of twitcher mice and also in cultured mutant neu-
rons and motoneurons incubated with psychosine (Castel-
vetri et al., 2011). In sphingolipidoses, in which there is a
progressive accumulation of SLs in the membrane,
increased bending could lead to exacerbated shedding of
the membrane, an emerging mechanism with significant
roles in pathophysiology (Herring et al., 2013; see also
Scesa et al., 2016). Altogether these data underscore the
activation of common pathological changes of membranes,
including increased rigidity, bending, swelling, and vesicu-
lation, promoted by the presence of SLs (Fig. 1B).

CONCLUSIONS

The successful treatment of sphingolipidoses has been
hampered not only by the rapidity and severity of their
phenotype but also by an incomplete mechanistic under-
standing of how SLs inflict damage on brain cells. This
Commentary has discussed the idea that SLs could impair
physiological signals through 1) disruption of functional
lipid domains, 2) membrane rigidification, and 3) cellular
deformation by changes in membrane curvature (Fig.
1B). The consequences that these early changes in mem-
brane architecture impose on brain physiology are major.
Decreases of membrane fluidity and curvature may have
far-reaching effects, from reducing the efficiency of dock-
ing of synaptic vesicles and their release to alterations in
internodal myelin to the aberrant activation of microglia
and formation of the glial scar (Seyfried et al., 1984; Pain-
tlia et al., 2003; Jana and Pahan, 2010). Furthermore, it is
probable that these early alterations are limiting factors in
current treatments (White et al., 2011), which in most
cases require long periods to elicit the first clinical
improvements. Future therapies may take this aspect into
consideration by addressing, for example, protection of
membrane curvature by the use of cone-shaped lipids or
membrane-stabilizing proteins (for review see McMahon
and Boucrot, 2015). Although our discussion has opted
for a more simplistic view of singular lipids, future work
should complement our analysis by including other, more
complex lipids and proteins (Koberlin et al., 2015).
Decoding toxicity mechanisms in sphingolipidoses also
represents a unique opportunity for understanding the
physiological function and organization of SLs implicated
in diseases other than sphingolipidoses (Gulbins and Petr-
ache, 2013).
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Krabbe disease is an autosomal recessive, inherited
demyelinating disease caused by deficiency of the lyso-
somal enzyme galactocerebrosidase. It is recognized as
one of the predominant genetic diseases showing leuko-
dystrophy from infancy to adulthood. The clinical pheno-
type and genotype for this disease show considerable
variation worldwide, which makes accurate diagnosis dif-
ficult. Effective therapy is limited, although hematopoietic
stem cell transplantation at an early stage has been
established to some extent. We report here the long-term
clinical effect on juvenile Krabbe disease for two brothers
who underwent hematopoietic stem cell transplantation
at an early stage of their disease. We review research into
genotype–phenotype correlation for the possibility of ear-
ly diagnosis at a presymptomatic stage. Medical care for
this intractable disease will improve in the near future
as a result of the increasing awareness of its
molecular pathology and improvements in medical treat-
ment. VC 2016 Wiley Periodicals, Inc.

Key words: globoid-cell leukodystrophy; genotype–phe-
notype correlation; hematopoietic stem cell transplanta-
tion; newborn screening

INTRODUCTION

Krabbe disease was first reported as a clinical entity
100 years ago, in 1916, as “a new familial, infantile form
of diffuse brain sclerosis,” by the Danish neurologist
Knud Krabbe (Krabbe, 1916). Its basic neurological
pathology is characterized by globoid cells, which have
been shown to be multinucleate macrophages (Collier
and Greenfield, 1924). In 1970, Suzuki and Suzuki dis-
covered that galactocerebrosidase enzyme activity was
deficient in patient tissues, and the disease was classified as
a lysosomal disease (Suzuki and Suzuki, 1970). In 1993,
the causative gene GALC was finally cloned by Chen and
colleagues (Chen et al., 1993). Our group has also cloned
human cDNA and reported the first human mutation in a
patient in 1994 (Sakai et al., 1994), 78 years after the first

report of the disease. The genomic structure has also been
reported, which showed that the real first ATG is
important for effective expression (Luzi et al., 1995;
Sakai et al, 1998). In this paper, the nucleotide number
is described by the international style, which is calculat-
ed from the first ATG, which is different from previous
papers.

The first report of hematopoietic stem cell trans-
plantation (HSCT) as a potential treatment for the disease
was published in 1998 by Krivit and colleagues (Krivit
et al., 1998). The most predominant type of the disease is
infantile; however, it is difficult to perform HSCT suffi-
ciently early to obtain optimal therapeutic intervention
given the rapid neurodegenerative progression of this
form of Krabbe disease. We review the state of knowl-
edge on the molecular analysis of Krabbe disease and the
treatment possibilities of HSCT for this intractable degen-
erative disease. The long-term outcome of two brothers
with the late-onset type of Krabbe disease who under-
went HSCT at different ages is reported.

SIGNIFICANCE

The clinical phenotype of Krabbe disease varies widely from infantile

onset to adult onset. For effective treatment of the infantile pheno-

type, it is inevitably necessary to diagnose with respect to clinical

phenotype immediately after birth. To establish the correlation of

genotype and phenotype, it is essential to collect genetic and clinical

information in detail.

Additional Supporting Information may be found in the online version of

this article.
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THE DIVERSITY OF CLINICAL
MANIFESTATION IN KRABBE DISEASE

The clinical phenotype of Krabbe disease was recently
classified as infantile and late-onset types based on age at
onset of manifestation (Wenger et al., 2016). Patients
showing neurological manifestation before 6 months of
age are classified as the infantile phenotype, while those
with manifestation after this age are classified as the late-
onset phenotype. Loonen subclassified the late-onset phe-
notype into late-infantile (onset from 7 months to 3
years), juvenile (onset from 3 to 8 years), and adult (onset
after 9 years) types. It is generally reported that most
patients have the infantile phenotype, with the late-onset
phenotype being recognized in about 10% of patients.
However, there are several reports that a higher frequency
of patients belong to the late-onset phenotype (Lyon
et al., 1991; Debs et al., 2013). We have reported the
infantile phenotype in only 41% of patients in Japan, with
20%, 10%, and 29% being classified as late-infantile, juve-
nile, and adult phenotypes, respectively (Hossain et al.,
2014). Furthermore, this ratio is very similar to that
reported by Duffner and colleagues from the worldwide
registry of patients with Krabbe disease (Duffner et al.,
2011, 2012), which suggests that the late-onset phenotype
might have been underestimated in the past. Duffner
defined the later-onset form as onset age between 13
months and 10 years (Duffner et al., 2012); however, we
use the term of the late-onset form to include late-
infantile, juvenile, and adult forms in this manuscript.

This classification may be very important for early
diagnosis with, for example, newborn screening, as it is
necessary to treat patients with the most appropriate ther-
apeutic approach according to their clinical phenotype.
Escolar and colleagues have suggested that effective
HSCT should be performed for the infantile phenotype
before the patient reaches 2 months of age and symptoms
have developed (Escolar et al., 2005). This means that it is
necessary to know whether the clinical phenotype is the
infantile form of the disease immediately after birth. In
New York State, a working score system is used to diag-
nose the phenotype, which includes genotyping. A
homozygous condition for the 30-kb deletion is the most
confirmatory condition for estimation of the infantile
phenotype; however, it is not as prevalent as expected
(Duffner et al., 2009).

Genotype–Phenotype Correlation

After the cloning of human GALC cDNA, many
molecular analyses have been reported, describing more
than 140 distinct mutations. The most predominant
mutation among Caucasians is a 30-kb deletion, and
patients homozygous for this mutation express the infan-
tile phenotype, which has been used in the newborn
screening program in New York State (Duffner et al.,
2009). Other mutations, including p.G286D, have been
reported frequently in late-onset patients, and residual
enzyme activity has been recognized in these patients
(Debs et al., 2013). We have also investigated the correla-
tion between clinical manifestation and genotype. In Japa-
nese patients, p.[I82M 1 I305V], p.G286D, and p.L634S
were dominant in late-onset patients, and c.683-694del/
insCTC, p.T668P, and p.R220X were dominant in
infantile patients (Xu et al., 2006; Hossain et al., 2014).
With information available on the enzyme crystal struc-
ture (Deane et al., 2011), it is now possible to analyze the
effect of mutation(s) on enzyme structure with respect to
pathologic significance. The significance of the mutation
was mainly found to be dependent on the enzyme trans-
portation to the lysosome and its processing ratio (Hossain
et al., 2015; Shin et al., 2016).

Recently, the influence of polymorphic changes on
the cis allele has been reported (Hossain et al., 2014;
Wenger et al., 2014; Shin et al., 2016). The existence of
the additional substitution of an amino acid affected
enzyme activity and transportation to the lysosome. It is
therefore suggested that the evaluation of additional poly-
morphisms besides the causative mutation is important.
Moreover, this evaluation should be performed using in
vivo analysis measuring not only total enzyme activity in
whole cells but also the amount of transported enzyme in
the lysosome.

Differences From Other Leukodystrophies

Differences between infantile and late-onset forms
of Krabbe disease and other leukodystrophies are summa-
rized in Table I.

The most predominant leukodystrophy diagnosed in
male patients is adrenoleukodystrophy (ALD), which typ-
ically shows first symptoms around 7 years of age. Clinical
testing for ALD in differential diagnosis relies on the
determination of motor nerve conduction velocity

TABLE I. Differences Between Infantile and Late-Onset Forms of Krabbe Disease and Other Leukodystrophies*

Parameter

Krabbe

disease

(infantile form)

Krabbe

disease

(late-onset form)

Metachromatic

leukodystrophy Adrenoleukodystrophy

Alexander

disease

Age at onset 3–6 months >7 months 2–3 years 6–7 years 1–2 years

MRI Diffuse Occipital Diffuse Occipital (frontal) Frontal

Motor nerve

conduction

velocity

Low Low Low Normal Normal

CSF protein High Moderate Moderate Normal Normal

*CSF, cerebrospinal fluid; MRI, magnetic resonance imaging.
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(MCV) and cerebrospinal fluid (CSF) protein level, which
are normally within the normal range in ALD and abnor-
mal in Krabbe disease and metachromatic leukodystrophy
(MLD) (Kohlsch€utter and Eichler, 2011). In the early
stages of late-onset Krabbe disease, magnetic resonance
imaging (MRI) is difficult for discriminating from the
occipital type of ALD. Sometimes, the frontal region of
the brain is primarily affected in a small number of
patients with ALD (Loes et al., 2003) and most with
Alexander disease, which is rarely seen in Krabbe disease
or MLD. Furthermore, after the initiation of symptoms,
clinical progression is fastest in ALD compared with
Krabbe disease and MLD, which have a similar age at dis-
ease onset.

Average onset of the most common late-infantile
phenotype of MLD is between 2 and 3 years of age.
MCV is low even at onset, and the CSF protein level is
normally high. A tiger stripe pattern on brain fluid attenu-
ation inversion recovery (FLAIR) imaging is somewhat
characteristic for MLD (Barkovich, 2000; Schiffman and
van der Knaap, 2009).

The most typical onset for Krabbe disease of infan-
tile phenotype is between 3 and 6 months of age, which
is earliest among these three diseases. Both peripheral and
central nerves are impaired, MCV is low, and CSF pro-
tein level is high, which is similar to MLD (Lieberman
et al., 1980; Zafeiriou et al., 1997; Dali et al., 2015).

HEMATOMPOIETIC STEM CELL
TRANSPLANTATION AS CLINICAL

TREATMENT

Krivit and colleagues reported the first five patients with
Krabbe disease treated by HSCT in 1998 (Krivit et al.,
1998). One patient had an infantile phenotype and was
treated at 2 months of age. The other four patients had
the juvenile phenotype and were treated at 2–11 years of
age when in a mild clinical condition. With follow-up
between 16 months and 20 years after HSCT, the overall
effect of HSCT was to slow or stop disease progression.
For the infantile phenotype, it has been shown that
HSCT after more than 3 months of age is too late to
intervene successfully in affecting neurological prognosis
(Escolar et al., 2005). It is necessary to conduct HSCT at
an age of less than 2 months to treat patients with the
infantile phenotype: however, its efficacy is less towards
the peripheral nervous system compared with the central
nervous system.

There are several reports on the results of HSCT for
later-onset Krabbe disease (Krivit et al., 1998; Lim et al.,
2008). The overall of HSCT for Krabbe disease are evalu-
ated positive in selected cases to be a potential treatment
(Peters, 2003). Recently, it has been reported that cord
blood transplantation is beneficial, especially for the late-
onset form of Krabbe disease, which is the same as for
other lysosomal storage diseases (Aldenhoven and Kurtz-
berg, 2015). Cord blood has a benefit because of its avail-
ability for rapid transplantation.

We have also reported on the use of HSCT for two
brothers with juvenile-onset Krabbe disease who showed
a very stable condition (Sakai, 2009). Here, we describe
the outcome of HSCT in these patients in more detail
after 10 years following transplantation.

The elder brother showed visual loss at 5 years 7
months. He was diagnosed at 9 years when he showed
walking disabilities. He underwent HSCT at 9 years 11
months. The younger brother was diagnosed at 5 years
when presenting no symptoms. He showed visual loss at 6
years and underwent HSCT at 6 years 6 months (Sakai,
2009). The donor cells were cord blood stem cells and
bone marrow stem cells, respectively. The conditioning
protocol was fludarabine 30 mg/m

2/day 3 6 days, busulfan
150 mg/m2/day 3 4 days, and cyclophosphamide 50 mg/
kg/day 3 4 days, which was commonly used in Japan
(Kato et al., 2016). Clinical effects were evaluated by
MCV, CSF protein level, MRI, IQ, and acuity. Neurolog-
ical symptoms progressed slightly in the year following
HSCT, but they both remained in very stable clinical con-
dition after the first year until now. The clinical course and
MRI are shown in Figure 1, with normalization of N-ace-
tylaspartate/creatine ratio in the affected region and
decreasing levels of CSF protein. A high-intensity region
with FLAIR image was noted around occipital periventric-
ular white matter including optic radiation (Cases 1 and 2)
and part of the internal capsule (Case 1) (arrowhead on the
image for 26 months). After 10 years, the region of high
intensity did not increase but did show mild atrophy. Clin-
ically, the elder brother is going to university and the other
is going to high school for the blind. Their most severe
problem is vision loss. Their intellectual condition is very
good. However, the loss of vision and peripheral nerve
impairment is less in the younger brother, who had HSCT
at an earlier stage. A video of walking and writing for the
elder brother, which shows an effectively stable condition
following HSCT, is provided as a supplementary file (avail-
able online).

THERAPEUTIC CHALLENGE
AS PRECISION MEDICINE

As described above, it is important to select the best
method of treatment to obtain the optimal outcome for
each individual patient. To achieve this, it is important to
diagnose the patient as early as possible, which should be
when the patient is asymptomatic or in a mild condition
depending on disease phenotype. So, for patients with a
later-onset phenotype, it is possible to consider treatment
after the diagnosis of the mild phenotype. However, it is
not possible to consider therapy for patients with an
infantile phenotype when first symptoms have already
appeared. Diagnosis of clinical phenotype during the
asymptomatic period is necessary for effective treatment
of patients with the infantile phenotype. For HSCT,
treatment should be undertaken before 2 months of age
because those treated later than 3 months deteriorate in a
similar manner to those who receive no intervention.

Krabbe Disease: Phenotype Estimation for Treatment 1027
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Enzymatic diagnosis using dried blood spots has
been reported as a newborn screening method in New
York State (Duffner et al., 2009). This established criteria
to diagnose the infantile phenotype, which mostly

depended on genetic testing using the knowledge that a
homozygous state for the most frequent infantile mutation
(the 30-kb deletion) reveals the infantile phenotype (Rafi
et al., 1995). However, this diagnostic system does not

Fig. 1. Long-term follow-up of hematopoietic stem cell transplanta-
tion (HSCT) cases with biochemical markers and magnetic resonance
imaging (fluid attenuation inversion recovery) images. Arrowhead
shows affected region at occipital periventricular white matter includ-
ing optic radiation (Cases 1 and 2) and part of the internal capsule
(Case 1). Empty column indicates no data. Abbreviations: CSF, cere-
brospinal fluid; DQ, developmental quotient; MCV, motor conduc-
tion velocity; MRS, magnetic resonance spectroscopy; NAA/Cr, N-
acetyl acetate/creatinine ratio; VIQ, verbal intelligence quotient;
WISC-III, Wechsler Intelligence Scale for Children III. aDuration

before/after HSCT. Case 1 received cord blood stem cell transplanta-
tion, and Case 2 received bone marrow transplantation. 0 means just
before HSCT. bMedian (Case 1) or ulnar (Case 2) nerve were investi-
gated. cDistance (cm) that patient can count fingers (cf) or recognize
hand motion (hm). dAssessed by Kyoto Scale of Psychological Devel-
opment. eOnly this value is assessed by WISC-III (VIQ) in Case 2.
fData are shown by LogMAR (logarithm of the minimum angle of
resolution) notation. Missing data are represented by dashes in several
columns because of the patient’s condition or unwillingness to under-
go assessment.
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work when the patient has at least one mutation with no
information on its type. It is then necessary to diagnose
the clinical phenotype as soon as possible after birth when
there are no symptoms.

We have tried to find the best way of understanding
the clinical phenotype of genetic mutation using geno-
type–phenotype correlation among Japanese patients (Xu
et al., 2006). Because mutation distribution differs across
ethnic groups, this analysis should be done for each group
that conducts testing to account for their different single-
nucleotide polymorphism (SNP) or polymorphism back-
ground. Mutation information for Japanese patients is
very important with respect to polymorphism in the
GALC gene because residual enzyme activity is depen-
dent on the existence of polymorphism (Hossain et al.,
2015; Shin et al., 2016). Moreover, SNPs in the promoter
or enhancer regions affecting expression levels can be
important with respect to final enzyme activity in the
lysosome.

Recently, a precision medicine initiative was
announced by President Obama as a new research effort
aimed at improving health care based on the development
of genomic science (Collins and Varmus, 2015). Natural-
ly, this initiative is primarily focused on common diseases
such as cancer and lifestyle diseases; however, this concept
may be applied to rare intractable genetic diseases. Geno-
mic information on a causative gene and modifier genes
will reveal important new information with respect to
clinical phenotype, but we also need to devote more
effort to the interpretation of these data. In addition to
this, with development of databases especially focused on
different ethnic groups, it will become possible in the
near future to obtain the best outcome for all types of
patients with Krabbe disease using newborn screening.

CONCLUSION

Over the past 100 years since its first description, the bio-
chemical and molecular pathology of Krabbe disease has
been elucidated. Several trials of treatment for this intrac-
table neurodegenerative disease have been performed.
However, even with HSCT, the clinical effect is still lim-
ited. Over the next 100 years, two issues for this disease
should be challenged for the happiness and welfare of
patients. One is the perfect elucidation of the molecular
pathology of the disease including evaluation of the effect
of the GALC sequence with respect to polymorphism
and assessment for modifier genes. With this information,
clinical prognosis can be predicted as much as possible
during the asymptomatic phase of the disease. The other
issue is the development of more effective and safe treat-
ment methods for central and peripheral nervous system
symptoms. Some combination of treatment targeting dif-
ferent mechanisms might be necessary to significantly
impact prognosis of the disease. With success in both
these issues, optimal therapy for this neurodegenerative
disease could be realized, which would positively affect
both patients and their families. We would like to expect

more research efforts would be performed by many medi-
cal scientists on this disease in the future.

ACKNOWLEDGMENTS

The authors thank all collaborators of former publications
concerning Krabbe disease from our laboratory, especially
emeritus professor Shintaro Okada, Professor Keiichi
Ozono, Professor Masako Taniike, Dr. Koji Inui, Dr.
Mitsuo Midorikawa, Dr. Hisao Fukushima, Dr. Toshinori
Nishigaki, and former PhD students who contributed to
these works, Dr. Minoru Yamada, Dr. Naoko Tatsumi,
Dr. Ling Fu, Dr. Chikara Kokubu, Dr. Chengzhe Xu,
Dr. Mohammad Arif Hossain, and Dr. Kaoru Irahara. We
thank Keiko Tsujimoto for technical support in diagnos-
ing patients. Finally, we also thank all patients and their
families for their support of our research.

CONFLICT OF INTEREST STATEMENT

The authors declare that this research was conducted in
the absence of any commercial or financial relationship.

ROLE OF AUTHORS

Both authors had full access to all the data presented in
this Review and take responsibility for the integrity of the
data and the accuracy of the data interpretation. Study
concept and design: NS, TO. Acquisition of data: NS.
Interpretation of data: NS, TO. Drafting of the manu-
script: NS. Critical revision of the manuscript: NS, TO.
Study supervision: NS, TO.

REFERENCES

Aldenhoven M, Kurtzberg J. 2015. Cord blood is the optimal graft

source for the treatment of pediatric patients with lysosomal storage dis-

eases: clinical outcomes and future directions. Cytotherapy 17:765–774.

Barkovich AJ. 2000. Concepts of myelin and myelination in neuroradiol-

ogy. AJNR Am J Neuroradiol 21:1099–1109.

Chen YQ, Rafi MA, de Gala G, Wenger DA. 1993. Cloning and expres-

sion of cDNA encoding human galactocerebrosidase, the enzyme defi-

cient in globoid cell leukodystrophy. Hum Mol Genet 2:1841–1845.

Collier J, Greenfield JG. 1924. The encephalitis periaxialis of Schilder: a

clinical and pathological study with an account of two cases, one of

which was diagnosed during life. Brain 47:489.

Collins FS, Varmus H. 2015. A new initiative on precision medicine. N

Engl J Med 372:793–795.

Dali C�I, Barton NW, Farah MH, Moldovan M, Månsson JE, Nair N,
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Commentary

Synaptic Failure: The Achilles Tendon of
Sphingolipidoses

Ludovico Cantuti-Castelvetri1 and Ernesto R. Bongarzone2*
1Max Planck Institute of Experimental Medicine, Department of Cellular and Molecular Neurobiology,
G€ottingen, Germany
2Department of Anatomy and Cell Biology, College of Medicine, University of Illinois at Chicago,
Chicago, Illinois

The presence of life-threatening neurological symptoms
in more than two-thirds of lysosomal storage diseases
(LSDs) underscores how vulnerable the nervous system
is to lysosomal failure. Neurological dysfunction in LSDs
has historically been attributed to the disruption of neuro-
nal and glial homeostasis resulting from the progressive
jamming of the endosomal/lysosomal pathway. In neu-
rons, a dysfunctional endosomal–lysosomal system can
elicit dire consequences. Given that neurons are largely
postmitotic after birth, one can clearly understand that
the inability of these cells to proliferate obliterates any
possibility of diluting stored lysosomal material by means
of cellular division. At its most advanced stage, this situa-
tion constitutes a terminal factor in neuronal life, resulting
in cell death. However, synaptic deficits in the absence of
classical neuronal cell death appear to be common fea-
tures during the early stages in many LSDs, particularly
sphingolipidoses. In essence, failure of synapses to con-
vey their messages, even without major structural dam-
age to the neuronal bodies, is a form of physiological
death. This concept of dying-back neuropathology is
highly relevant not only for understanding the dynamics
of the neurological decline in these diseases, but, more
importantly; it might also constitute an important target
for molecular therapies to protect perhaps the “Achilles”
point in the entire physiological architecture of the brain,
thus avoiding an irreversible journey to neuronal
demise. VC 2016 Wiley Periodicals, Inc.

Key words: synapse; psychosine; sphingolipids; Krabbe’s
disease; dying-back pathology; neurodegeneration

LOSS OF NEURONAL CONNECTIVITY IN
SPHINGOLIPIDOSES: A HYPOTHESIS

A major understanding of the neurological defects in
many sphingolipidoses has relied on the histopathological
examination of post-mortem material collected from
patients at terminal stages of disease. In general, these
studies provided a complex picture characterized by a
combination of axonal, neuronal, and myelin defects in

addition to astrogliosis and neuroinflammation. However,
much less was known about the alterations occurring dur-
ing initial stages of disease. In addition, defects are often
manifested in multiple cell types, tissues, and organs
because of the ubiquitous expression of lysosomal
enzymes. The development of animal models for sphin-
golipidoses has been crucial for the characterization of
early neuropathological changes. Animal studies have
allowed researchers to identify changes in neuronal con-
nectivity in many of these diseases, often long before the
onset of neurological signs. For example, a marked func-
tional and structural degeneration of neuromuscular junc-
tions was observed in the murine models of Krabbe’s
disease (Schmitt, 1981; Castelvetri et al., 2011; Falk et al.,
2015) and in the CNS synapses of the mouse models of
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Niemann-Pick disease types A and C (Pressey et al.,
2012; Arroyo et al., 2014). In many cases, defects
included reduced radial axonal growth, decreased con-
duction velocity, axonal swelling, enlargement of axon
hillocks with storage bodies, and decreased synaptic activ-
ity (Walkley et al., 1991; March et al., 1997; Toscano
et al., 1998; Castelvetri et al., 2011; Smith et al., 2011;
Matthes et al., 2012; Arroyo et al., 2014; Falk et al.,
2015). At the later stages of disease, fragmentation of
axons and loss of synaptic connections were also evident
(Ohara et al., 2004; Castelvetri et al., 2011; Falk et al.,
2015). Therefore, we speculate that distal alterations of
the synaptic apparatus initiate a dying-back pathology,
which, in the absence of neuronal death, establishes the
basis for early physiological damage to relevant neural cir-
cuitry, contributing to the generalized neurological
decline observed in many sphingolipidoses.

MOLECULAR ARCHITECTURE OF DYING-
BACK PATHOLOGIES

Although many of the mutations that cause LSDs have
been identified, the mechanisms underpinning cellular
defects are not fully understood. A “cytotoxicity hypoth-
esis” for sphingolipidoses and other LSDs considers that
the accumulation of undigested substrates interferes with
lysosomal function, eventually impairing cellular homeo-
stasis (Desnick et al., 1976). The resulting collapse of cel-
lular functions triggers cell death, largely via apoptosis.
The extensive cell death characterizing the terminal stages
in many of these diseases supports this catastrophic model.
For example, accumulation of galactosylsphingosine or
psychosine in Krabbe’s disease is thought to mediate the
death of oligodendroglia and Schwann cells and subse-
quent demyelination. If this model is correct, the predic-
tion is that neuronal death precedes the degeneration and
loss of axons and dendrites in Krabbe’s disease. However,
studies in the twitcher mouse, the authentic mouse model
for Krabbe’s disease, revealed axonal and synaptic changes
in the absence of any significant neuronal death. For
example, axonal spheroids, which positively stain for
abnormally dephosphorylated neurofilaments, and
decreased neurotransmitter release are observed during
the first 2 weeks of life in fibers and neuromuscular junc-
tions of the twitcher mouse (Cantuti-Castelvetri et al.,
2012, 2015). Twitcher neuromuscular junctions are
smaller and stain positively for the apoptotic effector cas-
pase 3. However, no changes in the total number of spinal
cord motoneurons are observed until the late stages of the
disease, when an increase in TUNEL1 (apoptotic) neu-
rons is observed (Castelvetri et al., 2011). Similarly, axo-
nal spheroids were observed in fibers of the CNS of the
npc1–/– mouse, the mouse model of Niemann-Pick type
C disease (Pressey et al., 2012; Table I). This observation
suggests that distal neurodegeneration is unlikely to be the
consequence of neuronal death but rather is caused by
local insults, reflecting initial stages in the process of neu-
rodegeneration (Castelvetri et al., 2011; Pressey et al.,
2012).

After dying back neurodegeneration is initiated at
the distal end of the axon, it must slowly progress toward
the neuronal soma (Fig. 1). Various factors, not mutually
exclusive, may contribute to this mechanism, including
deficiencies in axonal transport, neurofilaments, microtu-
bules, and deregulated signaling (for an extended discus-
sion of signaling deficits, see Sural-Fehr and Bongarzone,
2016). Axons are the largest compartment in most neu-
rons and, hence, are highly dependent on regulatory
mechanisms to avoid axonal death (Coleman, 2005).
Because most of the synthesis of proteins and lipids occurs
in the cell body, neurons rely on a tightly regulated sys-
tem of molecular motors that travel on microtubules to
translocate membrane cargos. Delivery of cargos is regu-
lated by specific kinases, such as glycogen synthase kinase
3b (GSK3b) and casein kinase 2, that phosphorylate
molecular motors and, therefore, trigger the release of the
motor and the cargo where they are most needed (Mor-
fini et al., 2002; Pigino et al., 2009). Alterations in the
activity of these and other kinases are considered critical
factors for limiting the timely delivery of cargos to/from
distal axonal domains in many adult-onset neurological
conditions, and could also bear relevance in LSDs (Mor-
fini et al., 2009). Recently, we addressed the contributing
role of axonal transport to the pathogenesis of Krabbe’s
disease, an LSD caused by the deficiency of galactosyl-
ceramidase and the accumulation of large amounts of
undegraded psychosine (Cantuti Castelvetri et al., 2013).
Our group showed that psychosine promotes phosphoryl-
ation of kinesin light chains, slowing fast axonal transport
in twitcher neurons by overactivation of GSK3b (Cantuti
Castelvetri et al., 2013). Similar pathogenic defects may
occur in other LSDs. For example, decreased neurotrans-
mitter release and axonal accumulation of synaptic
markers in Niemann-Pick disease type C neurons sup-
ports the idea that reduced transport of synaptic vesicles
affects their delivery to the presynaptic terminal (Pressey
et al., 2012).

Because axons extend for remarkably long distances,
the axonal cytoskeleton plays a pivotal role in the mainte-
nance of axonal stability. Cytoskeletal alterations have
been observed in adult-onset disorders of the nervous sys-
tem (e.g., Charcot-Marie-Tooth, Alzheimer’s disease,
Parkinson’s disease) and in different LSDs (e.g., Krabbe’s
disease, Niemann-Pick disease type C; Bu et al., 2002;
Cantuti-Castelvetri et al., 2012; Falk et al., 2015). The
discovery of neurofilament abnormalities in LSDs argues
for their involvement in axonopathy. For example, the
expansion of the axonal caliber is highly influenced by the
level and phosphorylation of neurofilaments (Elder et al.,
1998; Perrot et al., 2008). Therefore, reductions in phos-
phorylated neurofilaments could contribute to the preva-
lence of small-diameter axons, a frequent ultrastructural
observation in most neurological LSDs such as Krabbe’s
disease (Cantuti-Castelvetri et al., 2012; Bagel et al.,
2013; Falk et al., 2015). Axonal diameter is also a critical
factor for regulating conduction velocities in nerves (Cole
et al., 1994). It is important to note that neurofilaments
also provide mechanical resistance to axons. Thus,
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changes in neurofilament homeostasis may increase axonal
vulnerability. Consistent with this idea, dephosphorylated
neurofilaments tend to localize in axonal swellings and
breaks (Cantuti-Castelvetri et al., 2012).

Microtubules are also key components of axonal
physiology, contributing to mechanical resistance and act-
ing as highway tracks for motor-assisted transport. Com-
pelling evidence also implicates microtubule associated

proteins in late-onset neurological conditions, including
Alzheimer’s and Parkinson’s diseases (Goedert et al.,
1992; Frasier et al., 2005), as well as in LSDs, including
mucopolysaccharidosis III type C and Krabbe’s disease
(Teixeira et al., 2014; Martins et al., 2015). Accumulation
of hyperphosphorylated tau is a common finding in
Niemann-Pick type C and other LSD neurons (Bu et al.,
2002; Martins et al., 2015).

MODEL FOR UNDERSTANDING HOW
SYNAPTIC FAILURE STARTS AND

PROGRESSES IN SPHINGOLIPIDOSES

In addition to the previous contributing factors, dying-
back neurodegeneration requires local insults to the distal
component of the neuronal processes (e.g., pre- and post-
synaptic membranes or both). Axonal defects slowly pro-
gress backward toward the neuronal soma, hence the
name dying-back pathology (Fig. 1). For sphingolipidoses,
little is known about the initial insult(s) to the synaptic
structure, especially considering that axons do not contain
lysosomes. Thus, a key question is how substrates such as
psychosine, normally non-toxic in healthy conditions,
acquire toxic properties for axons in LSDs (Suzuki, 1998).
Part of the answer may rely on observations in adult-
onset neurodegenerative diseases. For example, synapses
are particularly vulnerable to soluble oligomeric forms of
a-synuclein, huntingtin, or b-amyloid in patients with
Parkinson’s, Huntington’s, or Alzheimer’s diseases (Suo-
panki et al., 2006; Morfini et al., 2009; Lasagna-Reeves
et al., 2011), suggesting that the presence of toxic com-
pounds is sufficient to promote synaptic failure. In the
case of sphingolipidoses, we hypothesize that some of the
undigested lipids may reach the synaptic apparatus via
vesicular transport. After these lipids have assembled in
axonal and/or dendritic membranes, the local increase of
the lipids affects the composition, fluidity, and curvature
of the membranes. Cellular processes based on membrane
dynamics, such as endocytosis and synaptic vesicle fusion,
may be significantly affected by these changes in mem-
brane behavior. This model is further complicated by the
heterogeneity of the accumulated material (i.e., the type
of lipid being accumulated) and the likelihood of eliciting
distinct and lipid-specific effects on membrane behavior
(for an expanded discussion on membrane alterations, see
D’Auria and Bongarzone, 2016). Such changes may
impair the physiological architecture of the synapse,
thereby reducing neurotransmitter receptor activities,
docking and release of synaptic vesicles, and/or vesicle
recycling (Rohrbough and Broadie, 2005; Allen et al.,
2007).

Kinetically, these early changes are slow, which
could explain the paucity of major neuronal changes dur-
ing early disease stages in multiple sphingolipidoses. How-
ever, the conjunction of changes in membrane behavior
(e.g., fluidity, curvature) with structural and physiological
defects (e.g., axonal cytoskeleton, vesicular transport) may
inexorably lead to the progressive weakening of synaptic
connections. Together with demyelination and blockage

Fig. 1. Model of axonal and synaptic damage in sphingolipidoses. A:
In a healthy neuron, axonal transport guarantees the delivery of synap-
tic vesicles to the synapse. Moreover, trophic signals are transported to
the cell body to maintain the neuronal survival. B: In sphingolipido-
ses, lysosomal dysfunction leads to the storage of compounds that
impair axonal transport and the axonal cytoskeleton, possibly via the
deregulation of signaling cascades. Deregulation of membrane domains
(i.e., lipid rafts) may be key in initiating abnormal signaling. Inefficient
delivery of cargos to distal domains and impaired retrograde transport
of trophic signals weaken neuronal function in the absence of neuro-
nal death. Compensatory mechanisms at the synapse (e.g., increase of
postsynaptic neurotransmitter receptors) may be recruited to maintain
synaptic connections. C: Progressive accumulation of membrane and
axonal defects eventually leads to full synaptic failure, loss of neuronal
connections, and retraction of the processes. Apoptosis of the cell
body occurs at later stages after enough connections are lost. Dener-
vated tissues undergo atrophy.
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of nerve conduction, the progressive increase in synaptic
failure and subsequent dying-back pathology leads to sig-
nificant impairment of neural connectivity in sphingoli-
pidoses without overt neuronal loss.

CONCLUSIONS

Study of the pathogenic mechanisms in sphingolipidoses
and other neurological LSDs is often complicated by the
slow and insidious nature of synaptic pathology, which
can be masked by the more dramatic effects of demyelin-
ation or inflammation. We underscore the relevance for
reframing the current view of these diseases by including
the physiological relevance of a progressive impairment of
neuronal connections. Studying this aspect might prove
helpful in identifying new molecular targets and the
design of neuroprotective small molecules. Pharmacologi-
cal preservation of neuronal networks is an appealing
therapeutic option that, combined with more traditional
approaches such as gene therapy and cell therapy, might
provide synergistic alleviation from neurological deficits
in patients affected by sphingolipidoses and other neuro-
logical LSDs.
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Review

Axonal Pathology in Krabbe’s Disease:
The Cytoskeleton as an Emerging
Therapeutic Target
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In Krabbe’s disease (KD), demyelination and myelin-
independent axonal and neuronal defects contribute to
the severe neuropathology. The toxic substrate that accu-
mulates in this disease, psychosine, induces alterations
in membrane lipid rafts with downstream consequences
to cellular signaling pathways that include impaired pro-
tein kinase C, ERK, and AKT-glycogen synthase kinase-
3b (GSK3b) activation. In addition to impaired recruitment
of signaling proteins to lipid rafts, endocytosis and axonal
transport are affected in KD. Defects in AKT-GSK3b acti-
vation, a central pathway regulating microtubule stability,
together with alterations in neurofilaments and microtu-
bules and severely defective axonal transport, highlight
the importance of the neuronal cytoskeleton in KD. This
Review critically discusses these primary neuronal
defects as well as new windows for action opened by their
identification that may contribute to effectively correct the
neuropathology that underlies this disorder. VC 2016 Wiley

Periodicals, Inc.

Key words: axonal transport; Krabbe’s disease; leuko-
dystrophy; lipid rafts; microtubule stability; twitcher mice

PRIMARY NEURONAL DEFECTS IN
KRABBE’S DISEASE PRECEDE

DEMYELINATION

Cell-autonomous neuronal defects not directly
caused by myelin loss may be a common feature in several
leukodystrophies, including metachromatic leukodystro-
phy, Pelizaeus-Merzbacher disease, and Krabbe’s disease
(KD; Griffiths et al., 1998; Mar and Noetzel, 2010;
Castelvetri et al., 2011). In human KD patients, axonal
and neuronal degeneration has been reported occasionally
in autopsy material (Sourander and Olsson, 1968), and
the occurrence of neuronal degeneration and of distal
dying-back Wallerian degeneration have been under dis-
cussion for several years (Sourander and Olsson, 1968;
Joosten et al., 1974). However, independent groups
working on this disorder have recently contributed to
decouple a neuronal cell-autonomous pathology from an

indirect effect of demyelination in axon/neuronal degen-
eration. The twitcher mouse, a naturally occurring model
of KD that mimics the infantile form of the human disease
(Lee et al., 2006), has played a pivotal role in these find-
ings. With this model, psychosine was shown to accumu-
late not only in myelinating glia but also in KD neurons
(Castelvetri et al., 2011), suggesting a myelin-
independent neuronal pathology. In twitcher mice, distal
axonal defects, including axonal swellings and transec-
tions, were shown to occur in sciatic nerves before the
onset of demyelination, supporting a dying-back neurop-
athy (Castelvetri et al., 2011; Smith et al., 2011). In addi-
tion to axonopathy, loss of both myelinated and
unmyelinated axons was also demonstrated to occur prior
to demyelination in the sciatic, median, and optic nerves
of twitcher mice (Teixeira et al., 2014). These findings
are supported by previous reports of human KD sural
nerve biopsies in which loss of unmyelinated axons was

SIGNIFICANCE

The recent identification of a myelin-independent neuronal pathol-

ogy in Krabbe’s disease (KD) and the elucidation of some of the

molecular events that underlie neurodegeneration in this disorder

have opened new windows for therapy. This Review discusses, from

a critical perspective, the current available knowledge on the primary

neuronal defects in KD that may underlie the development of novel

neuroprotective therapeutic strategies.
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found in two patients with the adult-onset form of the
disease (Sourander and Olsson, 1968). It is of note that, at
birth, no defects in axon densities or integrity were found
in twitcher mice, suggesting that the myelin-independent
axonal pathology is not the result of a developmental
defect but rather of the degeneration and loss of axons
(Teixeira et al., 2014). More recently, demonstration of
the existence of neuronal deposits of protein fibrils, such
as a-synuclein in twitcher mice and in human KD sam-
ples (Smith et al., 2014), further contributed to establish
neurons as an important, neglected cell type primarily
affected in this disorder.

PSYCHOSINE ACCUMULATION IN KD
NEURONS: ALTERED LIPID RAFT

STRUCTURE AND IMPAIRED ACTIVATION
OF LIPID RAFT-MEDIATED SIGNALING

PATHWAYS

It has been elegantly demonstrated in the Bongarzone
laboratory that psychosine specifically accumulates in
lipid rafts in the twitcher brain and sciatic nerve and in
the brain of human Krabbe’s patients, inducing disrup-
tion of the lipid raft composition, including increased
cholesterol levels and changes in the distribution of
flotillin-2 and caveolin-1, occurring before demyelin-
ation (White et al., 2009). Later, twitcher neurons and
WT neurons treated with psychosine were shown to
have lipid rafts with an increased volume and surface
area, suggestive of lipid raft clustering (Teixeira et al.,
2014). These alterations in lipid raft structure and
molecular composition can have a profound impact on
endosome formation and signaling because rafts act as
platforms in which specific proteins interact to initiate
signaling events. In fact, impaired protein kinase C
activity (Yamada et al., 1996; White et al., 2009) and
increased basal location of TrkA in lipid rafts were
found in twitcher cells with defective activation of the
downstream ERK1/2 and AKT pathways (Teixeira
et al., 2014). It is notable that the defect in ERK and
AKT activation was not restricted to KD neurons; it has
also been described in mouse oligodendrocyte progeni-
tor cells exposed to psychosine (Zaka et al., 2005), and,
more recently, the twitcher muscle was also shown to
have inactivation of the AKT pathway (Cantuti-Castel-
vetri et al., 2015). In twitcher dorsal root ganglion neu-
rons expressing Rab5-GFP, a marker of early
endosomes retained in Trk-containing endosomes, not
only was a decreased density of Rab5-containing
(Rab51) vesicles observed but also a decreased percent-
age of Rab51 vesicles containing TrkA was found, fur-
ther suggesting that the endocytic pathway, specifically
the formation of Trk-signaling endosomes, was
impaired (Teixeira et al., 2014). Altogether, these
observations suggest that, in twitcher neurons, defective
recruitment of signaling molecules to lipid rafts occurs
(White et al., 2009; Teixeira et al., 2014) as well as
impairment in the early steps of endocytosis.

DEFECTIVE AXONAL TRANSPORT IS A
FEATURE OF KD NEURONS

Impaired regulation of axonal transport is a common
theme in several unrelated neurodegenerative disorders
(Morfini et al., 2009; Millecamps and Julien, 2013; Gibbs
et al., 2015). In addition to defective lipid raft-mediated
signaling and endocytosis, myelin-free in vitro analyses
with twitcher neurons have shown a generalized impair-
ment in axonal transport. In fact, both twitcher neurons
and cells exposed to psychosine show inhibition of the
transport of organelles including mitochondria (Cantuti
Castelvetri et al., 2013) and lysosomes (Teixeira et al.,
2014) and of synaptic vesicles (Teixeira et al., 2014). In
the case of mitochondria, this impairment was observed
both in the retrograde and in the anterograde directions,
whereas for lysosomes and synaptic vesicles, the defect
was detected only in the retrograde component of axonal
transport. Kinesin-1 and cytoplasmic dynein 1 are the
molecular motors for anterograde and retrograde trans-
port, respectively. The underlying cause of the defective
fast axonal transport of mitochondria induced by psycho-
sine was suggested to be the activation of the protein
phosphatase 1 (PP1)–GSK3b pathway in the axon
(Cantuti Castelvetri et al., 2013; Teixeira et al., 2014).
GSK3b activity is controlled by phosphorylation and
dephosphorylation; GSK3b is constitutively active, and
GSK3b inactivation occurs as a consequence of AKT sig-
naling by direct AKT phosphorylation of its serine 9 resi-
due (Zhou and Snider, 2005; Teixeira et al., 2014).
Phosphatases, including PP1, also regulate GSK3b phos-
phorylation at serine 9 (Morfini et al., 2004; Teixeira
et al., 2014). The defective AKT activation present in
twitcher neurons (Teixeira et al., 2014) and the previ-
ously demonstrated increased PP1 activity in twitcher
mice (Cantuti-Castelvetri et al., 2012) are in line with the
increased GSK3b activity found in nerve samples from
twitcher mice and in postmortem human brain samples
(Cantuti Castelvetri et al., 2013; Teixeira et al., 2014). In
the context of axonal transport regulation, it is important
to note that GSK3b phosphorylates kinesin light chains
(KLCs), decreasing kinesin-mediated transport because it
leads to the premature release of its cargos (Morfini et al.,
2002). Accordingly, in twitcher nerves, abnormal levels of
activated GSK3b correlated with abnormally phosphoryl-
ated kinesin light chain, and administration of GSK3b
inhibitors ameliorated transport defects in vitro and in
vivo (Cantuti Castelvetri et al., 2013). It is interesting to
note that, despite the deregulation of kinesin light chain
(Cantuti Castelvetri et al., 2013), the anterograde trans-
port of synaptophysin and lysosomes is unaffected in
twitcher neurons (Teixeira et al., 2014). Because recovery
of transport using PP1/GSK3b inhibitors was not com-
plete (Cantuti Castelvetri et al., 2013), further defects in
the axonal transport machinery may provide additional
mechanisms involved in the impaired axonal transport in
KD. Given that transport of different cargos by different
motors is regulated by complex distinct mechanisms and
because multiple kinesin light chain isoforms associate
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with different cargos, one cannot exclude the possibility
that different components of this process are affected in
KD. Understanding the molecular details underlying the
defects of axonal transport in this disease is essential for
the design of improved therapeutic strategies.

CYTOSKELETON ABNORMALITIES IN KD:
REDUCTION OF NEUROFILAMENTS AND

MICROTUBULE STABILITY

Neurons, among the most prominent cases of cellular
polarization, are dependent on their cytoskeleton, actin,
neurofilaments (NFs), and microtubules (MTs) to estab-
lish and maintain their shape and function. The impaired
arrangement of the neuronal cytoskeleton in KD was ini-
tially demonstrated for NFs (Cantuti-Castelvetri et al.,
2012), which are crucial to establish and maintain axonal
caliber (Hoffman et al., 1987) and are important players in
several neurodegenerative disorders (Perrot et al., 2008).
In twitcher mice, a progressive reduction in the levels and
phosphorylation of all NF subunits was detected during
postnatal development and in isolated mutant neurons,
correlating with decreased axon caliber. A psychosine-
driven pathogenic mechanism through induction of
increased activity of PP1 and PP2A was suggested to be
involved in this process (Cantuti-Castelvetri et al., 2012).

Later, MTs were also shown to be deregulated in
KD because sciatic nerves from twitcher mice have
decreased levels of both polyglutamylated and acetylated
tubulin (Teixeira et al., 2014). The decreased levels of
these posttranslational MT modifications may be involved
in the transport defect induced by psychosine as cytoplas-
mic dynein and kinesin-1 bind more effectively to poly-
glutamylated (Ikegami et al., 2007) and acetylated (Reed
et al., 2006; Dompierre et al., 2007) MTs. However,
whether posttranslational tubulin modifications modulate
kinesin-1 transport has not yet been directly determined
in vivo, and evidence in favor of such mechanisms
remains largely correlative. Tubulin acetylation and poly-
glutamylation characterize stable microtubules (Janke and
Bulinski, 2011), and, in accordance with their decreased
levels, KD neurons have increased MT dynamics
(Teixeira et al., 2014). The mechanisms by which KD
neurons have dysregulated posttranslational tubulin modi-
fications are still not fully understood, and the possibility
exists that these changes are an epiphenomenon in KD. It
is interesting to note that the defective regulation of the
AKT–GSK3b pathway in KD may also be a crucial player
in the deregulated MT stability in this disease because
GSK3b is a kinase that phosphorylates several MT-
interacting proteins (Zhou and Snider, 2005). A promi-
nent example is collapsin response mediator protein 2
(CRMP-2), a protein that binds tubulin dimers and pro-
motes MT assembly (Fukata et al., 2002). GSK3b-
dependent phosphorylation of CRMP-2 mediates its deg-
radation and MT destabilization (Wakatsuki et al., 2011).
In the future, exploring the activity of the downstream
targets of this kinase may provide new clues to the patho-

genesis of KD. Finally, whether the actin cytoskeleton is
also affected in KD remains to be established.

ADVANCING TOWARD THE CORRECTION
OF NEURONAL PATHOLOGY IN KD

A myelin-independent cell-autonomous neuronal pathol-
ogy, resulting in distal axon degeneration and loss, is an
important hallmark of KD. Psychosine-induced lipid raft
disorganization in the neuronal membrane is probably the
primary cause of defects in endocytosis and signaling that,
combined with impaired MT stability and axonal trans-
port, results in axon and neuronal loss. These recent find-
ings open new windows of action in KD, not only by
highlighting that neurons should be regarded as an impor-
tant cellular target in this disease but also by clarifying the
molecular defects that must be counteracted. A strong
connection has emerged linking neuronal cytoskeleton
defects, including alterations in MT stability and axonal
transport, with neurodegeneration. In this context,
approaches seeking to stabilize MTs, either through the
use of drugs that interfere with MT dynamics that target
posttranslational tubulin modifications or through MT-
related signaling pathways, have gained particular atten-
tion. Their possible use in KD is the focus of the follow-
ing discussion.

Many studies have focused on HDAC6, the histone
deacetylase that catalyzes a-tubulin deacetylation
(Matsuyama et al., 2002), as a therapeutic target in neuro-
degenerative diseases in which axonal transport is
impaired as a result of decreased tubulin acetylation
(Dompierre et al., 2007; Rivieccio et al., 2009; Chen
et al., 2010). This is, however, still a matter of contro-
versy because some researchers have suggested that there
is no beneficial effect of tubulin acetylation on the pathol-
ogy of disorders with alterations in axonal transport,
including Huntington’s disease (Bobrowska et al., 2011).
In twitcher neurons, the levels of HDAC6 are normal
(Teixeira et al., 2014), suggesting that decreased tubulin
acetylation is the consequence of a mechanism unrelated
to this protein. In this respect, the levels of a-tubulin ace-
tyltransferase 1, the protein responsible for the acetylation
of tubulin on lysine 40, have never been investigated in
KD. However, even if decreased acetylation levels in KD
are independent of HDAC6, the use of HDAC6 inhibi-
tors may still result in therapeutic benefit because, by
inducing increased tubulin acetylation, they may result in
improved axonal transport and increased MT stability. In
addition to the possibility of using HDAC6 inhibitors in
KD, several studies have shown that MT stability can be
enhanced in the presence of low concentrations of MT-
stabilizing drugs, such as taxol and epothilone D, that
result in increased axon growth and decreased axon
degeneration (Brunden et al., 2012; Crunkhorn, 2015).
Whether similar approaches might have the ability to
counteract axonal degeneration in KD warrants further
investigation. One should however bear in mind that,
although taxol and epothilone D may increase MT stabil-
ity and prevent axon degeneration, they may also inhibit
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axonal transport (LaPointe et al., 2013), thereby raising
concerns with respect to their use as therapeutic agents.

As previously discussed, independent studies have
shown that the AKT-GSK3b pathway is dysregulated in
KD, with neurons (Teixeira et al., 2014), oligodendrocyte
precursors (Zaka et al., 2005), and muscle (Cantuti-
Castelvetri et al., 2015) presenting decreased AKT activa-
tion and/or the resulting increased GSK3b activity. These
findings raise the possibility that inhibiting GSK3b could
be considered a relevant therapeutic strategy in KD. In
support of this, in vitro pretreatment with TDZD-8, a
specific GSK3b inhibitor, was shown to prevent the
decreased dephosphorylation of KLC mediated by psy-
chosine (Cantuti-Castelvetri et al., 2015). In twitcher
mice, in vivo treatment with another specific GSK3b
inhibitor, myristoylated L803, was able to increase the
phosphorylation of KLC significantly. Combined with its
in vitro effects on the number and speed of mitochondria
movement, L803 may improve fast axonal transport
(Cantuti-Castelvetri et al., 2015). The lack of improved
nerve conduction velocity and life span of twitcher mice
treated with L803 probably reflects the absence of alterna-
tive approaches to target the correction of the metabolic
defect. However, given the broad range of AKT targets,
additional pathways may be dysregulated. The defect in
AKT phosphorylation present in many KD-affected cells
may also be targeted through the use of SC79, a small
compound able to induce AKT activation. The restora-
tion of AKT activity by SC79 has been shown to rescue
neuronal death (Jo et al., 2012) and myelination (da Silva
et al., 2014). In the context of KD, increased AKT activa-
tion may rescue the dysregulated action of GSK3b, but it
may also rescue other AKT targets that may be of rele-
vance to induce or sustain healthy axons and/or prorege-
nerative pathways (Kim et al., 2011; Cantuti-Castelvetri
et al., 2015).

In summary, the elucidation of dysregulated molec-
ular events in KD neurons (Fig. 1) opens exciting new
windows of action to counteract the neuropathology
associated with this disease. Additional experiments must

now examine the possible added value of such novel neu-
roprotective therapies when combined with therapies tar-
geting metabolic correction.
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How Membrane Dysfunction Influences
Neuronal Survival Pathways in
Sphingolipid Storage Disorders
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Sphingolipidoses are a class of inherited diseases that
result from the toxic accumulation of undigested sphingo-
lipids in lysosomes and other cellular membranes. Sphin-
golipids are particularly enriched in cells of the nervous
system, and their excessive accumulation during disease
has a significant impact on the nervous system. Neuronal
dysfunction followed by neurological compromise is a
common feature in many of these diseases; however, the
underlying mechanisms that cause vulnerability of neu-
rons are not fully understood. The plasma membrane
plays a critical role in regulating cellular survival path-
ways, and its dysfunction has been implicated in neuronal
failure in various adult-onset neuropathies. In the context
of sphingolipidoses, we hypothesize that gradual accu-
mulation of undigested lipids in plasma membranes
causes local disruptions in lipid raft domains, leading to
deregulation of multiple signaling pathways important for
neuronal survival and function. We propose that defects
in downstream signaling as a result of membrane dys-
function are common mechanisms underlying neuronal
vulnerability in sphingolipid storage disorders with neuro-
logical compromise. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe’s disease; sphingolipids; lysosomal
storage disorder; neuronal vulnerability; lipid rafts; neuro-
trophin signaling; insulin-like growth factor signaling; syn-
aptic dysfunction

HYPOTHESIS

The cell membrane acts primarily as a barrier to pro-
tect the cell’s interior from the outside environment. In
addition to this fundamental role, the membrane also par-
ticipates in critical cellular functions, such as signaling and
cell-to-cell communication, to promote survival. In the
context of the neuron, the highly polarized plasma mem-
brane plays a variety of important roles in signaling. The
cell body and associated dendrites have cell surface recep-
tors that receive signals from the environment. Axonal
membranes mediate nerve impulse conduction and regu-
late myelination via glial signaling, and synaptic mem-
branes participate in the release and uptake of signaling

molecules important for cellular communication and sur-
vival. Therefore, membrane integrity and function are
critical for neuronal survival and growth, and their disrup-
tion could lead to neurodegeneration. Because a mem-
brane’s function is strongly influenced by its architecture,
it is not difficult to imagine that in cases in which mem-
brane structure and composition are acutely altered, such
as in sphingolipid storage disorders characterized by
excessive accumulation of undigested lipids, there will be
adverse consequences for neuronal signaling. In this con-
text, we hypothesize that gradual accumulation of undi-
gested sphingolipids in plasma membranes causes local
disruptions in lipid raft domains, resulting in deregulation

SIGNIFICANCE

Many sphingolipidoses have a neurologic component, yet neuronal

dysfunction and selective vulnerability in these diseases are poorly

understood. In this Mini-Review, we discuss the idea that excessive

sphingolipid accumulation causes plasma membrane dysfunction,

resulting in deregulation of multiple downstream signaling pathways

important for neuronal survival. Membrane dysfunction could repre-

sent a unified mechanism underlying neurologic compromise; there-

fore an important consideration for therapy is identifying novel
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ronal impairment in a range of unrelated neurodegenerative diseases.
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of associated signaling pathways important for neuronal
survival and function. We propose that defects in down-
stream signaling resulting from membrane dysfunction are
common mechanisms underlying neuronal vulnerability
in sphingolipid storage disorders with neurological
compromise.

SPHINGOLIPIDS AND THEIR EFFECT ON
NEURONAL SURVIVAL

Sphingolipids are a class of structural membrane lipids
enriched in cells of the nervous system. In addition to
influencing membrane structure and fluidity, certain
sphingolipids also function as bioactive molecules impact-
ing cellular signaling and proliferation (e.g., ceramide and
sphingosine; Zhou and Blom, 2015). Given these critical
roles, physiological levels of sphingolipids are highly regu-
lated within a cell by the activities of metabolic enzymes
through a series of synthesis and degradation steps. Failure
to break down byproducts generated in this metabolic
pathway due to genetic deficiencies in various catabolic
enzymes results in a class of inherited lipid storage disease
called sphingolipidoses, characterized by the toxic accumu-
lation of undigested sphingolipids in lysosomes and other
cellular membranes. Notable members of this class include
Krabbe’s disease (primarily galactosylsphingosine accumu-
lation), Niemann-Pick disease (sphingomyelin and choles-
terol accumulation), Tay-Sachs disease (GM2 ganglioside
accumulation), Gaucher’s disease (glucocerebroside accu-
mulation), metachromatic leukodystrophy (sulfatide accu-
mulation), and Fabry’s disease (glycolipid accumulation).

Because sphingolipids have important structural
and functional roles in neuronal tissue, their excessive
accumulation in sphingolipidoses has a significant
impact on nervous system function. Defects in neuro-
nal activity followed by neurologic decline are com-
mon complications in most sphingolipidoses (Cox and
Cachon-Gonzalez, 2012); however, the underlying
mechanism for neuronal vulnerability is not fully
understood. One attractive explanation is that excessive
sphingolipid accumulation on the plasma membrane,
especially in lipid raft domains, leads to its structural
disruption and interferes with cellular signaling impor-
tant for neuronal survival and function. Hence, neuro-
nal vulnerability would be a consequence of changes in
signaling pathways that critically depend on membrane
integrity. Such an example is found in a mouse model
of Krabbe’s disease, the twitcher mouse, in which
toxic accumulation of galactosylsphingosine (psycho-
sine) disrupts lipid rafts, resulting in the inhibition of
survival signals such as PKC, Akt, and ERK; defects in
axonal transport and synaptic maintenance; and neuro-
nal degeneration through a dying-back mechanism
(White et al., 2009; Castelvetri et al., 2011; Cantuti
Castelvetri et al., 2013; Hawkins-Salsbury et al., 2013;
Teixeira et al., 2014; Cantuti-Castelvetri et al., 2015).
Glucosylceramide accumulation in Gaucher’s disease
(Hattersley et al., 2013), sulfatide accumulation in
metachromatic leukodystrophy (Moyano et al., 2014),

globotriaosylceramide accumulation in Fabry’s disease
(Labilloy et al., 2013), and cholesterol accumulation in
Niemann-Pick type C (Vainio et al., 2005) also prefer-
entially take place in lipid rafts and cause altered lipid
raft dynamics. Therefore, it is conceivable that they
involve neuronal vulnerability through a similar mech-
anism that includes membrane disruption as a root
cause for downregulation of survival signals leading to
neurodegeneration.

INFLUENCE OF MEMBRANE
ARCHITECTURE ON NEURONAL SIGNALING

The architectural makeup of a cell’s membrane is
determined by the types and relative amounts of each
of its building blocks, namely, the different kinds of
lipids (phospholipids, glycolipids, and cholesterol) and
their associated proteins (e.g., glycoproteins, membrane
receptors). The membrane, however, is not uniform in
its composition and shows regional diversity in its form
and function, which is influenced by its local biophysi-
cal/biochemical properties. These include regional
curvature of the membrane, local concentrations of
membrane-associated proteins, and membrane fluidity
that determines the degree of lateral movement and
interactions of proteins in the lipid bilayer (for an
extended discussion on the influence of sphingolipids
on membrane dynamics, see D’Auria and Bongarzone,
2016).

The cell membrane is a fluidic bilayer, with local
areas of increased rigidity resulting from enrichment of
saturated lipids such as cholesterol, glycolipids, and
sphingolipids. These rigid domains, termed lipid rafts, are
nanometer-scale, highly dynamic structures that function
as platforms for regulating cellular signaling (Simons and
Ikonen, 1997). Many membrane receptors belong to the
tyrosine kinase family (RTK), and their downstream
effectors are known to be enriched in neuronal lipid
rafts, such as insulin-like growth factor (IGF) and insulin
receptors, nerve growth factor (NGF) receptor TrkA,
brain-derived neurotrophic factor (BDNF) receptor
TrkB, glial-derived neurotrophic factor (GDNF) recep-
tor c-Ret, and signaling intermediates such as phospha-
tidyl inositol-3-kinase (PI3K), MAPK, and PKC (Pike,
2003; Smart et al., 1999). In many cases, recruitment of
the receptor into lipid rafts following activation or
receptor activation within the raft itself is critical for the
type and duration of downstream signaling and can lead
to dramatically different cellular outcomes if the receptor
is activated elsewhere. Additionally, disruption of lipid
rafts through cholesterol depletion or other destabilizing
agents has inhibitory effects, especially on RTK-
mediated signals, most notably the PI3K/Akt and ERK
pathways in neurons (Fukui et al., 2015). These observa-
tions highlight the importance of plasma membrane
compartmentalization and lipid raft integrity in main-
taining signaling pathways important for cellular growth
and survival.
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DISRUPTION OF LIPID RAFT FUNCTION AS
A BASIS FOR NEURONAL VULNERABILITY

IN SPHINGOLIPIDOSES

Survival of a neuron is determined largely by its synaptic
activity, axonal transport dynamics, cellular energy metab-
olism, and state of myelination. Dysregulation in any of
these processes can leave neurons vulnerable and prone to
degeneration. Many of these activities are regulated by
signals received from the extracellular space via receptors
enriched in neuronal lipid raft domains. Neurons have
highly polarized membranes with specialized regions (the
cell body/soma, axon, and synaptic terminal) that perform
distinct functions required for neuronal survival. Evidence
suggests that each of these regions contains lipid raft
domains (Faivre-Sarrailh and Rougon, 1993; Hering
et al., 2003; Zonta and Minichiello, 2013), although there
likely are inherent differences in the composition and
function of these rafts that are determined by regional sig-
naling requirements (Fig. 1). A prediction from this
assumption is that activities performed by distinct regions
of a neuron may have differential sensitivities to mem-
brane disruption. This differential sensitivity would be
influenced by the lipid raft types that each region harbors
and how much their activity uses signaling pathways that
depend on intact lipid raft function. For example, mem-
brane disruption from accumulation of undigested lipids
in sphingolipidoses may affect signaling pathways required
for synaptic function more or sooner than signaling that
takes place on the somatic side of the membrane.

Additionally, in the context of sphingolipidoses, one
would expect the rate of inhibition in signaling to be
influenced by the extent of membrane disruption, which
in turn is affected by the rate of sphingolipid accumula-
tion (endogenous synthesis and uptake from the extracel-
lular space), and the capacity of the membrane to buffer
the biophysical changes induced by this accumulation
over time (i.e., dilution factor). Because sphingolipid
accumulation preferentially disrupts lipid raft structure
(White et al., 2009; Hawkins-Salsbury et al., 2013), neu-
ronal signaling pathways that depend primarily on lipid
raft integrity, such as neurotrophic and IGF-receptor sig-
naling, would be expected to be affected the most.

Neurotrophic Signaling

Neurotrophic factors (BDNF, NGF, neurotrophin-
3/4, and GDNF) are essential for survival, growth, and
differentiation of neurons. They are secreted from the tar-
get tissue (e.g., postsynaptic neuron or muscle) and acti-
vate Trk family tyrosine kinase receptors to initiate
downstream signaling, including the PI3K, Ras/MAPK,
and phospholipase C-g1 pathways (Reichardt, 2006). Trk
receptors specifically localize to synaptic membranes, and
ligand binding triggers distinct local signaling events at
pre- and postsynaptic terminals that are important for
neuronal survival (Paratcha and Ibanez, 2002). Postsynap-
tic Trk activation is important for dendritic spine growth,
morphology, and synaptic plasticity (Yoshii and
Constantine-Paton, 2010). Presynaptic activation regu-

lates neurotransmitter release, axonal growth, and neuro-
nal survival (Jovanovic et al., 2000). Upon activation at
the presynaptic terminal, ligand-bound Trk receptors
along with associated downstream signaling molecules are
internalized via endocytosis to form signaling endosomes.
Retrograde transport of signaling endosomes from the
synapse to the cell body is regulated by dynein motors
and microtubules, and this method of long-range delivery
of survival signals is crucial for synaptic maintenance and
cellular connectivity mediated by neurotrophic action.
Impaired trafficking of endosomal vesicles resulting from
defects in axonal transport has been implicated in diverse
neurodegenerative disorders that show dying-back
pathology, including Krabbe’s and Alzheimer’s diseases,
emphasizing the importance of this process for neuronal
survival (Castelvetri et al., 2011; Cantuti Castelvetri et al.,
2013; Kanaan et al., 2013; for an expanded discussion on
axonal transport defects in dying-back pathologies, see
Cantuti-Castelvetri and Bongarzone, 2016).

IGF-1/Insulin Signaling

Insulin and IGF-1 are important for neuronal
growth and survival in vitro and in vivo, and their actions
are mediated through the PI3K/Akt and MAPK/ERK
pathways (Parrizas et al., 1997). Insulin and IGF-1 pro-
mote dendritic growth and formation of synapses and
inhibit apoptosis, and IGF-1 has a specific role in axon
guidance and synaptic plasticity (Cheng et al., 2003; Scol-
nick et al., 2008). Similarly to insulin, IGF-1 regulates
brain glucose metabolism through IGF-1 receptor-medi-
ated Akt phosphorylation and glucose transporter 4
expression (Cheng et al., 2000), which are important for
maintaining cellular energy levels to accommodate rapid
neuronal growth, especially in the developing brain. IGF-
1 receptor localizes mainly to lipid rafts (Huo et al.,
2003), and downstream pathway activation is acutely sen-
sitive to lipid raft disruption through cholesterol depletion
(Romanelli et al., 2009). Cholesterol depletion also causes
loss of dendritic synapses and spines (Hering et al., 2003),
highlighting the contribution of lipid rafts to dendritic
and axonal growth through IGF-1 receptor activity.
Therefore, it is not surprising that dysfunction in IGF/
insulin signaling is implicated in neurodegenerative dis-
eases such as Parkinson’s and Alzheimer’s diseases (Bassil
et al., 2014).

EFFECT OF SPHINGOLIPID ACCUMULATION
ON SYNAPTIC MEMBRANE FUNCTION

Synaptic activity plays an important role in neuronal sur-
vival by regulating the release of neurotransmitters into
the extracellular space and receiving survival signals from
surrounding tissues. Lipid rafts are enriched in synaptic
membranes, and their integrity is essential for neurotro-
phic signaling in maintaining synaptic activity (Nagappan
and Lu, 2005).

Neurotrophic receptors (TrkA, TrkB, TrkC, c-Ret)
are enriched in synaptic lipid rafts, and raft disruption by
cholesterol depletion causes a decrease in neurotrophic
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Fig. 1. Model of dysregulation of neuronal survival pathways in
sphingolipidoses. A: In a healthy neuron, somatic, axonal, and syn-
aptic membranes contain lipid rafts, possibly with differing composi-
tions, that contribute to distinct survival functions based on regional
signaling requirements. In the synapse, target-derived neurotrophic
factors activate raft-associated Trk receptors on both the pre- and
the postsynaptic sides. Ligand-bound Trk activates pathways impor-
tant for synaptic plasticity in the postsynaptic neuron/dendrite. On
the presynaptic side, Trk receptors are internalized by endocytosis
and form signaling endosomes, complete with activated downstream
effectors such as phospho-Akt and phospho-Erk. Signaling endo-
somes are then transferred to the cell body through retrograde axo-
nal transport along microtubules, where they trigger a survival
response. Axonal lipid rafts may contribute to this process by coordi-
nating signaling molecules that regulate the functions of dynein and

kinesin motors. In a separate role, axonal rafts could also mediate
signals that regulate myelin sheath thickness around the axon. In
contrast, somatic rafts mediate IGF-1 and neurotrophic receptor sig-
naling that are important for cellular energy metabolism required for
growth and survival and secretion of neurotransmitters, respectively.
B: In sphingolipidoses, the accumulation of undigested lipids in rafts
disrupts signaling pathways that are important for the function of
that particular membrane region. There could be regional differences
in the extent of signaling activity that depend on intact lipid rafts
and could explain the differential sensitivity observed especially in
the synapse, which is first to fail in function. Decreased receptor
internalization at the synapse resulting from changes in biophysical
characteristics of the membrane followed by microtubule destabiliza-
tion and axonal transport defects leads to dying-back pathology and,
eventually, neuronal apoptosis.



signaling leading to synaptic dysfunction (Hering et al.,
2003). In primary cerebellar granule neurons, BDNF
binding to TrkB receptor triggers its movement into lipid
rafts and activates ERK signaling on the presynaptic side,
which is required for neurotransmitter release and synap-
tic plasticity (Suzuki et al., 2004). BDNF also activates the
PLCg pathway and PKC to promote survival in primary
neurons (Zirrgiebel et al., 1995). Similarly, in sensory and
sympathetic neurons, NGF-induced TrkA activation in
lipid rafts is required for efficient stimulation of ERK1/2,
Akt, and PLCg for survival (Huang and Reichardt,
2001). In peripheral motor neurons, c-Ret activation by
GDNF leads to different cellular responses depending on
whether the receptor is activated within or outside of
lipid rafts, emphasizing the importance of signaling path-
way compartmentalization for neuronal function (Para-
tcha et al., 2001).

There is evidence of dysregulation of these pathways
by sphingolipids, presumably as a result of lipid raft dis-
ruption. Our group has shown that, in the twitcher
mouse model for Krabbe’s disease, psychosine accumula-
tion in lipid rafts inhibits PKC (White et al., 2009), an
important factor for neuronal survival. Additionally, lipid
raft recruitment of the NGF receptor TrkA is impaired in
twitcher mutant dorsal root ganglia neurons, resulting in
defective activation of ERK1/2 and Akt pathways (Teix-
eira et al., 2014). A decrease in dynein levels and microtu-
bule destabilization seen in these mutant neurons also
point to defects in retrograde transport, which would
affect signaling endosomes. In another example, in vitro
overexpression of ganglioside GM1 decreased membrane
fluidity and triggered TrkA movement out of lipid rafts,
resulting in the inhibition of receptor autophosphoryla-
tion and downstream ERK1/2 signaling (Nishio et al.,
2004). Sulfatide accumulation in an in vitro model for
metachromatic leukodystrophy caused platelet-derived
growth factor (PDGF) receptor to move out of lipid rafts
and a significant decrease in Akt phosphorylation (Pituch
et al., 2015).

IGF-1 receptor activity, which also depends on
intact lipid rafts, may be similarly affected at synaptic rafts.
Decreased receptor activation at synapses along with
defective transport of signaling endosomes could explain
the synaptic failure seen in twitcher neurons and may be a
shared mechanism of neurodegeneration in multiple
sphingolipidoses.

EFFECT OF SPHINGOLIPID ACCUMULATION
ON AXONAL MEMBRANE FUNCTION

The main function of an axon is to maintain active com-
munication between the cell body and the synaptic termi-
nal, therefore axonal integrity is essential for neuronal
survival. Axonal microtubules transport cargo vesicles
containing signaling molecules that promote survival,
such as retrograde signaling endosomes generated by neu-
rotrophic signaling at the synapse and anterograde vesicles
containing neurotransmitters generated at the cell body.
Defects in axonal transport cause synaptic dysfunction and

lead to dying-back pathology in many neurodegenerative
diseases (Roy et al., 2005).

Although the contribution of axonal membranes to
signaling pathways that regulate vesicular transport is cur-
rently understudied, one can speculate that axonal lipid
rafts could mediate such signaling events. Lipid rafts exist
on axonal membranes, and they are enriched for
glycosylphosphatidylinositol (GPI)-anchored proteins such
as Thy-1 (Faivre-Sarrailh and Rougon, 1993). It remains
to be explored whether these rafts also contain receptors/
signaling intermediates that regulate the activity of mole-
cules (e.g., GSK3b, p38, JNK) required for the transport of
vesicles by molecular motors dynein and kinesin (Morfini
et al., 2002, 2013; Horiuchi et al., 2007). Our group has
shown that, in twitcher mice, psychosine leads to abnormal
activation of protein phosphatase 1 (PP1) and GSK3b
dephosphosphorylation in axons, causing transport defects
resulting from phosphorylation of the kinesin light chain
(Cantuti Castelvetri et al., 2013). Although the mechanisms
underlying abnormal PP1/GSK3b activation are currently
unknown, disruption of axonal lipid rafts by psychosine
may contribute to the dysregulation of signaling pathways
that converge on PP1/GSK3b inhibition, such as MAPK
and PI3K pathways, both of which can be activated in lipid
rafts and inhibit GSK3b activity.

Axonal lipid rafts may also play a role in the myeli-
nation process. Axonal neuregulin proteins are essential
for the survival and differentiation of Schwann cells and
promote axonal–glial interaction and myelination (Esper
and Loeb, 2004). Neuregulin-1 proteins are localized to
lipid rafts in synaptosomes (Frenzel and Falls, 2001;
Cabedo et al., 2002), and neuregulin binding to ErbB4-
type receptor at postsynaptic densities triggers receptor
localization into lipid rafts (Ma et al., 2003). Although lit-
tle evidence exists indicating that neuregulins localize to
and signal from axonal rafts, it is certainly possible that
this is the case. Hence, raft disruption in sphingolipidoses
could interfere with axonal stimulation of neuregulin-
mediated myelination and contribute to abnormal myeli-
nation and weakened remyelination.

EFFECTS OF SPHINGOLIPID
ACCUMULATION ON CELLULAR ENERGY

UTILIZATION

Cells require energy to function, and neurons are no
exception. Cellular energy homeostasis is regulated by
peripheral insulin action and also through insulin-like
actions of IGF-1 in the central nervous system. IGF-1/
insulin receptor activity critically depends on lipid raft
integrity (Romanelli et al., 2009; Taghibiglou et al.,
2009), therefore it is not surprising that GM3 accumula-
tion in type I Gaucher’s patients is associated with periph-
eral insulin resistance (Langeveld et al., 2008) and
cholesterol accumulation in Niemann-Pick type C causes
impaired insulin signaling (Vainio et al., 2005). Psycho-
sine accumulation interferes with IGF-1 signaling in
twitcher oligodendrocytes and causes a dose-dependent
decrease in both Akt and ERK1/2 phosphorylation
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in vitro (Zaka et al., 2005), although a role in neurons has
yet to be elucidated.

Peripheral neurons in particular have a high demand
on cellular energy for axonal transport because they must
move vesicles over long distances to and from the cell
body. Therefore, one can appreciate the importance of
maintaining cellular energy homeostasis, especially for
peripheral neurons with long axons as well as other types
of neurons in the central nervous system. In the case of
sphingolipid storage diseases, a defective energy metabo-
lism in central and peripheral neurons resulting from a
decrease in lipid raft-mediated insulin/IGF-1 pathways
may be a contributing factor to neuronal vulnerability
when combined with other regional insults such as
decreased synaptic activity and insufficient vesicular
transport.
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Globoid cell leukodystrophy (GLD), also known as
Krabbe’s disease, is a fatal demyelinating disease accom-
panied by the formation of giant, multinucleated cells
called globoid cells. Previously believed to be a byprod-
uct of inflammation, these cells can be found early in dis-
ease before evidence of any damage. The precise
mechanism by which these globoid cells cause oligoden-
drocyte dysfunction is not completely understood, nor is
their cell type defined. This Review outlines the idea that
microglial cells are transformed into an unknown and unde-
fined novel M3 phenotype in GLD, which is cytotoxic to oli-
godendrocytes, leading to disease progression. VC 2016

Wiley Periodicals, Inc.
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Globoid cell leukodystrophy (GLD), also known as
Krabbe’s disease, is a genetic demyelinating disease that
affects the nervous system. GLD results from loss-of-
function mutations in the gene encoding galactosylcera-
midase (galc), which results in a pathological accumulation
of a cytotoxic lipid intermediate called galactosylsphingosine
or psychosine (Graziano and Cardile, 2014). It is thought
that the supraphysiological level of psychosine is the root
etiology of this disease, yet the process of demyelination is
not understood. The “psychosine hypothesis” has been
the predominant explanation for GLD pathology for over
40 years and postulates that the accumulation of psycho-
sine is responsible for the death of myelinating oligoden-
drocytes, resulting in the profound demyelination
observed in GLD (Suzuki, 1998). However, the presence
of multinucleated phagocytes called globoid cells can be
identified well before overt demyelination in GLD (Fig.
1A). Globoid cells are present in fetal tissue before the
synthesis of myelin occurs (Kobayashi et al., 1988; Suzuki,
1998). Studies in our laboratory have demonstrated that
psychosine, when added to mixed glial cultures consisting
of astrocytes and microglia, can activate microglia, leading
to the formation of globoid cells, and, under conditions
that mimic the extracellular environment of the GLD
brain, can be cytotoxic to oligodendrocytes (Ijichi et al.,
2013). This Review suggests that a pathophysiological

effect of psychosine is not limited to oligodendrocyte
death, but rather, elevated psychosine in GLD may
impact many CNS cell types. In particular, our recent
studies have shown that one consequence of elevated psy-
chosine in GLD is microglial activation that is mediated,
at least in part, by psychosine-mediated activation of
astrocytes. The early activation of glia, specifically astro-
cytes and microglia observed in GLD neurospecimens at
autopsy, may be a key cause contributing to demyelin-
ation in this disease. In this Review, from recent findings
in the field, we propose a microglial hypothesis for the
pathology of GLD that advances our understanding on
the cell biology of this condition and may open new ave-
nues of therapeutic intervention for GLD.

SIGNIFICANCE

Current thinking on the sequence of events underlying the profound

demyelination in globoid cell leukodystrophy (GLD) suggests a cell-

autonomous loss of oligodendrocytes with psychosine accumulation as

the initiating event of a reactive cellular cascade. Recent findings sug-

gest that this order should be reconsidered. This Review outlines

how activation of microglia to an activated multinucleated phenotype,

in this disease called globoid cells, which can occur in response to psy-

chosine, may begin a cell-mediated process of demyelination. The

microglial hypothesis of GLD provides new opportunities for thera-

peutic intervention.
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BRIEF OVERVIEW OF GLD

GLD is a genetic sphingolipidosis that results in central
and peripheral demyelination and is a classic example of a
lysosomal storage disease because the galactosylceramidase

(GALC) enzyme is no longer functioning to degrade
psychosine, leading to its accumulation (Graziano and
Cardile, 2014). When expressed, GALC breaks down gal-
actolipids, found predominantly in the nervous system

Fig. 1. Temporal comparisons of GLD abnormalities in twi mice and
the microglial hypothesis. A: Bone marrow transplant from wild-type
mice into twi mice resulted in an extended life span to about P120
compared with average twi mice death of P45, a decrease in overall
psychosine accumulation, a decrease in globoid cells, a decrease in
demyelination, and an increase in macrophage infiltration (Hooger-
brugge et al., 1988a). Asterisks indicate unknown activation state. B:

The psychosine hypothesis postulates that psychosine accumulation
kills oligodendrocytes, leading to demyelination and eventual inflam-
mation such as globoid cell formation, activated microglia, and acti-
vated astrocytes. The microglial hypothesis postulates that psychosine
accumulation leads to activated astrocytes, microglia, and globoid cell
formation, which then induces demyelination.
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and kidneys, where lipids contribute to myelin and mem-
branes, respectively (Suzuki, 1998). Natural levels of
some galactolipids can function to regulate cyclooxygen-
ase inflammatory activity (Hou et al., 2007), whereas loss
of GALC function in GLD results in accumulation of psy-
chosine, which can be cytotoxic. With a sensitive assay
method, elevated levels of psychosine have been found to
accumulate in all tissues in fetal (22–52 weeks old) and
infantile (0–2 years old) GLD cases, including the brain,
spinal cord, kidney liver, spleen, and lung, concurrently
with the characteristic formation of globoid cells present
in nervous system tissues (Svennerholm et al., 1980;
Kobayashi et al., 1988). The natural function of psycho-
sine in homeostasis and physiology is not known.

GLD is an orphan disease, and it is often grouped
together with other infrequent diseases of CNS white
matter referred to as leukodystrophies. In the general popu-
lation, GLD has a prevalence of 1:250,000 among live
births (Barczykowski et al., 2012). This infantile form of
the disease is fatal, with death before the age of 2 years. In
the early-onset infantile type of GLD, symptoms begin to
emerge within the first 6 months of life (Duffner et al.,
2009b; Graziano and Cardile, 2014). These symptoms
include irritability, limb stiffness, seizure, and vomiting
and quickly progress into rapid and severe motor and
mental retardation. Most patients develop blindness and
deafness and progressively exhibit less responsiveness to
their environment (Suzuki, 1998). Currently, there are no
effective long-term or widely available treatments for this
disease. Hematopoietic stem cell transplantation (HSCT)
has been found to ameliorate the disease if performed dur-
ing the neonatal period (Peters et al., 2003; Escolar et al.,
2005), but, for most, management of symptoms and con-
valescent treatments are the only options.

CLASSIFICATION AND THERAPY FOR GLD

Based on the age at symptom onset, there are four differ-
ent forms of GLD: the infantile (0–6 months old), late
infantile (7 months–3 years old), juvenile (4–8 years old),
and adult (over 9 years old; Kolodny et al., 1991) forms.
The infantile form of the disease represents over 90% of
all GLD cases; these patients typically die within 2 years
of clinical disease onset (Hagberg et al., 1963; Duffner
et al., 2009b). The clinical symptoms of later-onset GLD
are similar to the infantile symptoms discussed above, yet
the disease course and severity does differ among onset
ages and patients (Phelps et al., 1991; Duffner et al.,
2012). Typically, the progression and severity of the dis-
ease are milder compared with early-onset infantile GLD
(Duffner et al., 2012).

Currently, the most effective diagnostic test for
GLD is an assay for GALC enzymatic activity, which is
then confirmed by genetic mutation analysis. In a blood
sample, for example, if GALC activity is found to be less
than 0.5 nmol/hr/mg protein, then the patient is consid-
ered at risk for GLD (Duffner et al., 2009a). In addition
to these diagnostic procedures, a confirmed diagnosis of
GLD also requires neurological and nonneurological tests

to assess the list of characteristic features and aforemen-
tioned symptoms.

The primary approach of current therapies for GLD
has focused on restoring functional GALC in patients.
The physiological objective of this enzyme replacement
therapy is to deplete the accumulated psychosine to miti-
gate pathology, including oligodendrocyte cell loss. Many
of these therapies have shown promise with twitcher
(twi) mice, the authentic enzymatic murine model of
GLD discovered in 1976 as a spontaneous mutation in the
galc gene in C57BL/6 mice at The Jackson Laboratory
(Bar Harbor, ME; see below). In twi mice, direct admin-
istration of the recombinant GALC enzyme was found to
be unsuccessful in reversing the twitcher phenotype
because the protein was not efficiently incorporated into
the CNS (Umezawa et al., 1985). An alternate method of
bone marrow transplantation (BMT) was later shown to
increase GALC activity by seven- to eightfold and also to
reduce psychosine accumulation in twi mice. In addition,
BMT was found to reduce the presence of globoid cells
in the CNS (Hoogerbrugge et al., 1988a). Additional evi-
dence of remyelination was found in twi mice that
received BMT, which identified improved CNS myelina-
tion in association with an increased life span (Hooger-
brugge et al., 1988a; Fig. 1A). Translation of these
findings to the clinical setting has resulted in what is cur-
rently the only treatment that increases life span for GLD
patients, HSCT. This is an aggressive and often risky
treatment approach, especially for very young patients.
Cells for HSCT are generally sourced from the bone mar-
row or umbilical cord. Transplanted donor cells may pro-
vide a dual benefit of quelling inflammation and
providing a source of functional GALC that can supplant
the mutated form in the host CNS (Escolar et al., 2005).
Therapeutic correction of GALC deficiency in the brain
of HSCT recipients is still questionable. BMT and other
virus-based gene therapies are all intended to provide
enzyme replacement as a means to remedy the accumu-
lated psychosine in the patient CNS and decrease or
potentially reverse tissue damage. After several years of
HSCT, some GLD patients have shown improvement,
but the effectiveness and widespread availability of HSCT
are limited. More importantly, the efficacy of HSCT is
improved when performed in the presymptomatic period
before major damage has occurred, when the patients are
typically very young (Krivit et al., 1998; Duffner et al.,
2012) but also less well-suited to endure the treatment
itself.

PATHOPHYSIOLOGY OF GLD

Mouse Model of GLD: Twi Mouse

In 1976, the Jackson Laboratory discovered mice of
the inbred C57BL/6 strain that developed a tremor, had a
low body weight, had progressive weakness in the limbs,
and then died prematurely at about postnatal day (P) 45.
Postmortem analyses of these mice revealed significant
demyelination both in the CNS and in the PNS as well as
the presence of multinucleated globoid cells, all features
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comparable to human GLD pathology (Duchen et al.,
1980; Suzuki and Suzuki, 1995). From their visible
tremor and weakness, which started at about P20, the
mice were named twitchers. Twi mice closely resemble the
biochemical and neuropathological findings as well as the
clinical course of the human disease. Disease progression
in twi mice is rapid, and mice rarely survive beyond 45
days of age (Suzuki and Taniike, 1995). Genetic analysis
of twi mice determined that the basis for this mouse form
of GLD is a missense mutation resulting in a guanine-to-
adenine substitution at residue 1017 in the galc gene (Sakai
et al., 1996). Twi mice also develop highly elevated levels
of psychosine comparable to the accumulation found in
humans in the nervous system (Shinoda et al., 1987). This
mouse proved to be an authentic enzymatic recapitulation
of GLD and thus has emerged as an incredibly useful
resource for studying this disease as pathological features
are essentially identical to those of human infantile GLD
(Suzuki and Suzuki, 1995).

GALC and the Psychosine Hypothesis

GALC is a galactolipid hydrolase that resides in the
lysosome, hydrolyzes galactolipids, and breaks large galac-
tolipids, including psychosine and galactosylceramides,
into constituent components of galactose and their sphin-
goid bases (Suzuki and Suzuki, 1970). In a normal nerv-
ous system, substrates of GALC are processed by the
lysosome, and the recycled components are able to be
reused in lipid synthesis (Kolter and Sandhoff, 2006).
Because of the mutations in galc, degradation of cerebro-
sides, the principal glycosphingolipid in brain tissue, is
impaired. This results in psychosine accumulation in
GLD-affected individuals during development (Graziano
and Cardile, 2014). There are over 110 identified muta-
tions in the human galc gene, but the most common
mutation identified in infantile GLD is a 30-kb deletion
at position 502 within intron 10 (Luzi et al., 1995). In
addition, several other mutations are found within various
populations, including the point mutation G1582A,
which is found in the Israeli population (Rafi et al., 1995;
Wenger et al., 2000). Regardless of where the mutation
is, all patients have significantly lower levels of function-
ally active GALC (Jalal et al., 2012).

Psychosine, a galactolipid, is considered a natural
byproduct made during membrane lipid synthesis glob-
ally. Within the lipid-rich environment of the CNS, bio-
synthesis of galactolipids reaches a peak during the most
active period of myelination, which occurs during the
first 18 months of life in humans and the first 15–25 days
in rodents (Costantino-Ceccarini and Morell, 1972;
Miyatake and Suzuki, 1972; Vanier and Svennerholm,
1976). This correlation suggests that perturbation in lipid
synthesis renders myelination particularly susceptible to
disruption in GLD. Psychosine is produced within a cell
by the binding of uridine diphosphate (UDP)-galactose to
sphingosine, which may be catalyzed by an enzyme,
UDP-galactose:ceramide galactosyltransferase (CGT; Cle-
land and Kennedy, 1960). Expression of CGT has been

found to be higher in myelinating cells compared with
neurons, making them more susceptible to accumulation
of psychosine (Schaeren-Wiemers et al., 1995). Because
lipid synthesis is an ongoing process during development,
exceptionally high psychosine levels can accumulate
before myelination occurs in GLD (Kobayashi et al.,
1988). For instance, elevated psychosine is found in
human fetal GLD tissue at 21 weeks of gestation, when
there is neither overt myelination nor demyelination (Ida
et al., 1994). Accumulation of psychosine is over 100-fold
higher in the GLD nervous system than in other organs,
including the kidney, liver, and thymus, underscoring the
susceptibility of the CNS to psychosine (White et al.,
2009; Zhu et al., 2012). Psychosine is believed to accu-
mulate in lipid rafts, which can then alter many signaling
pathways (White et al., 2009), and has also been shown to
accumulate both intracellularly and extracellularly, yet the
precise mechanism of how psychosine contributes to
GLD pathology is unclear. In general, psychosine is cyto-
toxic to many cell types, although the natural physiologi-
cal function in homeostasis remains unknown. The
accumulation of psychosine in preterm fetal tissues, when
overt demyelination is not possible, suggests that 1) the
origin of GLD pathogenesis is much more than just a
demyelinating disease, 2) psychosine may have other
sources in addition to myelinating cells, and 3) psychosine
must have an impact on other cell types that contributes
to this disease.

Globoid Cells, Microglia, and GLD Pathology

Globoid cells are one of the hallmarks of GLD
pathology. These cells are multinucleated phagocytes and
typically are 10–15 lm in diameter (Duchen et al., 1980;
Pollanen and Brody, 1990). They have been found to
contain fatty filamentous inclusions that stain positively
for periodic acid-Schiff, which may be phagocytized
myelin because these cells are often found in proximity to
sites where demyelination is prominent (Suzuki, 1970;
Itoh et al., 2002; Fig. 1A). Although globoid cells are
characteristic of this disease (and are even its namesake),
the origins and function of globoid cells have not been
addressed until recently.

Globoid cells have been thought to originate from
CNS-resident microglia and/or infiltrating peripheral
macrophages. The basis for this thinking has been that
both populations of CNS-resident microglia and periph-
eral macrophages are immunoreactive to the same
markers, MAC-1, ferrin, CD68, and ionized calcium-
binding adaptor molecule 1 (Iba1). Previous work by
Wenger et al. (1999) has indicated that globoid cells are
not found in the PNS, supporting that globoid cells are of
microglial origin rather than from macrophages. How-
ever, others have suggested that globoid cells may be
found in the PNS, but only at later stages of the disease
when the blood brain barrier loses its sealing properties
(Kobayashi et al., 1985). In twi mice, the ablation of
CXCR2, a key factor for macrophage infiltration, did not
stop globoid cell formation, strengthening the argument
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for microglia as the cell of origin for globoid cells in GLD
(Reddy et al., 2013). Based on other diseases in which
multinucleated “giant cells” are observed, including
human immunodeficient virus (HIV) encephalopathy,
this specialized and unique phagocytic phenotype is
believed to be a secondary response of the phagocytes to
prolonged inflammation resulting from preceding and
ongoing tissue damage (Masliah et al., 1996; McNally and
Anderson, 2011). From this interpretation, until recently,
globoid cell formation had been thought to be a result of
chronic demyelination and inflammation seen in GLD;
however, globoid cells are found earlier than demyelin-
ation in GLD, even before damage-associated inflamma-
tion is measured (Potter et al., 2013). Altogether, these
lines of evidence indicate that globoid cells are of micro-
glial origin and that microglia have more than a reaction-
ary role in disease pathology in GLD (Martin et al., 1981;
Ida et al., 1994; Claycomb et al., 2014).

Our data further support that globoid cells come
exclusively from microglia. This conclusion is from our
work showing that isolated macrophages, when exposed
to psychosine, do not become globoid cells, whereas
microglia do (Ijichi et al., 2013). In addition, when stain-
ing human GLD tissue and globoid-like cells in vitro,
these cells were found to be immunoreactive for Iba1, a
marker of phagocytes, and CD16/32, a proinflammatory
microglial and macrophage marker (Claycomb et al.,
2014). Currently, activated microglia are thought to
mimic the activation patterns of peripheral macrophages,
which are known to have three states, an M0 resting state,
an M1 proinflammatory state, and an M2 anti-
inflammatory state (Michell-Robinson et al., 2015).
These states can be identified with antibodies against spe-
cific cell surface markers (Table I). For example, classically
activated M1 macrophages or microglia can be identified
by CD16/32, whereas alternatively activated M2 macro-
phages and microglia can be identified by elevated expres-
sion of the mannose receptor. Just as with their

macrophage counterparts, resting microglia can be acti-
vated to an M1 phenotype by exposure to proinflamma-
tory cytokines such as tumor necrosis factor-a (TNF-a)
and interleukin (IL)-6, both of which are associated with
psychosine-mediated cell death (Formichi et al., 2007).
These M1-inducing cytokines in turn trigger release of
additional proinflammatory cytokines and chemokines,
including IL-1b, TNF-a, IL-6, IL-23, macrophage inflam-
matory protein-1b, and monocyte chemoattractant protein-
1 (Luzi et al., 2009; Boche et al., 2013), which can induce
further cell death. Activated M1 microglia have been shown
to be cytotoxic toward mature oligodendrocytes in vitro via
the secretion of factors such as TNF-a and nitric oxide
(Merrill et al., 1993; Zajicek et al., 1992). IL-4, IL-13, and
IL-10 are associated with activating microglia and macro-
phages toward the M2 phenotype, which can then be iden-
tified with markers such as arginase-1 (Arg-1) and CD206,
also known as the mannose receptor (Michell-Robinson et al.,
2015). These activated cells can promote phagocytosis,
extracellular matrix construction, and tissue repair via the
secretion of factors such as transforming growth factor-b
(TGF-b), IL-10, and IL-13 (Tang and Le, 2016). Twi mice
have been found to have increased levels of Arg-1, CD206,
and TGF-b, suggesting that the M2 phenotype may also
play a role in this disease (Kondo et al., 2011; Table I).
Future studies are required to characterize fully the timing,
extent, and roles of activation markers as they relate to
microglial phenotypes in this disease.

When twi mice were crossed with a macrophage-
deficient osteopetrotic mutant mouse, the number of
nonmyelinated axons was significantly higher in the
mutant mouse compared with a twi mouse, and this
appeared to be due to impaired remyelination rather than
accelerated demyelination (Kondo et al., 2011). The lack
of remyelination in the mutant macrophage-deficient twi
mice was due to the lack of phagocytosis of myelin debris,
which is carried out by macrophages. Overall, this study
demonstrates that macrophages in GLD are beneficial for

TABLE I. Microglial Activation in Twitcher Mice*

Nomenclature Activating molecules Markers Secreted factors Roles

M1 (classical activation) LPS; IFN-g; TNF-a†,‡ CD86†,‡; MHCII†,‡;

CD16/32†,‡
iNOS†,‡; IL-1b†,‡;

TNF-a†,‡;

IL-6†,‡; IL-23

Cytotoxic; astrocyte activation;

proinflammatory

M2 (alternative activation) IL-4; IL-13†,§; IL-10 Arg1†,‡; CD206†,‡ TGFb†,‡; IL-10;

IL-13†,|
Phagocytosis; anti-inflammatory;

tissue repair; neurotrophic

Proposed

M3.1 (multinucleated) Psychosine†; tenascin-C†,| MHCII†,‡; CD16/32†,‡ TNF-a†,‡ Activation with multinucleation;

cytotoxic phenotype; phagocytosis

M3.2 (multinucleated) Psychosine†; laminin CD206†,‡ ? Activation with multinucleation;

noncytotoxic phenotype;

phagocytosis

*Proposed nomenclature of psychosine-activated microglia, M3.1, and M3.2. In GLD, M3.1 cells are psychosine activated and grown on tenascin-C,

become multinucleated, show the classic M1 markers, and are cytotoxic. M3.2 cells are also psychosine activated and multinucleated but exhibit M2

markers and are noncytotoxic.
†indicates an increase in twitcher mouse CNS.
‡Kondo et al., 2011.
§Reddy et al., 2013.
|Claycomb et al., 2014.
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promoting myelin repair, which suggests that macro-
phages do not become cytotoxic globoid cells when
exposed to demyelination and psychosine accumulation.
Instead, macrophages may physiologically counteract the
dysfunction of CNS resident microglia.

CELL BIOLOGY OF THE PSYCHOSINE
HYPOTHESIS REVISITED

The early pathological activation of microglia into inflam-
matory globoid cells caused by the accumulation of psy-
chosine in the fetus may be the primary cause of cell
death in this disease, rather than just the accumulation of
psychosine. We propose that an earlier pathogenic role
for microglia in this disease complements the long-
standing psychosine hypothesis of GLD. The psychosine
hypothesis was formulated by Miyatake and Suzuki
(1972) and states that the abnormal accumulation of psy-
chosine in GLD causes direct death of oligodendrocytes
(Fig. 1B). Many studies have confirmed the cytotoxic
potential for psychosine to elicit cytotoxic effects directly
on oligodendrocytes in vitro (Cho et al., 1997; Jatana
et al., 2002; Haq et al., 2003; Zaka and Wenger, 2004),
which has lent support to this hypothesis.

Revisiting the Psychosine Hypothesis

Psychosine is not only cytotoxic to oligodendro-
cytes, but it is also toxic to neurons in vitro (Sugama et al.,
1990; Castelvetri et al., 2011). Axonal swelling is observed
prior to demyelination in the twi mouse, and, even at 1
week of age, there is abnormal axonal transport in twi
mice (Castelvetri et al., 2011; Cantuti Castelvetri et al.,
2013). Research conducted with the GALCtwi-5J mouse, a
spontaneous mutation in GALC that matches the missense
mutation in patients with infantile GLD, shows the typical
neuropathological hallmarks, including globoid cells, glio-
sis, and psychosine accumulation, but the CNS shows no
demyelination or axonal loss (Potter et al., 2013). This
suggests that the accumulation of psychosine may not lead
directly to myelin loss in this disease but instead may cause
neuroinflammation, eventually leading to death. This
mouse line also demonstrates that the formation of globoid
cells occurs before significant demyelination and is, there-
fore, not a secondary inflammatory reaction.

Psychosine was found to inhibit cytokinesis in various
cell types, including U937 monocytes and HeLa cells, lead-
ing to the formation of globoid-like cells in vitro, but their
cytotoxic properties were not investigated (Kanazawa
et al., 2000). The inhibition of cytokinesis by psychosine
may account for the formation of globoid cells, but this still
does not explain their role in the disease or exactly how
accumulated psychosine accounts for all aspects of GLD.

Oligodendrocyte cell death is attributed to the intra-
cellular accumulation of psychosine, which can then
induce cellular apoptosis (Giri et al., 2008). Kondo and
colleagues (2005) transplanted oligodendrocytes isolated
from twi mice into the shiverer mouse, a model of hypo-
myelination, and demonstrated that the transplanted oli-
godendrocytes survived and myelinated axons in the

shiverer mouse. The GLD brain environment may con-
tribute to the damage to oligodendrocytes not limited to
the effects of psychosine directly. Most importantly, the
psychosine hypothesis does not take into account the
cytotoxicity of globoid cells and that these cells are not
just a byproduct of damage-induced inflammation
because they are found in the fetal spinal cord well before
myelin damage is observed (Martin et al., 1981; Ida et al.,
1994). Because globoid cells are found before myelin
damage occurs, there is an inherent, underlying inflam-
mation that can induce the activation of globoid cells to
cause oligodendrocyte cell death and a subsequent
increase in overall CNS inflammation. Therefore, in light
of these initial findings, much more effort must be
focused on investigating the function of globoid cells and
their contribution to GLD pathology.

Microglial Hypothesis of GLD

Microglia are CNS-resident macrophages that origi-
nate from hematopoietic stem cells (HSCs) from the yolk
sac that enter the developing neuroepithelium at about
embryonic days (E) 8.5–9.5 in mice (Alliot et al., 1991,
1999), and in human fetuses microglia-like cells can be
detected at 3 weeks of gestational age (Hutchins et al.,
1990). The primary role of microglia is to survey the
CNS and defend against any sort of invasion and trau-
matic injuries (Ginhoux et al., 2013). Microglia have
many other roles in the CNS, such as maintaining CNS
homeostasis (Cunningham et al., 2013), regulating syn-
apse formation (Schafer et al., 2013), and aiding tissue
maintenance and repair (Michell-Robinson et al., 2015).

Since the development of the psychosine hypothesis,
microglia have not been a primary focus in studying GLD
pathology, but evidence shows strong implications that
microglia play an important role in GLD. Sites of demye-
lination in twi mice almost always coexist with astrogliosis
and highly activated microglia (Ohno et al., 1993). In
addition, the CNS of twi mice has been found to contain
high levels of proinflammatory cytokines, including IL-6,
TNF-a, inducible nitric oxide synthase (iNOS), and
RANTES, all of which are associated with activated
microglia (Wu et al., 2000; Kondo et al., 2011; Table I).
From these data, and because globoid cells are found in
fetal tissues before the presence of overt demyelination,
we propose that globoid cells are an aberrant form of acti-
vated microglia.

Recently, activation states of microglia have been
studied and further elucidated into two classic categories,
M1 (classic activation) and M2 (alternative activation;
Gordon, 2003). When referring to microglia switching
between the activation states, the term polarization is used
because it refers to a shift in molecular profile of the cell
from a basal condition (Michell-Robinson et al., 2015).
According to the literature, M1 cells typically are acti-
vated by lipopolysaccharide (LPS) and/or interferon-g,
whereas M2 cells are activated by IL-4 or IL-13 (Table I;
Martinez and Gordon, 2014; Michell-Robinson et al.,
2015). M1 cells are characterized by their rounded,
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amoeboid morphology known to be a hyperactive state,
whereas M2 cells have a more elongated morphology
(Mantovani et al., 2004; Van Ginderachter et al., 2006).
M1 activated cells express surface makers such as CD80,
CD86, CD16/32, CCR7, and produce reactive nitrogen
species and proinflammatory cytokines such as IL-12 and
TNF-a (Van Ginderachter et al., 2006; Fairweather and
Cihakova, 2009). In turn, M1 activated microglia can
induce increased inflammation onto other cell types, such
as astrocytes. In contrast, M2 polarized microglia produce
anti-inflammatory cytokines, such as IL-10, and show
increased phagocytic activity (Biswas and Mantovani,
2010). In addition, these cells support tissue remodeling
and promote fibrosis through Arg-1 activity, which can
also be used as a marker for this microglial phenotype
(Hesse et al., 2001; Wynn, 2004). In vitro, M1 polarized
microglia exert cytotoxic effects on both neurons and oli-
godendrocytes, whereas M2 microglia promote neurite
outgrowth, phagocytosis, and extracellular matrix (ECM)
reconstruction (Ponomarev et al., 2007; Kigerl et al.,
2009; Hu et al., 2012). However, these distinctions are
not as simple as just M1 and M2; overlapping phenotypes
have been observed (Biswas and Mantovani, 2010; David
and Kroner, 2011). For example, there are several distinct
subgroups within the M2 phenotype, including M2a,
M2b, and M2c. The M2a activated cell is associated with
the anti-inflammatory phenotype and is induced via IL-4
and IL-13 (Taylor et al., 2005; Leidi et al., 2009); M2b is
associated with proinflammatory cell surface expression,
activated by LPS (Edwards et al., 2006); and M2c is asso-
ciated with tissue remodeling and is activated by IL-10
and TGF-b1 (Mantovani et al., 2004; Leidi et al., 2009).
Based on the varying states of microglia activation, these
likely reflect a spectrum of activity states rather than a set
of distinct activated phenotypes.

Damage in the CNS typically entails the recruitment
of microglia, resulting in an innate immune response, yet
the role of microglial polarization in damage and disease is
only recently being elucidated. In experimental auto-
immune encephalomyelitis, an animal model of multiple
sclerosis (MS), a lack of IL-4 in the CNS impaired M2
polarization of microglia and exacerbated symptoms (Pono-
marev et al., 2007). Examination of postmortem human tis-
sue from patients with MS active lesions showed both M1
and M2 microglia (Vogel et al., 2013). In a murine model
of focal demyelination by injection of lysolecithin, micro-
glia polarized to the M2 phenotype, which was shown to
promote oligodendrocyte differentiation and remyelination
(Miron et al., 2013). Many studies have demonstrated the
neuroprotection and remodeling properties of M2 polarized
microglia in demyelinating diseases, yet globoid cells, a
microglial cell, have not been investigated.

Do Globoid Cells Fit the Classical M1 and
Alternatively Activated M2 Phenotypes?

Globoid cells have yet to be categorized within
these macrophage/microglial phenotypes, but under-
standing the polarization of these cells might help in fur-

ther elucidating the role they play in this disease. In
characterizing the inflammatory profile in sick (P45) twi
mouse spinal white matter, Kondo and colleagues (2011)
showed that both M1 and M2 microglia markers are
upregulated in twi mice, including iNOS, CD16/32,
TNF-a, and CD86 for M1 cells and Arg-1 and CD206
for M2 cells (Gordon, 2003; Mantovani et al., 2005;
Kigerl et al., 2009; Table I). TNF-a, generally produced
by M1 polarized cells, works as a destructive proinflam-
matory cytokine, but it has also been shown to promote
proliferation of oligodendrocyte progenitor cells (Arnett
et al., 2001). Arg-1 is a known M2 polarization marker
that counteracts myelin inhibition (Cai et al., 2002). High
expressions of IL-6, iNOS, and IGF-1 were all reported
in twi mouse CNS tissue, all of which represent the M1
phenotype of inflammation (Kondo et al., 2011; Michell-
Robinson et al., 2015). An increase in CD206 (mannose
receptor) is seen in twi mice, underscoring an M2 anti-
inflammatory phenotype (Kondo et al., 2011). It is
important to note that these analyses were conducted on
Iba1 microglia and infiltrating macrophages but not spe-
cifically on multinucleated globoid cells, which also
express distinct patterns of M1 and/or M2 phenotype
markers.

The definitions of M1 and M2 macrophage activa-
tion markers emerged from understanding macrophage
responses to cytokines and/or pathogens. This classifica-
tion, however, may not appropriately or adequately cate-
gorize the unique nature of microglial activation or the
phenotype of globoid cells in GLD. We suggest that that
the adoption of a new subclass is required to distinguish
instances in which M1/M2-like classification is neither
appropriate nor adequate because of the nontraditional
psychosine activation of microglia in GLD. Hence, we
suggest that microglia under circumstances such as GLD
may be denoted by the new classification M3. This M3
designation should be used to identify activated microglia
and globoid cells that are distinguished from macrophages
because there is increasing evidence that microglia can
express unique complexity when assessing M1 and M2
markers (Michell-Robinson et al., 2015), including
CD16/32 and CD206 markers in GLD (Claycomb et al.,
2014; Table I). Altered microglia have also been found in
the mouse model of amyotrophic lateral sclerosis (ALS),
in which they express both M1 and M2 markers in which
both neuroprotective and toxic factors are concurrently
upregulated (Chiu et al., 2013). This study, using deep
RNA sequencing, suggested that there are unique mutant
microglia in this mouse model of ALS during the process
of neurodegeneration. It may be valuable to repeat this
type of study on mutant twi mice to investigate these
altered globoid microglia. Another transcriptome-based
study using diverse activation signals showed a spectrum
of macrophage activation states extending past the M1
and M2 model (Xue et al., 2014). All of these studies
demonstrate a uniqueness of microglia with respect to
their pathophysiological response to inflammation and
injury. We propose that emerging evidence warrants a
new designation to encompass the activation states of
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microglia in neurological diseases. This M3 designation,
although perhaps highlighting microglia as a distinct cell
type from macrophages, also preserves the purpose of
these cells and the plastic nature of microglia, particularly
from our example of GLD that may extend to other forms
of neuropathology in which enlarged, multinucleated
microglia have been identified.

How Do ECM Components Regulate the
Formation of Globoid Cells?

The ECM is an intricate molecular network that
occupies extracellular space in tissues. The ECM can be
altered in many CNS diseases, including Alzheimer’s dis-
ease (Morawski et al., 2012), stroke (Ji and Tsirka, 2012),
and MS (Bonneh-Barkay and Wiley, 2009), and influen-
ces inflammatory responses. We have found that the
makeup of the ECM within the GLD CNS adds another
important aspect of GLD pathology that can influence
microglia and globoid cell function as well as the expres-
sion of classical polarization markers. In the following sec-
tion, we outline evidence for how M3 activated microglia
demonstrate features of both classical M1 (M3.1) and
alternate M2 (M3.2) macrophage activation.

Astrocytes play a fundamental role in the homeosta-
sis of the ECM. For example, astrocytes from chronically
demyelinated lesions in MS have been shown to produce
high levels of tenascin-C (TnC), which negatively influ-
ences remyelination (Gutowski et al., 1999). TnC is
absent in most healthy tissues but is specifically expressed
in response to injury (Chiquet-Ehrismann and Chiquet,
2003). Examination of TnC in the brain of twi mice and
from GLD postmortem tissue led to the discovery of
abnormally increased levels of TnC (Claycomb et al.,
2014). Furthermore, TnC is a key molecule for enhanc-
ing cytotoxic properties of globoid cells. For example, we
found that TnC, but not laminin, another important
ECM protein (Bandtlow and Zimmermann, 2000), facili-
tated the formation of globoid cells from primary cultures
of astrocytes and microglia exposed to psychosine (Clay-
comb et al., 2014). Under these conditions, globoid cells
plated on TnC express M1 major histocompatibility com-
plex class II (MHCII), whereas those plated on laminin
express M2 CD206 (Claycomb et al., 2014). In addition,
globoid cells stimulated with psychosine were much more
cytotoxic to oligodendrocytes when grown on TnC than
on laminin and produced much higher levels of TNF-a
(Claycomb et al., 2014). These data suggest that TnC can
regulate the globoid cell phenotype toward a more
inflammatory M1-like state. However, globoid cells still
do not fit with the classic M1/M2 phenotypes because
they express both M1 and M2 polarization markers and
are also multinucleated. These features, which are cur-
rently a focus of intense study, underlie our position that
an M3 classification may be warranted (Table I). For
example, when microglia are activated by psychosine and
also grown on TnC, they tend to polarize toward an
M3.1 state. This subclass of M3 denotes that they are
nontraditionally activated (i.e., via psychosine) yet bear

many similarities to the classic M1 phenotype. For exam-
ple, they are cytotoxic, release proinflammatory factors,
and even stain for markers such as CD16/32. Instead, glo-
boid cells grown on laminin polarize toward an M3.2
phenotype, in which they are activated via a nonpathogen
and noncytokine route and are similar to the classic M2
phenotype. The accumulation of TnC in GLD can con-
tribute to the white matter pathology by altering the glo-
boid cell phenotype toward the M3.1, inducing increased
inflammation and damage. ECM regulation of microglial
activation has also been investigated in rat brain after cry-
oinjury, showing M2 regulation of microglia by increased
levels of the ECM protein fibronectin (Kim et al., 2013).
Vitronectin has also been shown to play a role by activat-
ing microglia toward the M1 proinflammatory phenotype
(Welser-Alves et al., 2011). Understanding how these
phenotypes contribute to GLD pathology and how the
ECM may be playing a role might allow for therapeutic
targeting of these cells to prevent cytotoxicity and pro-
mote regeneration in GLD patients.

Are Globoid Cells a Developmental Microglial
Aberration?

Blood monocytes, when isolated from mice and
treated with psychosine, do not produce globoid cells,
whereas isolated microglia do (Ijichi et al., 2013). In addi-
tion, unlike monocytes, microglia are not derived from
the bone marrow but originate from HSCs in the yolk sac
during development (Ginhoux et al., 2013; Kierdorf
et al., 2013). GLD is considered a neurodevelopmental
disorder because many patients do not survive past 2 years
of age in the infantile type (Duffner et al., 2009b).
Because microglia are of a separate origin from macro-
phages, their development may be altered in GLD, which
could explain why they tend to be phenotypically M3.1.

The way in which microglial cells are differentiated
from the yolk sac, specifically the precise factors that
direct this differentiation that is believed to be regulated
at the tissue level, is still unknown (Prinz and Priller,
2014). Evidence has shown that microglia develop in an
IRF-8- and PU.1-dependent manner, and both transcrip-
tion factors are required for the development of microglia
(Rosenbauer and Tenen, 2007). Neither of these tran-
scription factors has been investigated in either twi mouse
or human GLD patients, but such investigation may be
worthwhile given that GLD is a developmental disorder.

In human fetuses, microglia-like cells have been
detected at 3 weeks of gestational age (Hutchins et al.,
1990); at 16 weeks, a major influx of microglia starts, and
they become widely distributed in the neural tube by 22
weeks (Verney et al., 2010). By 35 weeks, differentiated
microglia populations can be detected (Esiri et al., 1991).
During the critical window of development in which
microglia populate the developing GLD brain, the aber-
rant environment containing psychosine and marked ele-
vation in inflammatory factors may result in errors that
impact future phenotype and function of microglia over-
all. For example, IRF-8, a crucial regulator required for
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the differentiation of microglia during embryonic devel-
opment (Kierdorf et al., 2013), is also essential for trans-
forming microglia into the reactive phenotype (Masuda
et al., 2012). In GLD and twi mice, there may be a dysre-
gulation of this transcription factor leading to dysfunc-
tionally activated microglia, globoid cells. In addition,
TGF-b has also been proposed to play a major role in
microglial development, inducing a “functional molecular
signature” in developing microglia (Butovsky et al., 2014;
Gosselin et al., 2014). A dysfunction of TGF-b during
embryonic development may also lead to formation of
globoid cells. Because it is separate from macrophage
development, the process of microglial development is
still being understood and fleshed out; additional insight
may help further our understanding of the origin and pur-
pose of globoid cells in GLD.

THERAPEUTIC OPPORTUNITIES TO
TARGET MICROGLIA IN GLD

Current Therapies

All current treatments for GLD are designed to
administer functional GALC to reduce psychosine accu-
mulation to prevent oligodendrocyte cell death and neu-
rodegeneration. Studies using twi mice have shown that
intravenous or intraperitoneal administration of GALC
was unsuccessful because it never became incorporated
into the CNS (Kobayashi and Suzuki, 1982; Umezawa
et al., 1985). BMT was shown to increase GALC activity,
reduce psychosine accumulation, and lower the amount
of globoid cells and showed remyelination in twi mice
(Hoogerbrugge et al., 1988a). In addition, an enzyme
replacement therapy with an adeno-associated virus
(AAV) increased the life span of twi mice by 20–25 days
(Lattanzi et al., 2014; Rafi et al., 2015). It was also shown
that treating twi mice with an AAV2 genome construct,
expressing mouse GALC led to an extended and
symptom-free life span up to 8 months of age, with a
slower symptom progression (Rafi et al., 2012; Lin et al.,
2015). Combining HSCT and lentiviral gene transfer in
twi mice extended life span and preserved myelin in the
sciatic nerve (Galbiati et al., 2009; Hawkins-Salsbury
et al., 2015; Rafi et al., 2015).

The current standard of care therapy for GLD is
HSCT. HSCT appears to provide some level of GALC
correction via chimerism of bone marrow cells (Hooger-
brugge et al., 1988b). This therapy has been shown to
extend life span and improve cognition, gait, motor coor-
dination, and verbal learning when administered in the
presymptomatic period of disease (Krivit et al., 1998;
Escolar et al., 2005). Typically, the effectiveness of HSCT
after diagnosis is greater in patients with the late-onset
type than in patients with infantile GLD (Duffner et al.,
2012). HSCT is a possible therapeutic option for some
GLD patients, but a safer, long-term therapy is required.

Microglial Targeting

Accumulating evidence indicates a pathogenic
potential of globoid cells. Globoid cells may be aberrantly

formed cytotoxic microglia and, hence, a potential target
for therapy. Pharmacological regulation of TNF-a and
IL-1 in mutant microglia may be an interesting alternative
treatment. Pentoxifylline and dexamethasone are two
compounds that could serve this purpose (Chao et al.,
1992). Facilitating an anti-inflammatory M2 microglia
polarization may also be beneficial. Two selective sero-
tonin reuptake inhibitors, fluoxetine and S-citalopram,
downregulate M1 activation and upregulate M2 activa-
tion in mouse primary microglia (Su et al., 2015). Peroxi-
some proliferator activated receptor g (PPARg) agonists
such as rosiglitazone and pioglitazone also shift microglia
from an M1 phenotype toward an M2 anti-inflammatory
phenotype in a mouse model of Parkinson’s disease
(Pisanu et al., 2014). Treatments that promote M2 acti-
vated phenotypes also increase expression of molecules
such as IL-4, IL-13, and IL-10 and may also prove helpful
in reducing inflammatory factors that result in damage of
oligodendrocytes. Future studies exploring this new role
of microglia could yield important new opportunities to
address neuropathology in GLD and to identify com-
pounds that could be combined with current HSCT and
gene therapy approaches.

CONCLUSIONS

Evidence that globoid cells are found in the GLD fetus
before major demyelination and inflammation have had a
chance to occur underscores a key, new pathogenic role
for microglia in this disease (Ida et al., 1994). Increasing
evidence indicates that, in neurological diseases, microglia
and not macrophages can adopt unique profiles of activa-
tion markers and become multinucleated (Ijichi et al.,
2013). We have shown that isolated microglia treated
with psychosine and exposed to different ECM proteins
can develop different activated phenotypes with distinct
effects on oligodendrocyte toxicity (Claycomb et al.,
2014; Table I). We propose that activated microglia may
warrant their own category (M3) to reflect the distinct
differences microglial cells develop under neurological
conditions that may not be appropriately ascribed to
either the classical (M1) or the alternative (M2) activation
classes of macrophages. For example, based on our studies,
M3.1 psychosine-activated microglia are cytotoxic toward
oligodendrocytes when exposed to TnC, whereas M3.2
microglia are psychosine-activated but noncytotoxic to
oligodendrocytes when exposed to laminin, yet both pro-
duce elevated expression of TNF and express M1 and M2
markers (Claycomb et al., 2014). Differentiating microglia
from macrophages may help future studies define unique
aspects of microglial physiology, such as the development
of multinucleated microglia found in diseases such as
GLD, ALS (Fendrick et al., 2007), HIV encephalitis
(Budka, 1986), Alzheimer’s disease (Hornik et al., 2014),
other leukodystrophies (Elleder, 1984; Budka, 1986), and
other conditions. With respect to understanding GLD,
future characterization of the globoid cell phenotype may
advance our strategies for developing treatments for this
disease. Currently, only HSCT has been shown to be
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beneficial in treating this disease, but it is not always effec-
tive, and widespread availability is limited. Additional
study of the role of globoid cells in this disease may help
in discovering future targets to slow and treat the rapid
symptoms. For example, inhibiting M3.1 activation of
microglia may prove beneficial in preventing microglia
from becoming globoid cells. In broader terms, refocusing
the definitions of microglial activation may enhance our
understanding of these unique cells both in the develop-
ing nervous system and during disease.
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Review

Newborn Screening for Krabbe’s Disease

Joseph J. Orsini,1* Carlos A. Saavedra-Matiz,1

Michael H. Gelb,2 and Michele Caggana1

1Laboratory of Human Genetics, Wadsworth Center, New York State Department of Health, Albany,
New York
2Departments of Chemistry and Biochemistry, University of Washington, Seattle, Washington

Live newborn screening for Krabbe’s disease (KD) was
initiated in New York on August 7, 2006, and started in
Missouri in August, 2012. As of August 7, 2015, nearly 2.5
million infants had been screened, and 443 (0.018%)
infants had been referred for followup clinical evaluation;
only five infants had been determined to have KD. As of
August, 2015, the combined incidence of infantile KD in
New York and Missouri is �1 per 500,000; however,
patients who develop later-onset forms of KD may still
emerge. This Review provides an overview of the proc-
esses used to develop the screening and followup algo-
rithms. It also includes updated results from screening
and discussion of observations, lessons learned, and
suggested areas for improvement that will reduce referral
rates and the number of infants defined as at risk for
later-onset forms of KD. Although current treatment
options for infants with early-infantile Krabbe’s disease
are not curative, over time treatment options should
improve; in the meantime, it is essential to evaluate the
lessons learned and to ensure that screening is com-
pleted in the best possible manner until these improve-
ments can be realized. VC 2016 Wiley Periodicals, Inc.

Key words: GALC; galactocerebrosidase; tandem mass
spectrometry; lysosomal storage disorder

OVERVIEW OF KRABBE’S DISEASE

Newborn screening (NBS) for Krabbe’s disease
(KD) was initiated in New York, New York, on August
7, 2006 (Orsini et al., 2016). KD is both a leukodystrophy,
affecting white matter of the central and peripheral nerv-
ous systems, and a lysosomal storage disorder (LSD). The
disease is caused by a deficiency of galactosylceramidase
(GALC), and it primarily affects babies in their first year of
life, with approximately 80–90% of patients having the
severe infantile form of the disease (Duffner et. al., 2009a;
Wenger et al., 2013). Later-onset forms are thought to be
less common, making up approximately 10–20% of the
diagnosed cases; however, later-onset forms of disease may
be underdiagnosed (Orsini et al., 2016). The adult forms
of the disorder progress slowly; the oldest patient reported
to have been diagnosed was in her seventh decade of life

(Hedley-Whyte et al., 1998; Wenger et al., 2013). Al-
though rare, there are cases of KD with symptoms appear-
ing in early childhood, followed by rapid progression,
leading to death within a year of the first symptoms (Duff-
ner et al., 2012a). The most recent estimate of incidence
of KD in the United States is 1 in 250,000 births (Barczy-
kowski et al., 2012). Prior to NBS, incidence rates in the
United States were estimated to be 1 in 100,000 in indi-
viduals with northern European ancestry (Wenger et al.,
2013). Based on combined NBS results for New York and
Missouri, the incidence of the early-onset forms of KD
appears to be a much lower 1 in 500,000.

Infants with early-infantile KD (EIKD) appear
healthy at birth. However, pronounced irritability and
twitching may appear soon thereafter; vomiting, feeding
difficulties, and gastroesophageal reflux can also be pres-
ent, starting within the first few weeks of life (Wenger
et al., 2013). Often, at this point, parents will seek pri-
mary medical care, and, frequently, diagnosis is delayed
because symptoms are not pathognomonic and, thus,
often are not initially attributed to KD. As the disease
progresses and more serious symptoms appear, such as
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worsening feeding difficulties, extreme irritability, and
unexplained crying, the primary care physician will refer
the family to a specialist, which eventually leads to a diag-
nosis. Regrettably, after a diagnosis of KD is confirmed, it
may be too late for the currently available treatment,
hematopoietic stem cell transplantation (HSCT), to
reverse the neurologic damage caused by the disease
because this treatment must be performed prior to the
onset of clinical symptoms to be effective (Escolar et al.,
2005). Generally the untreated child will not live past 2
years of age. Without a family history, NBS offers the
only chance of identifying infants with KD prior to the
onset of symptoms and is the only hope for a life-saving
treatment for the affected infant. However, even in the
setting of NBS, infants with EIKD require immediate
referral to a transplant center for evaluation and treatment
for transplantation to be effective.

NBS FOR KD

In 2002, the Maternal and Child Health Bureau of the
Health Resources and Services Administration of the U.
S. Department of Health and Human Services commis-
sioned the American College of Medical Genetics
(ACMG) to conduct an analysis of the scientific literature
on the effectiveness of NBS. A major goal of this effort
was to develop a system to evaluate disorders and then
determine which would be best suited for NBS. The
ACMG accomplished this by convening a group of
experts from various areas of subspecialty and primary
care medicine, health policy, law, public health, and con-
sumers who worked with a steering committee and sev-
eral expert work groups. They developed a two-tiered
approach to assess and rank conditions. The first step was
to develop a set of principles to guide the analysis and cri-
teria by which conditions could be evaluated. The criteria
to assess each condition were 1) the availability and char-
acteristics of the screening test, 2) the availability and
complexity of diagnostic services, and 3) the availability
and efficacy of treatments related to the conditions.

The second step was to use the criteria to assess the
appropriateness of screening for a list of 84 conditions
with a scoring system. At the completion of the process,
29 primary disorders and 25 secondary disorders were rec-
ommended for screening, and the results were published
in 2006 (Watson et al., 2006). At that time, KD was not
recommended for screening because neither a screening

test nor a treatment was available. In the intervening
period between condition review and the publication of
the condition list, two articles were published. Li and
coworkers (2004a) described a tandem mass spectrometry
(MS/MS) method that could be used to screen for KD
and four other LSDs. Furthermore, a long-anticipated
report on the efficacy of cord blood transplant for the
treatment of EIKD was published (Escolar et al., 2005).
These works fulfilled two of the above-mentioned criteria
required to implement NBS for KD. In January, 2005,
then-New-York-Governor George Pataki announced in
his State of the State address that New York would initi-
ate NBS for KD in New York state, and on August 7,
2006, NBS began.

In 2008, the Newborn Screening Saves Lives Act
established the Secretary’s Advisory Committee on Herit-
able Diseases of Newborns and Children (SACHDNC) to
take over the work of condition review. This committee
comprises physicians, public health workers, and liaisons
from other areas related to child health. The committee
was charged with evidence review and making formal
recommendations on NBS and children’s health to the
Secretary of Health and Human Services. In 2008, the
Hunter’s Hope Foundation nominated KD for inclusion
in the recommended uniform screening panel (RUSP).
An external evidence review was initiated, and, following
discussion of the work group’s findings at a September,
2009, meeting, the SACHDNC voted not to recommend
KD for inclusion on the RUSP because of a lack of data
with respect to the case definition of EIKD, the establish-
ment of an appropriate screening algorithm, and the long-
term efficacy of treatment. (Kemper et al., 2010).

DEVELOPMENT OF NBS TESTS FOR KD

More than 10 years ago, a mass spectrometry-based assay
was developed to measure GALC activity with a 2-mm
punch of a dried blood spot (DBS) as the enzyme source
(Li et al., 2004a). The natural substrates for GALC are
galactosylceramides with long-chain fatty acids (typically
16 or 18 carbons) as part of the ceramide moiety. The
substrate used in the mass spectrometry assay is a close
synthetic analog, containing an eight-carbon fatty acyl
chain. The ceramide generated by the action of GALC
on this artificial substrate is not present in the biological
sample and allows for determination of enzyme activity.
One advantage of using a substrate that is close in struc-
ture to the natural substrate is that the use of highly artifi-
cial substrates sometimes leads to misdiagnosis (Wenger
et al., 2013; Ghomashchi et al., 2015). Early studies with
the mass spectrometry assay for GALC showed that test-
ing of DBS specimens readily distinguished patients with
KD from individuals without the disease (Li et al., 2004a).
At about the same time, it was shown that the GALC
assay could be combined with the assay of four other lyso-
somal enzymes to detect Pompe’s, Fabry’s, Niemann-
Pick-A/B, and Gaucher’s diseases with a multiplex assay
(Li et al., 2004b). For this first-generation mass spectrom-
etry assay, two sample preparation methods were

Abbreviations

DBS dried blood spots

EIKD early infantile Krabbe’s disease

GALC galactosylcerebrosidase

IMD inherited metabolic disease

KD Krabbe’s disease

LSD lysosomal storage disorder

NBS newborn screening

RUSP recommended uniform screening panel

SCC specialty care center

1064 Orsini et al.

Journal of Neuroscience Research



described. In the first method, each enzyme was incu-
bated with its individual substrate/internal standard pair in
a pH-optimized buffer solution with a separate 2-mm
DBS punch. In the second method, a single 2-mm DBS
punch was eluted into a common buffer, aliquots of the
solution were distributed to separate wells, and a cocktail
specific for each LSD was added to each well. After incu-
bation, all mixtures were combined for liquid–liquid
extraction with chloroform/water and solid-phase extrac-
tion through silica gel. The final mixture was infused into
the triple-quadrupole, tandem mass spectrometer by flow
injection for quantification of all enzymatic products and
internal standards. The activity was calculated from the
ratio of the enzymatic product to internal standard based
on the known amount of internal standard initially spiked
onto the DBS punch.

Investigators at Genzyme Corporation modified the
Li et al. multiplex assay by making it more appropriate for
NBS laboratories (by using a 3-mm punch, eliminating
use of chloroform, combining substrates/internal standard
pairs, and reducing solvent volumes). They also com-
pleted studies of enzyme stability in DBS (Zhang et al.,
2008). A modified version of this assay was used to initiate
screening for KD in New York on August 7, 2006, and
was in use until May, 2015, for statewide NBS (Orsini
et al., 2009). Initially, commercially available reagents
were used for the assay. Shortly thereafter, the reagents
developed by Gelb and coworkers were prepared by Gen-
zyme Corporation and made available to NBS laborato-
ries by the Centers for Disease Control and Prevention
(CDC). The CDC also made available DBS quality con-
trol samples (De Jesus et al., 2009).

A few years later it became desirable to simplify and
streamline the multiplex mass spectrometry assay because
multiple buffers and plates had been used to perform the
assay. This was first accomplished by combining all sub-
strate/internal standard pairs into a common buffer and
eliminating the requirement to extract the DBS and dis-
tribute aliquots to each individual substrate/internal stand-
ard pair. Screening for Pompe’s disease, Fabry’s disease,
and Hurler syndrome (MPS-I) was developed (Scott
et al., 2013). Orsini and coworkers extended this
approach (Orsini, et al., 2010). They used buffer and pH
conditions that were optimized for KD and used a single
DBS punch to screen for four enzymes causing Gaucher’s,
Fabry’s, Krabbe’s, and Pompe’s diseases, and a second
punch was used for Niemann-Pick-A/B. This so-called
4 1 1-plex assay still required liquid–liquid and solid-
phase extraction cleanup of the combined solutions after
incubation. After cleanup, a single solution could be
infused into the mass spectrometer to test all five enzymes.
In a second approach, the liquid–liquid and solid-phase
extraction steps were eliminated, the sample was
quenched with organic solvent, and, after centrifugation,
the soluble component was analyzed by ultrahigh-
performance liquid chromatography (UHPLC) combined
with MS/MS (Metz et al., 2011; Spacil et al., 2013).

After multiple discussions with key personnel from
several NBS laboratories in the United States, it became

clear that elimination of UHPLC and the solid-phase
extraction step with silica gel were desirable to minimize
instrumentation complexity and to simplify premass
spectrometry sample preparation. The latest screening
assay, developed in a collaboration between the Univer-
sity of Washington and PerkinElmer, tests for Gaucher’s,
Krabbe’s, Niemann-Pick-A/B, Pompe’s, and Fabry’s dis-
eases and MPS-I. The assay, UW/PE 6-plex, uses a single
3-mm DBS punch, which is incubated in a single-assay
cocktail with all substrates and internal standards. After
incubation and a liquid–liquid extraction, samples are ana-
lyzed by flow injection MS/MS. All internal standards are
chemically identical to the corresponding enzymatically
generated products but isotopically differentiated with
deuteration. In this way, all enzymatic products are quan-
tified via a chemically identical internal standard that
experiences the exact same fate as the products (losses to
downstream enzymes, adherence to surfaces, suppression
in the electrospray ionization source of the mass spec-
trometer, and others). The UW/PE 6-plex is currently
being piloted in the Washington State NBS laboratory,
with results for �50,000 DBS expected for publication in
early 2016. The new 6-plex will be commercially avail-
able outside of the United States in 2016, and submission
for FDA approval for use in the United States is in pro-
gress. New York is currently performing full population
screening for KD and Pompe’s disease using a subset of
these reagents.

NEW YORK PILOT SCREENING

Prior to live screening, New York developed and imple-
mented a high-volume assay to validate screening for KD
(Orsini et al., 2009). An important step in the validation
was testing samples from patients with KD. In total 16
DBS specimens from KD patients and 56 specimens from
obligate carriers were obtained via a sample collection
drive held at the Hunter’s Hope Family and Medical
Symposium in 2005. The samples from the KD patients
had percentage of daily mean activity values (%DMV)
ranging from 1.9% to 10.9% (the 10.9% value was an out-
lier among four measurements from the same positive
control; all other measurements were <6%). The carrier
cohort had %DMV values ranging from 6.4% to 60%. In
addition to these controls, a DBS was taken from the cord
blood of an infant diagnosed with KD in utero who, prior
to transplantation, had an average %DMV of 8.3%, which
was higher than values from all other patients. Based on
these results, assay cutoffs and a screening algorithm were
established. The screening algorithm called for testing all
infants for GALC activity and converting each sample
activity to %DMV. A fail-safe cutoff %DMV that required
retesting in duplicate all samples that were �20 %DMV
was set. After retesting, those samples with an average
%DMV� 10% (subsequently changed to 12%; see below)
were subjected to in-house second-tier DNA testing.
Second-tier DNA sequencing was implemented to reduce
the number of infants referred for followup diagnostic
testing because a large amount of nondisease-causing
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activity reducing polymorphisms has been reported for
the GALC gene. This testing consisted of Sanger
sequencing of all exons and all exon/intron boundaries of
the GALC gene; Gap-PCR analysis was used to detect
the common 30-kb and 7.4-kb deletions (del), and PCR-
fluorescent resonance energy transfer assay was used to
detect polymorphisms and mutations thought to be com-
mon at the time screening began. Initially, samples with a
%DMV of� 8% were referred without respect to the
molecular results. Samples with %DMV between 8.1%
and 10.0% and one or more disease-causing variants or a
variant of unknown significance (VOUS) were referred
for followup diagnostic testing and evaluation. Note that
streamlining of the molecular test allowed for elimination
of the immediate referral of infants with �8% activity.
Furthermore, five infants with �8% activity carried only
activity-reducing polymorphisms and were determined to
be at low risk (n 5 1) or not at risk (n 5 4) for KD after
the diagnostic testing laboratory measured GALC activ-
ities. Hence, low GALC activity by the screening assay
was not definitely indicative of a serious KD case.

DIAGNOSTIC TESTING, RISK ASSESSMENT,
AND FOLLOWUP RECOMMENDATIONS

Before live screening began, a group consisting of the
directors of the state’s eight Inherited Metabolic Disease
Specialty Care Centers (IMDSCCs), the scientists
involved in NBS at the Wadsworth Center in Albany,
and others met in New York City to discuss the immi-
nent start of the program. The pilot screening data and
testing algorithms were presented, and a plan for diagnos-
ing screen-positive patients was discussed. It soon became
clear that, although the NBS testing procedures and algo-
rithm had been well worked out, the clinical evaluation
and followup of screen-positive children required further
development. To meet this requirement, the Krabbe’s
Consortium of New York State (Consortium) was
formed. Child neurologists, neuroradiologists, transplant
physicians, neurodevelopmental pediatricians, and others
were added to the original group (Duffner et al., 2009b).
The Consortium was cognizant that screening would
identify infants with low diagnostic laboratory GALC
activity and variants in the GALC gene that did not war-
rant bone marrow transplantation. The Consortium
wanted to ensure absolutely that none of these infants was
subjected to an unnecessary HSCT, so all evaluation crite-
ria were set conservatively.

Under the leadership of Dr. Patricia Duffner, the
Consortium developed a risk assessment and evaluation
protocol and schedule. The risk assessment was based
solely on diagnostic laboratory GALC enzyme activities;
infants with activities� 0.15 nmol/hr/mg protein were
classified as at high risk for KD, infants with activities
0.16–0.29 nmol/hr/mg protein were classified as at mod-
erate risk, and infants with activities 0.3–0.5 nmol/hr/mg
protein were classified as at low risk. The low-risk cate-
gory was eliminated in 2012 after reassessment by the
Consortium (Wasserstein et al., 2016). A rating scale for

transplant urgency was created that combined results from
a series of neurodiagnostic tests, a physical examination,
and a genotype (presence/absence of the 30-kb del) with
the goal of differentiating newborns with infantile KD
from those that may develop later-onset forms of the dis-
ease (Duffner et al., 2009b). Referred infants were first
seen by IMDSCC directors as part of the diagnostic
workup, and blood was drawn from the referred infant,
which was sent to the lysosomal diseases testing laboratory
at Sidney Kimmel Medical College, Thomas Jefferson
University, where GALC enzyme activity was measured
in leukocytes.

The following describes the evaluation protocol. All
screen-positive infants found to have a diagnostic labora-
tory activity in any of the risk categories described above
were recommended to have a neurodiagnostic workup.
This included a physical examination and tests, such as
brain magnetic resonance imaging (MRI), cerebral spinal
fluid protein concentration determination, visual-evoked
response, and other neurodiagnostic tests. Each test had
an assigned point value, and all abnormal results were
added together. If the score was 4 or higher, then treat-
ment via hematopoietic transplant was recommended.
For infants with scores below 4, the Consortium recom-
mended that a followup evaluation be scheduled based on
the assigned risk, with more frequent and extensive fol-
lowup to be performed on infants in the high-risk cate-
gory (Duffner et al., 2009b). Infants that were
homozygous for the 30-kb del were assigned a baseline
score of 4 that increased based on the results of the other
tests.

LIVE SCREENING: NEW YORK (AUGUST,
2006, TO AUGUST, 2015)

Live NBS for KD was initiated in New York on August
7, 2006, after a declaration by then-Governor George
Pataki. Thorough reports on the first 8 years (August,
2006, to August, 2014) of screening (Orsini et al., 2016)
and outcomes have been published (Wasserstein et al.,
2016). As of August 7, 2015, the results and outcomes
have remained largely unchanged. Specimens (2,352,249)
from 2,203,360 infants have been screened with the New
York State KD algorithm. Within this time frame, more
than 99.9% of all specimens tested were screen negative.
A total of 712 infants had enzyme activities �12%; after
molecular testing, 393 infants screened positive (0.18/
1,000) and were referred for clinical evaluation. An addi-
tional 319 infants (41.3% of all sequenced samples) had
low activity and, after molecular analysis, had only
nondisease-causing polymorphisms in the GALC gene
and were considered screen negative. In the 9 years of
screening, 15 infants (one identified in July, 2015) were
classified as at high-risk for KD, and five were determined
to have EIKD. An additional 45 infants were determined
to be at moderate risk for KD. As of December 10, 2015,
none of the 55 high- or moderate-risk patients has devel-
oped findings of KD other than the five infantile cases.
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FULL POPULATION PILOT SCREENING:
MISSOURI (AUGUST, 2012, to JULY, 2015)

Missouri initiated mandated screening for KD in August,
2012. This screening was originally performed in New
York with New York methodology and continued for
nearly 3 years (through July 31, 2015). On August 1,
2015, after nearly 4 months of parallel testing with New
York, Missouri began performing its own screening with
a plate-based fluorescence assay. During the 3-year period
in which New York performed the screening, 266,629
samples from �230,700 infants were screened, and none
was determined to have KD based on results from fol-
lowup diagnostic testing and clinical evaluations (unpub-
lished data). The Missouri screen-positive rate was similar
to that observed in New York, with 54 infants referred
for followup diagnostic testing (screen-positive rate5
0.020% compared with 0.018% for the New York popu-
lation). An additional 53 infants (49.5% of all sequenced
samples) had only nondisease-causing polymorphisms in
the GALC gene. Missouri did not use the same confirma-
tory testing laboratory as New York, so the risk assess-
ment was different. As of December 16, 2015, all of the
screen-positive infants detected in Missouri screening
remain asymptomatic. Screening data from the Missouri
fluorescence assay have not been reported.

OVERALL SCREENING RESULTS

After 9 years of screening in New York and nearly 3 years
of screening in Missouri, more than 2.5 million infants
have been tested. Four hundred forty-three (0.018%)
infants have been referred for followup clinical evaluation,
and only five infants, two of whom were siblings, have
been determined to have KD, with an additional nine
infants categorized as at high risk (New York). The com-
bined incidence of infantile KD in New York and Mis-
souri to date is �1 per 500,000; patients who develop
later-onset forms of KD may still emerge.

GENOTYPE DATA

New York Population

Complete genotype data from New York’s 8-year
cohort revealed 117 GALC variants detected among the
348 infants in the referral population, as of August, 2014
(Orsini et al., 2016). The three most common disease-
causing variants that were detected include the 30-kb del
(48 infants), p.T96A (96 infants), and p.Y303C (39
infants). Both p.T96A and p.Y303C are associated with
late-onset disease and are considered mild mutations
(Wenger et al., 2013). Other mutations previously

reported for infantile and later-onset KD patients were
also detected. However, many of the sequence variants
detected in the referral population were novel VOUS.
Because of the GALC gene’s high allelic heterogeneity,
parental blood specimens are requested for phasing muta-
tions in the infant. The vast majority of our referrals have
been phased, so the gene haplotype of alleles (mutations
and/or polymorphisms segregating on each chromosome)
in the infant are known. It is known that many disease-
causing mutations are found in cis with known polymor-
phisms (Wenger et al., 2014). In the New York referral
population, this was also observed. Among 696 alleles,
only 40 (5.7%) alleles were found to contain a single
mutation (either known disease causing or a VOUS).

Missouri Population

In the 3-year period when New York performed
KD screening for Missouri, 54 infants were referred.
Among the 54 infants referred, 45 were apparent carriers.
Just as with the New York referral population, most of
these carriers (35/47) had nonpathogenic enzyme reduc-
ing polymorphisms on one allele (p.R168C and p.I546T),
and p.T96A was the most common suspected disease-
causing variant (20 alleles). The second most common
variant was the 30-kb del, which was detected in 16 of
the referred infants. The p.Y303C mutation was observed
in only one infant. None of the referred infants had two
severe disease-causing mutations.

Infantile KD Patient Genotypes

The genotypes of the five infants that were deter-
mined to have infantile KD are provided in Table I.
Three of the five were homozygous for 30-kb del. The
other two referred infants were compound heterozygous
for 30-kb del and one additional deleterious mutation.

Infants at High Risk to Develop KD

Table II shows the genotype data for the remaining
nine infants classified as at high risk for KD. All children
remain asymptomatic as of December, 2015. By the New
York risk-assessment test, all of the high-risk cases had
very low GALC enzymatic activity in lymphocytes
(�0.15 nmol/hr/mg). Not surprisingly, sequence analysis
showed that all of these infants have at least two GALC
mutations on opposite chromosomes. However, in four
of the cases (cases 6–9), only one allele has a severe muta-
tion; for case 6, the p.R380W variant is reported to be
severe, and for cases 7–9 the nonsense mutations are

TABLE I. Newborn Screening Results, Molecular Analysis, and Diagnostic Testing Results for Five Sujects With Infantile KD

Case No. Allele 1 Allele 2

1 30-kb del 1 p.R168C c. –335G>A 1 p.D945 1 p.I546T 1 p.*670Qext42

2 30-kb del 1 p.R168C 30-kb del 1 p.R168C

3 30-kb del 1 p.R168C 30-kb del 1 p.R168C

4 30-kb del 1 p.R168C c. –335G>A 1 p.G360Dfs*2#

5 30-kb del 1 p.R168C 30-kb del 1 p.R168C
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presumed to be severe because of the production of a
truncated protein. Case 10 was homozygous for p.L618S,
a variant reported in a late-infantile patient in trans with a
more severe mutation and in a 51-year-old male homozy-
gote (Xu et al., 2006). The remaining five cases all have
two mild variants. The variant p.Y303C (cases 8, 13, and
14) is a mutation that is thought to be disease causing
only when found in trans with a severe mutation (Wenger
et al., 2014). There have been no reported cases of
patients homozygous for p.Y303C. It is important to note
that some patients categorized in the high- and moderate-
risk categories have identical GALC genotypes. Three
possible reasons for this are that 1) there is a difference in
the quality of the whole-blood samples; 2) the lympho-
cyte GALC activity assay is not sufficiently accurate, thus
giving some sample-to-sample variation; and 3) factors
other than mutations in a single gene (GALC) could
modulate the activity of GALC in cell lysates. Because of
this, New York now recommends repeat GALC enzyme
testing for high- and moderate-risk patients at a subse-
quent visit to the specialist.

Infants at Moderate Risk for Developing KD

After 8 years of screening, 37 infants were placed in
the moderate-risk category; 32 had confirmatory GALC
activity between 0.16 and 0.29 nmol/hr/mg protein,
and five had GALC activity in the low-risk range but
were classified as moderate because they had two known
or potentially pathogenic mutations. Currently, no
moderate-risk children, who range in age from 13 months
to 9 years, are known to be symptomatic. The genotypes
of the moderate-risk cohort were previously reported
(Orsini et al., 2016). Fourteen moderate-risk infants have
one copy of the p.T96A variant. This variant is carried by
more than 25% of referred infants (96/348), representing,
by far, the most common potentially pathogenic variant
detected. It has been reported in two patients with adult-
onset KD (one with p.D171V on the other chromosome
[Luzi et al., 1996] and the other with p.P138R [Debs
et al., 2013]), although it is not known whether p.T96A
is in cis with p.I546T in this patient. Table III shows a
subset of the moderate-risk infants with one severe

TABLE II. Nine High-Risk/Asymptomatic Cases From New York Screening*

Case No. Allele 1 Allele 2

6 c.-335G>A 1 p.I546T 1 p.R380W‡ c.128_-123delATCAGC 1 p.L618S

7 p.A5P 1 p.D232N 1 p.Y303C p.I546T 1 p.D556fs*1‡

8 p.H375Qfs*3‡ 1 p.I546T c.-348C>T 1 p.A5P 1 p.D232N 1 p.Y303C

9 p.R63C§ 1 p.I546T p.R111*‡

10 c.-128_-123delATCAGC 1 p.L618S‡ p.L618S‡

11 p.M101V§ 1 c.1786 1 5C>G 1 p.A625T p.M309V§ 1 p.I546T

12 c.147G>C/p.G495 1 p.I546T p.K83E§ 1 p.I546T

13† p.A5P 1 p.D232N 1 p.Y303C p.A5P 1 p.D232N 1 p.Y303C

14 p.T452I§ p.A5P 1 p.D232N 1 p.Y303C

*The variants p.Y303C and p.L618S have been reported as mild (Wenger et al., 2013), although there is one report of a late-infantile case with

p.L618S (Xu et al., 2006), so we have conservatively assigned this as severe. c.147G>C/p.G49 5 is a splice site variant seen in a late-onset KD patient.

c.147G>C is a splice site variant detected in a late-onset patient with KD (De Gasperi et al., 1996). Unless indicated otherwise, all other variants are

nondisease-causing polymorphisms.
†Genotype of this case was also observed in multiple cases categorized as at moderate risk for KD (Orsini et al., 2016).
‡Variants reported as severe (p.R111*) or suspected of being severe (nonsense mutations).
§VOUS.

TABLE III. Newborn Screening Results, Molecular Analysis, and Diagnostic Testing Results for Eight Infants*

Case No. Allele 1 Allele 2

15 p.D445A# 1 p.L618S† p.L618S†

16 c.-335G>A 1 p.A247T†,‡ 1 p.I546T p.A5P 1 p.D232N 1 p.Y303C

17 p.A5P 1 p.D232N 1 p.Y303C p.I546T 1 p.D556fs*1#†

18 c.-511C>T 1 c.535-1G>A#† p.R53Q§ 1 p.I546T

19 c.-128_-123delATCAGC 1 p.L618S† c.-128_-123delATCAGC 1 p.L618S†

20 c.-128_-123delATCAGC 1 p.L618S† c.-128_-123delATCAGC 1 p.L618S†

21 p.M101V§ 1 p.A625T p.M101V§ 1 p.A625T

*Classified as being at moderate risk (activity 0.16–0.29 nmol/mg/hr) and having either one known severe and one mild mutation (15–17) or two

mutations observed in known later-onset patients (p.L618S) or variants of unknown. The variants p.Y303C and p.L618S have been reported as mild

(Wenger et al., 2013), although there is one report of a late-infantile case with p.L618S (Xu et al., 2006), so this variant may be moderately severe.

Unless indicated otherwise, all others variants are nondisease-causing polymorphisms.
†Variants reported as severe or suspected of being severe.
‡Variant reported in diagnosed patient with KD with no clinical description (Wenger et al., 2013).
§VOUS.
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(observed in patients who were symptomatic in early
childhood) and one late-onset mutation.

PSYCHOSINE TESTING

The main substrate for GALC is galactosylceramide, and
psychosine (galactosylsphingosine) is a secondary GALC
substrate that accumulates in patients with KD. The accu-
mulation of psychosine has been proposed to cause death
to the oligodendrocytes and Schwann cells, which are
responsible for maintaining myelination of the central and
peripheral nervous tissue, respectively (Haq et al., 2003).
With KD and other LSD screening, MS/MS is used to
measure enzymatic products formed from the reaction of
the enzymes present in the blood with exogenous artifi-
cial substrates. This approach is different from other MS/
MS applications in which the MS/MS is used to measure
elevated substrates in the blood, such as amino acids and
acylcarnitines. These substrates are elevated in newborns
with enzyme deficiencies associated with many other
inherited metabolic disorders. With the advent of highly
sensitive MS/MS, we had hypothesized that psychosine
may be elevated in DBS samples of newborns with KD.
Results from a small study showed this to be correct
(Chuang et al., 2013). The original DBS specimens from
the first four infantile KD cases identified through NBS
had very elevated psychosine concentrations, whereas the
psychosine levels of all of the asymptomatic high- and
moderate-risk infants were only slightly elevated com-
pared with DBS from infants with normal GALC activ-
ities. Turgeon and coworkers (2015) extended this work.
They obtained consent to test the original NBS DBS sam-
ples from KD patients born in states other than New
York. All of these DBS samples had elevated psychosine
concentrations, further supporting the use of psychosine
as a biomarker in ascertaining newborns most likely to
develop EIKD. Currently, data are insufficient to deter-
mine whether infants with late-infantile, juvenile, or
other late-onset forms of KD would be detected by using
psychosine as a biomarker. Prospective studies of asymp-
tomatic but at-risk late-onset patients are required to
determine whether psychosine can be used to predict dis-
ease onset.

PATIENT OUTCOMES

EIKD Patients

Fourteen infants were identified as at high risk for
KD based on GALC enzyme activity in lymphocytes. All
of these infants had followup neurodiagnostic evaluations,
and the details of the results have been published (Wasser-
stein et al., 2016). Abnormal results were scored and are
shown in Table IV, and infants who received scores of
�4 were considered candidates for transplantation.
Among the 14 high-risk infants, seven had scores of �4
or. Additional evaluation showed that five of these seven
infants had EIKD. Among theis group, three died, two
from HSCT-related complications and one from
untreated EIKD. Two EIKD children who received
HSCT have moderate to severe motor delays. Two other

infants had initial scores of 4 and 5 (cases 6 and 9,
Table II) and were considered candidates for HSCT. In
both cases, the myelination pattern on initial MRI was
interpreted as abnormal by two independent neuroradiol-
ogists. The two families refused HSCT but agreed to
have the infants undergo another evaluation and in both
cases, an MRI several weeks later showed improvements
in myelination, so they were no longer considered candi-
dates for HSCT.

Asymptomatic High- and Moderate-Risk Patients

Ideally, the recommended evaluation schedule
would have been followed for the at-risk infants. How-
ever, for a variety of reasons, compliance was poor, so a
more pragmatic approach for following these infants was
introduced (Duffner et al., 2012b). In this study, consent-
ing families of at-risk infants were interviewed by tele-
phone at infant ages of 4, 8, 12, 18, and 24 months.
Various tools were used to assess development, including
the ages and stages questionnaires, the clinical linguistic
and auditory milestone scale, the gross motor quotient,
and the Bayley scales of infant and toddler development
(Bayley III). Seventeen patients were enrolled, and scores
were within the normal range on all tests of developmen-
tal and functional status, with the exception of expressive
language. Only seven patients completed the Bayley III
assessments; all their scores were in the normal range. The
authors concluded that this telephone-based technique
allowed for close and less invasive monitoring of the
developmental and functional status of the at-risk chil-
dren, and compliance was improved compared with the
prior recommended formal neuropsychological testing.

OBSERVATIONS, LESSONS LEARNED
AND FURTHER STUDIES

Below is a summary of lessons learned and observations
from 9 years of NBS for KD, some of which have been
partially discussed in this Review and may be applicable
to other LSD screening.

Disease Positive Controls

During the pilot study prior to live screening, the
initial %DMV cutoff values for the screening algorithm
were established primarily from fresh DBS samples col-
lected from older KD patients. Early in the course of
NBS, we learned that DBS from presymptomatic KD
newborns have activities that are approximately two- to

TABLE IV. Scoring System for HSCT Referral*

Parameter Points

Abnormal neurologic examination 2

Abnormal MRI 2

Elevated CSF protein 2

Abnormal nerve conduction velocity 2

Abnormal brainstem auditory evoked response 1

30-kb homozygous deletiion 4

*Transplantation is considered for infants with scores �4.
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fourfold higher than DBS from older patients. The
increased activity most likely is explained by the differ-
ence in white cell counts of newborns compared with
those of older patients (Ebel et al., 2000). Hence, residual
DBS specimens from the original newborn screen should
be used as controls when evaluating LSD enzyme cutoffs.

Screening Laboratory Activities, Sample
Collection, Repeat Samples, and Diagnostic
Laboratory Activities

GALC in premature infants. Premature new-
borns have measured GALC activities that are approxi-
mately threefold higher than full-term infants (Orsini
et al., 2016). From this observation, it is possible for pre-
mature infants with KD to have activities above the cutoff
and, thus, not be detected. Although we have not identi-
fied any premature infants with KD, to avoid false-
negative results, we consider samples taken from prema-
ture infants as unsuitable. However, if the measured
GALC is below the cutoff, then the test is considered
screen positive, and second-tier molecular testing is per-
formed. A possible explanation for the higher measured
activities is that premature infants have lower hematocrits
than full-term infants (Ebel et al., 2000). Li and coworkers
(2004b) reported that GALC activity decreases with
increasing blood volume and attributed this to an inhibi-
tor effect. This effect was observed in New York screen-
ing (unpublished data). The markedly higher activities
observed in premature infants may be explained by the
lower hematocrit from the premature infants.

Sample collection. It is universally recom-
mended that NBS samples be taken via a heel stick (Han-
non et al., 2013). Sometimes, especially with premature
infants, it is essential to collect venous samples. As part of
this sampling method, the blood is often collected into a
tube and then pipetted or applied onto a filter paper blood
collection form. Our observation is that samples taken in
this way are less reliable for GALC testing because there is
high variability in results when punches are taken from
different areas of the same circle or other circles (unpub-
lished data). Although more work is required, we specu-
late that clotting or possibly the aggregation of white cells
in the plasma is the cause of this decreased precision.
Hence, if the blood is allowed to settle and the white cells
are allowed form a buffy coat between the plasma and the
red cells, the aggregated white cells may not fully homog-
enize with stirring; this may explain the variability in
GALC activities observed on such spotted specimens. If
venous sampling must be performed, it is important to
apply the collected blood to the filter paper as quickly as
possible, preferably via a butterfly valve, to minimize the
effects of clotting. Anticoagulants should not be used
because these can interfere with other NBS tests.

GALC activities measured in DBS. GALC
activities measured from newborn DBS show much more
variability than GALC activities measured from leuko-
cytes. Scatterplotting screen laboratory activities vs. diag-
nostic laboratory activities shows poor correlation

(unpublished data). However, when isolated leukocytes
(provided to screening laboratory from diagnostic labora-
tory) from infants who had screened positive were tested
with the MS/MS screening assay, the measured activities
showed a linear correlation with results from the radio-
metric assay. This indicates that variables present in the
DBS contribute to the lack of correlation in the screen
and diagnostic laboratory results (unpublished data). Varia-
bles include but are not limited to the hematocrit and
white cell counts (hence protein levels) at the time of col-
lection. In an effort to reduce false positives with the new-
born screen, we developed assays to estimate the
hematocrit and white cell counts of DBS specimens.
Hematocrit can be estimated by analysis of HPLC data
collected for hemoglobinopathy screening (Orsini et al.,
2010). We determined that the total area under the hemo-
globin peaks in ion chromatographs obtained for hemo-
globinopathy screening was proportional to the
hematocrit of the sample. If the estimate of hematocrit is
found to be very low or very high, then GALC activities
(and other marker concentrations) are affected, with
GALC activities being lower in infants with higher
hematocrits (unpublished results). More work is required
to determine whether the estimated hematocrits can be
used in decision making for samples near established cut-
offs. To estimate the white cell count on a DBS, Oli-
Green, a dye that fluoresces with increasing intensity that
is proportional to the amount of DNA in solution, was
used to estimate the DNA concentration of DNA extracts
obtained from the DBS. Because DNA is present at a con-
stant amount in white cells (�6.5 pg DNA/cell), the
number of white cells can then be calculated from the
measured DNA concentration. The white cell counts
measured with this approach compared favorably with
those obtained via flow cytometry. Hence, it would be
possible to normalize DBS GALC activities to the white
cell counts from this method. This may improve the cor-
relation of screen activities with values measured from leu-
kocytes at the diagnostic laboratories and reduce false
positives. More work is required to determine whether
this approach would be beneficial.

Requirement to repeat diagnostic enzyme
analysis. Diagnostic laboratories determine GALC activ-
ity on leukocytes, and the results are normalized to the
amount of white cell protein, so results are less dependent
on sample quality. However, even leukocyte-based enzyme
assays can vary depending on sample quality, handling, vari-
ability of the test, and other factors. Enzyme testing should
be repeated with infants determined to be at risk for KD
when the values are not consistent with those measured on
prior referred infants with the same genotype. We had four
high-risk infants who were recategorized to low or moder-
ate risk after repeating the leukocyte test.

IMPROVEMENT OPPORTUNITIES

Overview

New York was the first state to implement KD test-
ing, and it was imperative to begin conservatively. As a
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consequence, the positive predictive value of the assay
was low (high false-positive rate). Additionally, the
enzyme activity-based risk assessment was conservative;
this contributed to the high number of moderate- and
high-risk patients identified. Changes have recently been
implemented, newer changes have been proposed, and
areas in which more work is required to improve the
entire process of KD screening have been identified.
Much has been learned through the course of screening,
and several additional improvements are under considera-
tion. This past summer (July, 2015) at the Hunter’s Hope
medical symposium, an afternoon was dedicated to
reviewing all NBS for KD processes. However, more
work was required, so a second meeting was planned.
This second meeting was held in Buffalo, New York
(October 29–30, 2015). At this meeting, a new NBS for a
KD task force was sanctioned. This group has representa-
tives from states in which NBS for KD is currently per-
formed or will be performed in the near future; it also
includes experts in KD diagnosis, followup, and treat-
ment. The group’s mission is to continue to evaluate each
step of the screening process and to recommend improve-
ments. Some of the ideas below emerged from this discus-
sion, and others were already under consideration.

Multienzyme Testing

One major reason for the high New York referral
rate was that only the GALC enzyme activity was meas-
ured for most of the years of the screening (New York
recently added screening for Pompe’s disease in October,
2014). As discussed previously, GALC activity is depend-
ent primarily on the newborn leukocyte counts at the
time of sampling. When measuring only GALC, as was
the case in New York for the first 8 years of screening,
when the GALC value was below cutoff, the only option
was to move forward with DNA sequencing and refer
when mutations were detected. With multienzyme test-
ing, it is possible to detect samples with low leukocyte
counts based on the other measured enzyme activities.
New York and other states performing multi-LSD
enzyme testing have noted that multiple enzymes often
have low normal activity in DBS samples. In these cases,
it may be possible to consider the samples from infants
with multiple low-enzyme activities as screen negative.
This approach is being explored with postanalytical inter-
pretive tools based on multivariate pattern recognition
software developed at the Mayo Clinic (collaborative lab-
oratory interpretive reports [CLIR], https://clir.mayo.
edu; Marquardt et al., 2012; Hall et al., 2014; Mørkrid
et al., 2015). In New York, we plan to perform repeat
testing (on the in-house sample) of samples that test low
for GALC with a six-enzyme multiplex assay. If, after
testing, there are multiple enzymes with low activities,
this would indicate that the sample possibly has low white
cell counts or that there are other quality issues with the
sample. Then it would be reasonable to report normal
results for GALC based on computation of ratios to other
enzyme activity results. This change is expected to reduce

dramatically the number of samples that are referred to
second-tier molecular testing and also reduce the number
of infants referred for followup.

Psychosine Testing

From the two small psychosine studies described
above, all NBS specimens from patients with EIKD also
had elevated psychosine levels. Although the number of
NBS specimens tested from symptomatic EIKD patients
was small (n 5 10), all had very elevated psychosine levels
compared with normal controls. These data are very
promising. Implementation of psychosine testing as part
of followup diagnostic testing or the use of psychosine
testing as a second-tier test in NBS laboratories could dra-
matically benefit NBS for KD.

If psychosine testing were added as a supplemental
followup diagnostic test to be used when the diagnostic-
laboratory-measured activity is in an affected patients
range, infants most likely to have EIKD would be identi-
fied. This approach would not reduce the number of
infants referred; however, it could be used in states in
which in-house genotyping or psychosine testing is not
available to identify infants with EIKD. The benefits of
this approach are that genotyping would not be required.
Genotyping can be difficult for followup centers to com-
plete because of insurance issues. However, because not
much is known about the psychosine levels in DBS in
newborns that will eventually develop later-onset forms
KD, later-onset KD cases may be missed.

Another approach would be to perform second-tier
psychosine testing in conjunction with second-tier DNA
testing. The results of this combination would provide an
additional tool for risk assessment of referred newborns
and allow for the continued genotype data collection.

Finally, NBS programs could choose to add psycho-
sine testing as a second-tier test to be used in place of
second-tier DNA testing. With this approach, the number
of infants referred for followup diagnosis would likely be
significantly reduced. Thus far, all NBS DBS from infants
known to have EIKD have had elevated psychosine.
However, the number of infants who have been tested is
small, so it may be risky to implement this approach. One
possibility for reducing the risk of not detecting a true
EIKD newborn is to have an activity level cutoff whereby
very-low-activity infants would still be referred for fol-
lowup diagnostic testing without respect to the psycho-
sine test results.

In referring back to the outcomes data previously
discussed, it is worth noting that, for the two asymptom-
atic high-risk infants with initial abnormal MRI results
(that normalized in later testing), the NBS DBS psycho-
sine levels were normal (data not previously reported).
This further supports the value of psychosine testing for
infants expected to be at risk for KD. At the time of anal-
ysis, the use of psychosine as a marker was experimental,
so the results could not be considered in the evaluation. It
is also of interest to note that an NBS DBS specimen
obtained from a KD patient who presented with disease
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at approximately 2 years of age had psychosine levels in
the abnormal range. Additional prospective studies are
required to determine whether psychosine can be used to
identify other late-onset cases of KD.

Unfortunately, at this point, testing for psychosine
requires an MS/MS instrument that is more sensitive than
that typically available in NBS laboratories. Furthermore,
UHPLC is required for this MS/MS analysis. Thus, it is
unlikely that most NBS programs will be able to imple-
ment in-house psychosine testing in the near future. At
the moment, samples for psychosine analysis can be sent
to only a handful of laboratories in the United States.

Genotype Interpretation

As discussed earlier, there are several haplotypes that
have been observed repeatedly in the New York referral
cohort. The most common haplotype observed is
p.A5P 1 p.T96A 1 p.D232N (96/348), where p.T96A is
considered the disease-causing mutation. This haplotype
has been observed 47 times in trans with the p.R168C 1
p.I546T haplotype. A 2014 report indicated that a sympto-
matic KD patient had p.T96A in cis with the polymor-
phism p.I546T. A second patient with late-onset KD has
been reported with p.T96A and p.I546T (Debs et al.,
2013), although it is unknown whether the variants are in
cis or in trans for this patient. To date, none of the patients
in the New York referral population has had these two var-
iants on the same allele. We have referred two New York
and two Missouri infants with the p.A5P 1 ;p.T96A 1
p.D232N haplotype in trans with a 30-kb del allele; both
had activities in the moderate-risk range but higher GALC
activity than any known affected patients (0.29 and 0.27
nmol/hr/mg). We also identified eight infants who were
homozygous for the p.A5P 1 p.T96A 1 p.D232N ha-
plotypes; all had diagnostic laboratory activities that were
�0.3 nmol/hr/mg. These data support the notion that
p.A5P 1 p.T96A 1 p.D232N does not cause disease.
Hence, in November, 2015, the Consortium agreed to
stop referring infants with the p.A5P 1 p.T96A 1
p.D232N when in trans with either p.R168C 1 p.I546T
or p.I546T alone. Although it is possible to phase p.T96A
and p.I546T in an infant only if the parental DNA is col-
lected, the Consortium concluded that the risk of an infant
being affected with KD is very low when no other disease-
causing variants are detected and heterozygosity is observed
at the amino acid 546 position (Ile/Thr). Reassignment of
p.T96A carriers from referral status to polymorphisms
reduces the number of referrals only from 348 to 283 in
our 8-year cohort. We may be able to use this logic with
other common variants to reduce the number of referrals
further while still detecting high-risk infants. GALC expres-
sion studies showed that the p.A5P 1 p.T96A 1 p.D232N
allele had 34% residual activity compared with wild type,
which was reduced to 7% when in cis with p.I546T
(Saavedra-Matiz et al., 2016).

After 8 years of screening for New York and 3 years
of screening for Missouri, 402 infants had been referred;
among these, 313 were apparent carriers. Because of the

limitations of Sanger sequencing to detect large deletions
or duplications in the gene that could be disease causing,
the apparent carrier infants were referred. Molecular test-
ing to detect deletions and duplications could significantly
reduce the number of referrals if NBS programs could
release carriers as screen negative. Unfortunately, this test-
ing is currently time consuming and costly.

Risk Based on Genotype

In reviewing all of the referred infants who were
determined to be at any risk for KD, the five infants deter-
mined actually to have EIKD had two severe mutations,
and there were infants from the high- and moderate-risk
asymptomatic groups having one severe and one mild
mutation. If we assign p.L618S as a severe mutation, then
in this group there were five infants who had previously
been categorized at high risk and six infants who had pre-
viously been categorized at moderate risk (see Tables (II
and III)). It is of interest that these infants were in both the
high- and the moderate-risk groups, with some having
identical genotypes. It is unknown why two infants with
identical genotypes ended up in two different risk catego-
ries. One possibility is related to the quality of the sample
sent to the diagnostic laboratory. All other infants were
categorized at high risk, and most who were categorized
at moderate risk had two mild mutations in the GALC
gene. There are reports of patients with late-onset KD
having the mild p.T96A (when in cis with p.I546T) and
p.Y303C mutations but only when these are in trans with
a second severe mutation (Wenger et al., 2014). Although
it is possible that some late-onset KD cases with these var-
iants have been missed because of ambiguous clinical pre-
sentation, genotype data could be used in conjunction
with expression studies and enzyme and psychosine data
in redefining risks of screen-positive infants. If, for exam-
ple, we consider infants with one severe mutation and one
mild mutation to be the only truly at-risk infants, then the
number of at-risk patients would be reduced from 47 to
11. These are the types of analyses that will be evaluated
by the KD task force.

Diagnostic Enzyme Testing

Diagnostic laboratories performing LSD enzyme
testing use clinical information from the provider to iden-
tify disease in patients who are already symptomatic for a
suspected enzyme deficiency. A low activity consistent
with the symptoms in question is generally sufficient for
clinical diagnosis. Confirmation of the diagnosis is often
further supported after gene sequencing detects disease-
causing mutations. Other metabolites can also be used to
confirm the diagnosis. The age of onset of disease, sever-
ity of disease compared with that reported in the litera-
ture, and types of mutations detected may eventually help
with genotype/phenotype correlations. In NBS screening
for KD, we have children who are asymptomatic at birth
and remain asymptomatic yet have low enzyme activity
and two mutations in the GALC gene. All five infantile
cases detected by NBS had two severe mutations. In
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hindsight, these five diagnoses seem obvious. However,
prediction of phenotype becomes less clear for infants
with low enzyme activity and two mutations if one or
both are mild mutations.

Workers in the Gelb laboratory are testing the
hypothesis that the level of residual GALC activity re-
mains a critical determinant of the severity of KD. Cur-
rently, GALC enzymatic activity in lymphocytes isolated
from whole blood is measured with a radiometric assay
with tritiated galactosylceramide (Wenger et al., 1991).
The analytical range of this assay, that is, the ratio of the
assay response for the quality control high sample to assay
response resulting from all GALC-independent processes
(background noise, contributions from non-GALC
enzymes, and others) is modest (six- to eightfold) with
the radiometric assay. Workers in the Gelb laboratory are
currently developing a UHPLC-MS/MS assay of GALC
enzymatic activity with CD31 T cells isolated from
whole blood. The analytical range of this assay is �1,500,
or more than two orders of magnitude greater than for
the radiometric assay (unpublished data). Over the next
1–2 years, the new assay will be tested to see how well it
predicts the severity of KD for infants detected by NBS.
If successful, this second-tier method could better assess
risk and reduce family anxiety.

Diffusion Tensor Imaging

Standard MRI (conventional T2 weighted) was
used to evaluate most of the infants in the high-risk group
in New York. Interpreting MRI results from newborns is
complicated because the degree of myelination is quite
variable in this cohort. Gupta and coworkers (2014)
recently showed that diffusion tensor imaging (DTI) with
quantitative tractography is an effective tool for evaluating
infants with KD identified through NBS. However, this
technique has not been tested on asymptomatic, at-risk
patients identified by NBS. It is possible that DTI will
yield a more objective tool in evaluation of these patients
because analysis is more quantitative.

Revised Followup Protocol From
New Risk Assessment

New York was an early adopter of NBS for KD.
Because there was uncertainty in the prediction risk to
develop EIKD, extensive followup testing was recom-
mended (Duffner et al., 2009b). Extra caution was taken
to ensure that only presymptomatic, truly affected babies
were considered for transplant and that infants with a late-
infantile or juvenile form of KD were not missed. An
unintended consequence of these extensive followup rec-
ommendations was that there was low compliance in the
followup testing algorithm. Going forward, the frequency
and number of followup tests required should be depend-
ent on the newly revised risk assessment (yet to be deter-
mined), with only the highest-risk patients being
subjected to the extensive followup testing. More passive
followup (than was originally recommended) should be

considered for infants in whom late-onset KD is possible;
this is a topic under discussion by the KD task force.

The newly formed KD task force is currently work-
ing on a revised followup protocol that will take into
account the lessons learned from 8 1 years of NBS for
KD. One thing is abundantly clear; it is imperative that
this protocol describe the clinical pathway for a rapid
diagnosis of infants with EIKD. Parents of these infants
should immediately be made aware of the option of a
qualified transplant center because timely treatment is
required for the best outcomes.

SUMMARY AND CONCLUSIONS

After 9 years of screening in New York, 3 years of screen-
ing in Missouri, and nearly 2.5 million infants screened,
443 infants were referred for a diagnostic workup and five
of these infants had severe EIKD. The combined inci-
dence of KD in New York and Missouri (1 in �500,000)
is lower than predicted; prior to NBS, the anticipated
incidence was 1:100,000–1:200,000. The incidence will
be higher if any of the asymptomatic patients develop
late-onset KD. Four of the five EIKD infants received
HSCT, and two died from treatment complications.
These outcomes are worse than expected; published out-
comes are more favorable (Escolar et al., 2005), and anec-
dotal cases of highly successful transplanted patients are
known. In addition to the low incidence and poor out-
comes, 47 New York families have been told that their
child is at risk of developing KD. Advocates of NBS for
KD have direct or indirect experience in having known a
baby and family affected by KD; they know that KD is a
dreadful disease, and the only hope for life-saving treat-
ment is early detection through NBS. This is the reason
why screening was originally mandated in New York and
Missouri and is now in the planning stages in Illinois,
New Jersey, Pennsylvania, New Mexico, Kentucky, Ten-
nessee, and Ohio.

Even with all of the issues related to NBS for KD,
much has been learned in the past 9 years. The false-
positive rate after initial screening for the test is high,
largely because of variable leukocyte counts and hematoc-
rits of newborns. It should be possible to adjust activity
values for these two variables, which would reduce the
false-positive rate. Hematocrit can be readily estimated
from the hemoglobinopathy results, but estimating white
cell counts in DBS must be refined and simplified for it to
be implemented universally. White cell counts could be
estimated from the DNA extracts used for severe com-
bined immunodeficiency screening; until these efforts are
operationalized, samples with low white cell counts can
be more readily detected when other LSD enzyme activ-
ities are multiplexed with GALC activity. This approach
is currently under study with the CLIR software devel-
oped at the Mayo Clinic, and it is expected to reduce the
false-positive rate for KD and other LSDs significantly.
For those infants who remain screen positive, the geno-
type/phenotype knowledge gained from NBS second-tier
molecular testing, GALC haplotype residual activity from
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expression studies, and psychosine testing should allow for
the rapid identification of EIKD patients and identify
infants only truly at risk for later-onset forms of KD.
Unfortunately, at this time, it is not possible to determine
whether or when these at-risk infants will become symp-
tomatic and require treatment, so additional work is
required. Currently, DTI magnetic resonance offers a
more quantitative approach to monitoring this cohort of
patients. Use of this technology to identify infants most at
risk occurred because of NBS. Finally, we are working to
develop more sensitive assays of GALC activity in white
blood cells to help stratify the highest-risk screen-positive
individuals.

Most discouraging is that we have learned that the
outcomes in treating the EIKD cases detected through
NBS is thus far poor and is arguably worse than was
expected based on prior outcomes, although the number
of cases is small. Below are three possible explanations for
the poor treatment outcomes. First, thus far, only very
severe KD cases have been detected, which would nega-
tively affect outcomes. Second, for most of the EIKD
infants, there were delays in treatment related to socioe-
conomic and cultural factors. Third, not all transplants
occurred or can easily occur at experienced treatment
centers. All of these are practical problems associated with
providing treatment for a very rare disorder. Although we
have learned more from screening, other researchers and
transplant physicians continue to work on methods to
improve the treatment. Experimental combination thera-
pies in the murine model of KD that have demonstrated
the potential to advance KD treatment further by synerg-
istically increasing life span of treated mice are under eval-
uation (Li and Sands, 2014; Rafi et al., 2015; Ungari
et al., 2015). Over time, treatment options should
improve; in the meantime, it is essential to evaluate the
lessons learned and ensure that screening is completed in
the best possible manner until these improvements can be
realized.
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Newborn screening (NBS) for Krabbe’s disease (KD) has
been instituted in several states, and New York State
has had the longest experience. After an initial screening
of dried blood spots, samples from individuals with gal-
actocerebrosidase (GALC) values below a given cutoff
level were subjected to additional testing, including
sequencing of the GALC gene. This resulted in the iden-
tification of mutations that had previously been found in
confirmed KD patients and of variants that had never
previously been reported. Some individuals had variants
considered to be polymorphisms, alone or on the same
allele as another mutation. To help with counseling of
families on the risk for a newborn to develop KD, expres-
sion studies were conducted with these variants identi-
fied by NBS. GALC activity was measured in COS1 cells
for 140 constructs and compared with mutations that
had previously been seen in confirmed cases of KD.
When a polymorphism was present on the same allele
as the variant, expressed activity was measured with
and without the polymorphism. In some cases the pres-
ence of the polymorphism greatly lowered the measured
GALC activity, possibly making it disease causing.
Although it is not possible to predict conclusively wheth-
er a variant is severe and will result in infantile KD if two
such variants are present or whether a variant is mild
and will result in late-onset disease, some variants clear-
ly are not disease causing. This is the largest expression
study of GALC variants/mutations found in NBS and

confirmed KD cases. This work will be helpful for coun-
seling families of screen-positive newborns found to
have low GALC activity. VC 2016 Wiley Periodicals, Inc.

Key words: galactocerebrosidase; GALC; globoid cell
leukodystrophy; lysosomal storage disorder; mutation
expression; newborn screening

Krabbe’s disease (KD), or globoid leukodystrophy, is an
autosomal recessive disorder caused by a deficiency of gal-
actocerebrosidase (GALC) activity (Suzuki and Suzuki,
1970). GALC activity is required for the lysosomal hydro-
lysis of certain galactolipids, including galactosylceramide
(galactocerebroside), psychosine, monogalactosyl diglyc-
eride, and under certain conditions lactosylceramide (for
review see Wenger et al., 2013). The deficiency of this
enzyme results in defects in the production of healthy,
stable myelin, leading to a variety of clinical and
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pathological features, depending on the onset of disease
and time course. Although many patients have disease
onset before 6 months of age (infantile form), other
patients present later, from the late-infantile period to
adulthood (Wenger et al., 2013). Although it can be sur-
mised that patients who have a later onset have a small
amount of residual GALC activity, it is difficult to mea-
sure this accurately in the tissue samples available. It has
been proposed that onset of clinical features in later-onset
patients is precipitated by some environmental event,
such as infection or trauma to the head (Wenger, 2011;
Debs et al., 2013). Most individuals who present with
some clinical features undergo laboratory testing to arrive
at a diagnosis, but by this time the disease would have
started to progress, so treatment options would be limited.
To obtain a diagnosis before any clinical features appear,
newborn screening (NBS) for KD has been instituted in
several states (Duffner et al., 2009; Orsini et al., 2016).
New York State has screened over 2 million newborns
since 2006; other states have only recently started screen-
ing. Testing involves the use of dried blood spots for ini-
tial screening, followed by molecular analysis and
conventional testing for GALC activity for those who
have GALC activity below a given cutoff level. NBS has
identified some individuals who clearly would have an
infantile-onset disease as well as some who may present
when older, as determined by the presence of mutations
previously found in patients with later onset. Some indi-
viduals who show low GALC activity in dried blood spot
testing may have activity-lowering polymorphisms alone
or together with one copy of a disease-causing mutation;
these individuals will not have KD at any age.

After the cloning of the GALC cDNA and gene,
molecular testing of confirmed patients with KD could be
instituted (Chen et al., 1993, Luzi et al., 1995). In addi-
tion to the more than 147 mutations that have been iden-
tified in patients of all ages, other nucleotide changes
considered polymorphisms have also been identified
(Wenger et al., 2013). Some mutations found in patients
can be considered mild, and others can be considered
severe because of the clinical presentation in multiple
patients. Sometimes what are considered disease-causing
mutations occur in cis with mutations that are considered
polymorphisms. In fact, the presence of a polymorphism
in cis with another mutation may render the allele patho-
genic (Wenger et al., 2014). Identification of mutations in
patients began soon after the cloning of the GALC gene.
These mutations were introduced into the normal GALC
cDNA, and the resulting plasmids were usually placed in
COS cells for expression studies. This was done to con-
firm the deleterious nature of a mutation. At times, a
mutation in question was expressed with and without a
known polymorphism that was present in that allele of
the patient. This resulted in interesting and important
findings. After the institution of NBS in New York,
which includes molecular analysis of specimens with low
GALC activity, additional mutations that had not previ-
ously been found in confirmed cases of KD have been
identified (Orsini et al., 2016). It is critical to the future

management of these individuals that attempts be made to
determine whether such variants, when expressed, give
very low or significant GALC activity. In an attempt to
answer this question, many mutations found in known
patients as well as novel variants identified in NBS were
expressed in COS1 cells. When possible, expression of
mutations was measured with and without the polymor-
phism(s) present on the allele, which was determined by
parental testing for phasing. Variants that were expected
to be disease causing because they yielded very low
GALC activity after laboratory testing, such as small dele-
tions and insertions resulting in a frame shift, large dele-
tions, and premature stop codons, were tested as well.

MATERIALS AND METHODS

Normal and Mutant GALC cDNA Cloning

The New York State Department of Health NBS labora-
tory received the normal GALC cDNA clone from the lyso-
somal diseases testing laboratory at the Thomas Jefferson
University, Philadelphia. The GALC clone is on the eukaryotic
expression vector pcDNA3 (Invitrogen, Carlsbad, CA), pre-
pared as described elsewhere (Luzi et al., 1996), and was
sequence verified to be normal with only the sequence after the
initiation codon changed to provide the Kozak sequence
(RCCATGG; Chen et al., 1993). It should also be noted that
the numbering system of the GALC cDNA and protein used in
this article is the original one reported (Chen et al., 1993;
Wenger et al., 2013).

Site-Directed Mutagenesis

The Agilent Technologies (Santa Clara, CA; formally
Stratagene) QuikChange II site-directed mutagenesis kit was
used to insert mutational and polymorphic changes to the
GALC gene clone, according to the manufacturer’s instruc-

tions. Briefly, the reaction consisted of 1.25 ll 10 3 buffer,

0.25 ll PFU-Taq polymerase, 0.25 ll dNTP, 0.325 ll F-

primer, 0.325 ll R-primer, and 9.1 ll molecular-grade H2O for
a total volume of 11.5 ll. One microliter of GALC gene clone

plasmid (100 ng) was added to the reaction as the template.

Mutagenesis program parameters were, step 1, 95 8C for 30 sec;

step 2, 95 8C for 30 sec; step 3, 54 8C!64 8C gradient for

1 min; step 4, 68 8C for 10 min, cycling back to step 2 for 14

more cycles; step 5, 25 8C for 10 min. The mutagenesis reac-

tions were performed on a Veriti 96-well Thermal Cycler (Life

Technologies, Grand Island, NY). Afterward, 6 ll of the muta-

genesis reactions was electrophoresed on a 1% agarose gel to

check for adequate amplification prior to transformation. The

best reactions were then digested to remove any normal

sequence template with 1 ll Dpn1 and incubated at 37 8C for

60 min. One microliter was then used for transformation into

competent Escherichia coli cells.

Transformation

XL1-Blue supercompetent cells from the QuikChange II
kit were transformed with the mutant clones. The transforma-
tions were performed according to the protocol provided with

Expression Studies of GALC Mutations 1077

Journal of Neuroscience Research



the QuikChange II kit. Individual colonies were cultured in
lysogeny broth media plus 100 mg ampicillin for selection and
allowed to grow for 24 hr. Cultures were then centrifuged at
1,500 rpm for 15 min. The Omega Bio-Tek (Norcross, GA)
Plasmid Mini Kit I was used to isolate the mutated GALC clone
plasmids.

Sequencing

The concentration of each clone was determined with a
Thermo Scientific (Wilmington, DE) NanoDrop 1000 spec-
trometer. Each clone was diluted to a concentration of 100 ng/
ll. All clones were Sanger sequenced (primers available on
request) on a 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA) to ensure that only the correct, expected sequence
was present. Clones were numbered and stored at –20 8C until
used for expression studies. Expression studies were conducted
by the lysosomal diseases testing laboratory at Thomas Jefferson
University.

Transfection and GALC Activity Determination

COS1 cells were seeded in six-well plates on the day
before the transfection. Cells at approximately 50% confluence
were transfected with Attractene transfection reagent (Qiagen,
Germantown, MD). Briefly, the transfection complex mix was
prepared for each well by mixing 12 mg plasmid DNA in a final
volume of 100 ml in DMEM with 4.5 ml Attractene reagent.
The complex was mixed by vortexing, centrifuged in a micro-
fuge for a few seconds, and incubated at room temperature for
15 min to allow for complex formation. In the meantime, 2 ml
fresh complete medium (DMEM 1 10% fetal bovine serum and
antibiotics) was added to each well. The transfection complexes
were then added dropwise onto the cells while swirling the
plate to ensure uniform distribution of the complexes. The cells
were then incubated for 72 hr under normal growing condi-
tions (37 8C and 5% CO2).

After 72 hr, the cells were harvested, washed with
phosphate-buffered saline, resuspended in 200 ml water, and
sonicated with a probe-type sonicator tip, and the protein con-
centration was determined (Lowry et al., 1951). GALC activity
was measured with [3H]galactosylceramide substrate, as previ-
ously described by Wenger and Williams (1991).

All clones containing mutations in the GALC gene were
transfected at least in duplicate with the exception of the clones
containing deletions and insertions, which were transfected
only once. Untransfected COS1 cells (mock) had an average
GALC activity of 1.0 nmol/hr/mg protein (range 0.8–1.3
nmol/hr/mg protein in 14 transfection studies). The average
activity in the cells transfected with the GALC clone containing
no mutations (WT) was 24.5 nmol/hr/mg protein, with a
range of 18.0–29.9 nmol/hr/mg protein from 19 separate
transfections.

RESULTS

All mutations were introduced independently into
pcDNA3 containing WT GALC. Haplotypes were built
by consecutive introduction of known and/or NBS-
identified variants in cis. GALC mutations that are
expected to have little to no GALC activity (deletions,

insertions, nonsense mutations) are shown in Figure 1.
GALC activities in the cells transfected with the muta-
tions of interest were compared with COS1 cells trans-
fected with a plasmid containing normal sequence (WT)
and with untransfected COS1 cells (mock). Just as pre-
dicted, none of these mutations resulted in GALC activi-
ties above the untransfected COS1 cells. Asterisks in
Figure 1 indicate mutations that have also been expressed
in cis with p.I546T, a polymorphism known to reduce
the measured GALC activity partially. In these constructs,
the presence of the polymorphism did not further reduce
the low activity measured (not shown).

Figure 2A,B shows expression of mutations and haplo-
types identified in patients with a diagnosis of KD. The red
bars indicate the activities of the haplotypes found in the
patients. The letter M or S above a bar indicates mild or
severe, respectively. This distinction is noted in cases in
which the genotype has been identified in patients with a
phenotype of infantile (severe) or later-onset (mild) forms of
KD (Wenger et al., 2013). No letter above a column indi-
cates the severity of the mutation cannot be predicted. It is
of note that both Figure 2A and Figure 2B show that
enzyme activity is reduced in constructs in which one or
more polymorphisms are in cis with a mutation. This
“haplotype effect” is well demonstrated on the p.G41S 1
p.I546T, p.A44T 1 p.R168C 1 p.I546T, p.R63H 1
p.I546T, and p.D171V 1 p.R168C 1 p.I546T alleles (Fig.
2A) and on the p.M309V 1 p.I546T, p.Y319C 1 p.I546T,
p.Y474N 1 p.I546T, p.R515C 1 p.I546T, p.L618S 1
p.I546T, and p.V665M 1 p.I546T alleles (Fig. 2B).

Figure 3A,B shows GALC activities of variants and
haplotypes identified by NBS for KD in New York State.
Red columns indicate actual haplotypes. Some were
found in only one individual, and others were found in
more than one. The haplotype effect is also remarkable
for these alleles, e.g., p.R53Q 1 p.I546T, p.E60K 1
p.I546T, p.R63C 1 p.I546T, and p.P73L 1 p.I546T
(Fig. 3A) and p.L634P 1 p.I546T (Fig. 3B). Although the
presence of polymorphisms in cis often further decreases
the measured GALC activity when present with most var-
iants, the presence of some polymorphisms may have no
effect on the measured activity (e.g., p.G399R; Fig. 3B)
or in fact may raise the measured activity (e.g., p.M101V;
Fig. 3A). Finally, it is obvious from the measured activi-
ties that some variants identified by NBS would not be
disease causing whether a polymorphism was present or
not (e.g., p.N151S 1 p.I546T, p.V320M 1 p.I546T, and
p.T452S 1 p.A5P 1 p.G9G 1 p.D232N; Fig. 3B).

Two variants, p.Y303C and p.T96A, have been
found in relatively high frequency in New York State
NBS. They have also been found in patients with late-
onset KD only when they occur in trans with certain sec-
ond severe mutations (Wenger et al., 2013, 2014). Also,
p.T96A has been identified in the heterozygous state in
only two adult-onset KD patients. One patient has four
additional polymorphisms in cis with p.T96A (Luzi et al.,
1996), and the other is in a 1637T>C (p.I546T) poly-
morphic background (Debs et al., 2013). The effects of
polymorphisms on the measured GALC activity on

1078 Saavedra-Matiz et al.

Journal of Neuroscience Research



p.T96A and p.Y303C are shown in Figure 4. It is inter-
esting to note that both p.T96A and p.Y303C are always
found with three other polymorphisms, p.A5P, p.G9G,
and p.D232N. However, the one confirmed late-onset
patient with p.T96A also has p.I546T on the same allele.
In over 2 million NBS samples, p.T96A has never been
found in cis with p.I546T. It is interesting to note that
the severe mutations p.R53X and p.R204X (Fig. 1) were
identified by NBS as compound heterozygotes with
p.T96A, but p.I546T was not present. In confirmatory
testing of these individuals, the GALC activity was in the
no- to moderate-risk range. In NBS, the c.1664insC
(p.D556X) mutation (Fig. 1) was in trans with the
p.Y303C haplotype (Fig. 4), and confirmatory testing
showed GALC activity in the high-risk category. We pre-
dict that this individual will not have infantile KD but
may develop a later-onset form.

DISCUSSION

New York State instituted NBS for KD in 2006 (Duffner
et al., 2009; Orsini et al., 2016). As of August, 2015,
more than 2.2 million infants had been tested, 712 had
been subjected to molecular analysis, and 393 had been
referred for confirmatory analysis. Since the cloning of
the GALC cDNA (Chen et al., 1993), about 150 muta-
tions and several polymorphisms (normal allelic variants
that do not result in disease when homozygous or in trans
with a disease-causing mutation) have been identified.

Newborns with a GALC value identified by NBS below
an established cutoff level were subjected to additional
testing, including sequencing of the GALC gene (Duffner
et al., 2009). Sequence analysis identified mutations that
had previously been reported in KD patients as well as
novel variants that had not previously been detected in
KD patients. Because of the multiple variants identified in
some infants, it became evident that GALC molecular
phasing was required to identify which variants (known,
novel, or polymorphic) were on the same, in cis, or on
the opposite, in trans, chromosome to facilitate clinical
evaluation, correlation with confirmatory enzyme activi-
ty, followup, and genetic counseling. This is essential
when novel variants or variants of unknown significance
(VOUS) on particular genetic backgrounds are being
interpreted. Another level of complexity was added by
the high frequency of three well-known GALC polymor-
phisms (p.R168C, p.D232N, and p.I546T) found in
patient and newborn populations. Among the referred
population (detected by NBS), the carrier/allele frequen-
cies were 0.589/0.359 (p.R168C), 0.420/0.246
(p.D232N), and 0.874/0.579 (p.I546T; Orsini et al.,
2016). To the best of our knowledge, New York State
has the largest available NBS database on known and nov-
el (VOUS) GALC gene variants and their chromosomal
haplotypes.

GALC expression studies have previously been per-
formed (Luzi et al., 1996; De Gaspieri et al., 1996), in

Fig. 1. Expression of small deletions, insertions, and nonsense mutations in COS1 cells. Transfec-
tions and assays were performed as described in Materials and Methods. Mutations tested are indicat-
ed below each bar and include WT and untransfected cells (mock). Asterisks indicate mutations
found in cis with p.I546T. Expression levels with or without this polymorphism were the same (not
shown).

Expression Studies of GALC Mutations 1079

Journal of Neuroscience Research



some cases with limited haplotype information. Mutations
ideally should be studied in the same allelic background
present in each individual. In an attempt to predict which
of the variants identified by NBS might be disease

causing, GALC expression studies have been conducted
for individual mutations and their haplotypes.

To evaluate the capability of the method for identi-
fying disease-causing mutations, expression studies of

Fig. 2. A,B: Expression of mutations and haplotypes found in patients
confirmed to have KD. Transfections and assays were performed as
described in Materials and Methods. Mutations tested are indicated
below each bar and include WT and untransfected cells (mock). Red
bars indicate the haplotype as found in patients, and gray bars indicate

the mutation either alone or with other polymorphisms. The letter M
or S above a bar indicates a mutation that is predicted to be mild or
severe, respectively. Neither M nor S above a bar indicates that the
mutation severity could not be predicted. All clones were transfected
at least in duplicate. Mean and SD.
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Fig. 3. A,B: Expression of mutations and haplotypes found in newborn screening. Transfections and
assays were performed as described in Materials and Methods. Mutations tested are indicated below
each bar and include WT and untransfected cells (mock). Red bars indicate the haplotype as found
in referred individuals, and gray bars indicate the mutation either alone or with other polymor-
phisms. All clones were transfected at least in duplicate. Mean and SD.
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known and recently identified obviously deleterious
mutations (nonsense, insertion, and deletion mutations)
were performed (Fig. 1). All of these variants showed no
residual GALC enzyme activity above that of untrans-
fected COS1 cells, not only validating this method but
confirming their classification as severe, disease-causing
mutations (Wenger et al., 2013). Infants placed in the
high-risk category for KD were compound heterozygotes
of mutations such as p.R111X and c.1125delTTinsGAA
(p.H375Qfs*3), e.g., in the Orsini et al. (2016) study,
case No. 8 (p.H375Qfs*3 1 p.I546T//c.-348C>T 1
p.A5P 1 p.D232N 1 p.Y303C) and case No. 13
(p.R63C 1 p.I546T//p.R111*). However, p.R204X
was identified by NBS in several infants who had poly-
morphisms only on the second allele and were classified
in the low- or no-risk category. Expression data shown in
Figure 1 strongly correlate with the high-risk category.

Several missense mutations identified in patients
with KD have been classified as severe or mild, depending
on the individual patient’s age at diagnosis (infantile or
later onset; Wenger et al., 2013). In many cases the
expression data presented here (Fig. 2A,B) strongly corre-
late with the previous classifications. Mutations such as
p.T93A, p.G95S, p.A209E, p.I234T, p.S257F, p.E258Q,
p.N279I, p.D528N, and p.A563E had enzyme activity
values equivalent to the mock transfections and have been
associated with the infantile form of KD when a second
severe allele is present (Wenger et al., 2013). Three muta-
tions, p.T93A and p.E258Q (Fig. 2A) and p.E182K
(Fig. 3A), were also chosen for this expression study
because they are located at conserved residues of the
mouse and human GALC active site (Deane et al., 2011).

As predicted, all three showed activity values equivalent
to those with the mock transfections. E182 and E258 are
the proposed catalytic (proton donor and nucleophile,
respectively) residues of the active site, and T93 confers
substrate specificity. The p.T93A and p.E258Q mutations
are considered severe alleles (Wenger et al., 2013).
Expression studies of mutations classified as mild have
tended to show some residual activity compared with
those classified as severe, although the residual activity
was much lower than in WT.

It is important to note that, for some mutations to
be associated with any form of KD (e.g., p.G41S,
p.A44T, p.R63H, p.G268S, p.M309V, p.R515C,
p.L618S, and p.V665M), other variants must be present
in cis (the haplotype effect). All these mutations are classi-
fied as mild when they are in cis with p.I546T (Fig.
2A,B). It is worth noting that there likely are exceptions
to the work presented here. For example, p.W410G (Fig.
2B) has been reported in a compound heterozygous
infantile Japanese patient with KD (Fu et al., 1999); how-
ever, we detected some GALC residual activity (Fig. 2B).
Because the presence of polymorphisms is not mentioned
in the Fu et al. article, we can only speculate that
p.W410G may have another polymorphism in cis that
reduced the GALC activity.

Most individuals who were found to have a VOUS
identified by NBS had polymorphisms on the second
allele and were classified under the no-risk category after
confirmatory testing. However, when a VOUS showed
very low GALC activity in expression studies (Fig. 3A,B)
and another mutation was detected on the other chromo-
some, the confirmatory enzyme activity usually fell in the
moderate- to high-risk category. Compound heterozy-
gotes categorized as high risk (Orsini et al., 2016) include
alleles p.R63C 1 p.I546T, p.K83E 1 p.I546T, and
p.M101V 1 c.1786 1 5C>G 1 p.A625T. Sequence anal-
ysis of individuals with low GALC activity detected by
NBS identified several variants that have significant resid-
ual GALC activity in expression studies, even in the pres-
ence of polymorphisms (e.g., p.R53Q, p.N151S,
p.V320M, p.T452S, and p.A596V; Fig. 3A,B). For exam-
ple, a baby homozygous for the p.V320M 1 p.I546T hap-
lotype was placed in the no-risk category after
confirmatory testing. We speculate that these variants are
not disease causing when found either in the homozygous
state or in trans with another variant. The placing of a
newborn in the high-risk category by confirmatory test-
ing does not automatically mean that he or she will devel-
op KD at any age.

Two variants, p.T96A and p.Y303C, identified by
NBS and in confirmed patients always carry the same
polymorphisms (p.A5P 1 p.G9G 1 p.D232N). These
alleles are worthy of special attention because they are
found at high frequency in the NBS referral population.
The carrier/allele frequencies for p.T96A and p.Y303C
in New York State NBS are 0.276/0.149 and 0.112/
0.068, respectively (Orsini et al., 2016). However, no
homozygous or compound heterozygous individuals
referred with p.T96A have been classified as high risk

Fig. 4. Expression of p.T96A and p.Y303C mutations with and with-
out certain polymorphisms. Transfections and assays were performed
as described in Materials and Methods. Red bars indicate the haplo-
type as found in confirmed patients and referred individuals, and gray
bars indicate the mutations either alone or together in various combi-
nations. All clones were transfected at least in duplicate. Mean and
SD.
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after confirmatory testing. In contrast, 28.6% of the babies
classified as high risk from the NBS population carry at
least one p.Y303C allele, and one high-risk infant is
homozygous for p.Y303C. Figure 4 clearly shows that
there is appreciable residual activity (34.8%) for the
p.T96A 1 p.A5P 1 p.G9G 1 p.D232N haplotype but
very little residual activity (3%) for the p.Y303C 1
p.A5P 1 p.G9G 1 p.D232N haplotype when the enzyme
activities are calculated with the expression system. There
are reports of some late-onset patients who are compound
heterozygotes for p.Y303C and a severe mutation, but
there are no individuals with confirmed KD who are
homozygous for this mutation (Wenger et al., 2014). This
allele has been associated only with the late-onset form of
the disease.

A 53-year-old man diagnosed with KD was found to
be compound heterozygous for p.D171V 1 p.R168C 1
p.I546T/p.T96A 1 p.A5P 1 p.G9G 1 p.D232N 1 p.I546T
(Luzi et al., 1996). It is important to note that none of the
New York State NBS KD referrals carries the p.I546T poly-
morphism in cis with p.T96A. This reinforces the concept
of the haplotype effect as a requirement in some cases for
manifestation of KD. All of the data collected to date indi-
cate that only when the p.T96A mutation is in cis with the
p.I546T polymorphism does it become a disease-causing
allele, resulting in late-onset KD (Wenger et al., 2014).

This study is very helpful for evaluating moderate
differences in activities for variations of haplotypes; how-
ever, the variability of cell numbers and GALC measure-
ments poses a limitation when discriminating infantile and
later-onset forms of the disease. Nevertheless, significant
information may be obtained from expression of muta-
tions and haplotypes found in patients and in NBS. A
mutation with (in cis) or without another variant or poly-
morphism can give significantly different GALC activity
values because of the haplotype effect. The relative activi-
ties will be helpful in risk assessment of referred infants.

This is the largest study showing expression of
known and novel mutations and haplotypes found in the
GALC gene. These studies may provide help to NBS
programs and clinicians in interpreting molecular results
collected in asymptomatic infants, particularly as KD NBS
expands to more states.
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Can Psychosine and Galactocerebrosidase
Activity Predict Early-Infantile Krabbe’s
Disease Presymptomatically?
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Krabbe’s disease (KD) is a fatal neurodegenerative disor-
der, with the early-infantile form (EIKD) defined by onset
of symptoms before age 6 months. Early and highly accu-
rate identification of EIKD is required to maximize benefits
of hematopoietic stem cell transplantation treatment. This
study investigates the potential for accurate prediction of
EIKD based on a novel newborn screening (NBS) tool
developed from two biomarkers, galactocerebrosidase
(GALC) enzyme activity and galactosylsphingosine con-
centration (psychosine [PSY]). Normative information
about PSY and GALC, derived from distinct samples of
normal newborns, was used to develop the novel diag-
nostic tool. Bivariate normal limits (BVNL) were con-
structed, assuming a multivariate normal distribution of
natural logarithms of GALC and PSY of normal newborns.
The (lnGALC, lnPSY) points for newborns in various
“abnormal groups,” including one group of infants who
subsequently suffered EIKD, were plotted on a graph of
BVNL. The points for all EIKD patients fell outside of
BVNL (100% sensitivity). In a simulation study to compare
the false-positive rate of existing univariate methods of
diagnosis with our new BVNL-based method, we gener-
ated 100 million normal newborn data points. All fell
within BVNL (i.e., zero false positives), whereas 5,682
false positives were observed when applying a two-tiered
univariate method of the type suggested in the literature.
These results suggest that (lnGALC, lnPSY) BVNLs will
allow highly accurate prediction of EIKD, whereas two-
tiered univariate approaches will not. Redevelopment of
the BVNL based on GALCs and PSYs measured on a
common large sample of normal newborns is required for
NBS use. VC 2016 Wiley Periodicals, Inc.

Key words: newborn screening; early identification;
early-onset disease; followup; late-onset disease; bivari-
ate normal limits

Krabbe’s disease (KD), or globoid cell leukodystrophy,
is a devastating neurologic disorder affecting mainly
infants and children (Hagberg et al., 1963; Wenger and
Luzi, 2014). It is caused by an autosomal recessive defi-
ciency of the enzyme galactocerebrosidase (GALC;
Suzuki and Suzuki, 1970; Suzuki, 1984). The most com-
mon course of early-infantile KD (EIKD) includes onset
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of symptoms in the first 6 months of life, decline in devel-
opmental progress, increasing spasticity, seizures, and
death in the first 2–3 years of life, whereas rarer, later-
onset cases (late-infantile and later-onset [LOKD] pheno-
types) may present in a more indolent fashion (Duffner
et al., 2011; Wenger and Luzi, 2014). Although many
features of the clinical evaluation, including magnetic res-
onance imaging (MRI) of the brain and cerebrospinal
fluid and molecular, genetic, and GALC activity analyses,
may show characteristic changes, these tests unfortunately
do not reliably predict onset of symptoms (McGraw et al.,
2005; Escolar et al., 2006; Duffner et al., 2009a,b,; Jalal
et al., 2012; Abdelhalim et al., 2014; Wenger and Luzi,
2014). The only available treatment, hematopoietic stem
cell transplantation (HSCT), has been proved most effec-
tive when provided in presymptomatic children (Escolar
et al., 2005; Musolino et al., 2014). Transplant patients
require immunosuppressive chemotherapy that has 10–
20% mortality, even in the best centers (Escolar et al.,
2006; Duffner et al., 2009a,b,). Thus, a highly accurate
method of presymptomatic identification of KD is vitally
important. Unfortunately, a diagnostic criterion to
achieve it has not yet been developed.

In New York State (NYS), over 2 million infants
have been screened for KD since early 2007; 348 have
screened presumptively positive, five have been diagnosed
with EIKD, and more than 30 are currently followed as
being at significant risk, presumably, for LOKD (Orsini
et al., 2016; Wasserstein et al., 2016). This puts families
and physicians in a difficult situation. Parents of children
with a positive newborn screening (NBS) test for KD are
told that their infant may have a fatal disease, but, because
of the high rates of false positives and identification of
genotypes of uncertain significance, symptoms of KD are,
in fact, rarely imminent. Infants are subjected to a series
of costly and often painful diagnostic tests, including MRI
scans, lumbar punctures, and electrophysiologic studies.
Also, the urgency of transplantation places additional stress
on the family as they contemplate the decisions to be
made. Clinicians involved must use insufficiently predic-
tive data and confront the possibility that infants who are
not destined to develop EIKD may be transplanted
unnecessarily (Wasserstein et al., 2016).

KD represents a formidable diagnostic challenge in
clinically asymptomatic patients. There is an urgent
requirement for a new diagnostic approach that controls
the false-positive rate at a very low level, thereby elimi-
nating the anxiety and heartbreak experienced by parents
of infants who screen at high risk but are not destined to
develop KD. Of equal importance is the early and accu-
rate prediction of those children who will develop KD
because their identification before symptom onset results
in an optimal response to HSCT (Escolar et al., 2005;
Musolino et al., 2014).

This study demonstrates that just two blood tests
that can be obtained for use in NBS can, potentially, solve
the challenge of accurate presymptomatic diagnosis of
EIKD in newborns and reduce the requirement for
expensive genetic and neurological testing in the large

number of false positives that are produced by current
NBS methods. One is the determination of GALC
enzyme activity, the primary marker currently used for
NBS. The second measures psychosine (PSY) concentra-
tion levels, which for decades have been implicated in the
pathogenesis of KD (Suzuki, 1998) but have only recently
been demonstrated to be elevated in the newborn blood
samples of infants who later developed EIKD (Chuang
et al., 2013; Turgeon et al., 2015). The accuracy of the
joint use of these two biomarkers in diagnosing KD prior
to symptoms, however, has not been established. Devel-
opment of a rapid, sensitive, and highly specific test for
predicting KD symptoms will enhance the benefits of
HSCT. It also will mitigate the difficult and painful odys-
sey upon which parents and children embark after a false-
positive screen by reducing the requirement for followup
testing.

The current simulation study is an investigation of
the potential for GALC activity and PSY level to predict
KD accurately prior to symptom onset. The primary
objective is to assess the potential to predict EIKD from
measurements made from NBS dried blood spots (DBS).

MATERIALS AND METHODS

Our approach is to construct bivariate normal limits (BVNLs)
for the natural logarithms of PSY concentration and GALC
activity, denoted by lnPSY and lnGALC, respectively, and to
predict EIKD if an infant’s (lnPSY, lnGALC) point falls outside
BVNLs.

General Definition of BVNLs

In practice, normal limits should be constructed specific
to the preferences of the NBS program. We propose that they
be constructed from the following general definition, following
a specification of the largest acceptable value of 1 – specificity
(denoted by fp; false-positive rate can be defined as either 1 –
specificity or 1 – positive predictive value [PPV]; we use the
former definition in this article).

(1 – fp)100% BVNLs are defined as the boundary
between two regions of the (lnPSY, lnGALC) plane that are
defined as 1) an “abnormal region” comprising all points such
that a) lnGALC is less than a laboratory-specific univariate
threshold for lnGALC, b) lnPSY is greater than a laboratory-
specific univariate threshold for lnPSY, and c) the (lnPSY,
lnGALC) point falls outside the estimated (1 – afp)100% proba-
bility ellipse of the bivariate normal distribution of lnPSY and
lnGALC values for normal newborns, where afp is chosen so
that the probability of observing a (lnPSY, lnGALC) point
from a normal infant in the resulting abnormal region is at most
fp (note that choosing afp 5 fp guarantees a false-positive rate
less than fp and avoids the complexity of determining the afp

that produces the specified false-positive rate, fp), and 2) a nor-
mal region comprising all points on the (lnPSY, lnGALC) plane
that are not in the abnormal region.

This general definition was followed with fp 5 1028 and
afp 5 fp to construct two sets of BVNLs from data described in
the next section. The development is based on multivariate
normal distribution theory and methods (Johnson and Wichern,
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1988). Construction of the BVNLs requires, first, that a bivari-
ate normal distribution of lnPSY and lnGALC be estimated
from each set of calibration data. The normal limits, then, were
based in part on the elliptical region that captures (1 –
1028)100% of the bivariate normal distribution. Testing the
accuracy of predictions from the BVNLs with as little con-
founding by variation among laboratories as possible required 1)
centering of the distributions over zero on the lnGALC axis, 2)
shifting the BNLVs correspondingly, 3) centering test data
lnGALC observations by subtracting an estimated mean for
normal lnGALCs measured at the same laboratory as the test
lnGALC (note that rescaling the test observations to the scale of
the measurements made on normal newborns at the calibration
laboratory also would be desirable but was not possible here
because of the lack of data on normal newborns from the three
laboratories that produced test data), and 4) calculating the per-
centage of centered test observations that fall inside and outside
the shifted BVNLs. How we carried out each of these tasks is
detailed below after a description of data available for achieving
them.

Data and Sample Descriptions

Ideal development and testing of an NBS tool for early
diagnosis of EIKD requires collection of jointly measured values
of GALC and PSY from a calibration sample of normal new-
borns. Unfortunately, such data do not yet exist. There is, how-
ever, sufficient information available to piece together a
preliminary approximation to the ideally developed tool that
allows assessment of potential for accurate presymptomatic
diagnosis of KD.

Three sources of calibration data were exploited to con-
struct two sets of preliminary BVNLs (Mayo Clinic, NYS
Wadsworth Center, and University of Tubingen). The accu-
racy of each of the two BVNLs was then assessed by applying
the normal limits to test samples of abnormal newborns with
PSY values measured at the Mayo Clinic and GALC values
from three laboratories (Wadsworth Center, Mayo Clinic, and
Thomas Jefferson University).

Calibration data. PSY. A calibration sample of
PSY values (nanomoles/liter) was measured from NBS DBS of
120 normal newborns at the Mayo Clinic Biochemical Genetics
Laboratory with liquid chromatography–tandem mass
spectrometry (for a detailed description of methods and proce-
dures see Chuang et al., 2013; Turgeon et al., 2015). PSY
values ranged, roughly, from 1.0 to 6.3 nmol/liter, with
roughly 95% of the observations falling between 1.05 and 5.5.
(see Fig. 2 of Turgeon et al., 2015).

Assuming a lognormal distribution for PSY, the mean and
standard deviation of lnPSY were estimated to be
0.885 (ln[1.05]1 ln[5.50])42 and 0.415 (ln[5.50] – ln[1.05]) 4 4,
respectively. Thus, for the purpose of constructing normal limits, we
assumed that the 120 lnPSY values formed a random sample from a
normal distribution with mean 0.88 and standard deviation 0.41.

GALC activity. A sample of 59,796 normal newborns
with GALC measured at the NYS Wadsworth Center as
described by Li et al. (2004) and Orsini et al. (2009) was our
primary source of GALC calibration data. GALC activity was
calculated in units of micromoles/hour/liter, assuming that a

3.2-mm DBS contains 3.4 ll blood (Orsini et al., 2009). Meas-
urements were made on all normal newborns in NYS between
May 14 and July 31, 2009, and represent the population of nor-
mal newborns over a time period that aligns with that of nine
KD cases contributed to the Turgeon et al. (2015) study by the
NYS NBS program. The mean and standard deviation of
lnGALC values in this calibration sample were 1.24 and 0.58,
respectively. We assume that, based on normal probability plots
and histograms of measures on these 59,796 normal newborns,
lnGALC has a normal (1.24, 0.58) distribution.

A second source of GALC calibration data was drawn
from the literature (Harzer et al., 2001). GALC activity levels
for 10 normal controls were measured in cells grown from fro-
zen skin fibroblasts at the University of Tubingen. GALC activ-
ity was determined with [3H]GC as previously described by
Harzer (1982). A mean and standard deviation of 0.895 nmol/
hr/mg protein and 0.33, respectively, were reported. Assuming
that the GALC activity levels were a random sample from a
lognormal distribution, these values translated to estimated
mean and standard deviation of –0.24 and 0.36, respectively, on
the natural log scale (Mood et al., 1974). For the purpose of
constructing a second set of normal limits, we assumed that the
10 lnGALC were a random sample from a normal (–0.24, 0.36)
distribution.

BVNLs were derived from each of two sets of calibration
information, one comprising the Wadsworth and Mayo combi-
nation of GALC and PSY data on normal newborns, respec-
tively, and the other from the Harzer and Mayo combination
of GALC and PSY data on normal newborns, respectively. The
evaluation of prediction accuracy of the two resulting BVNLs
allows a rough assessment of the impact of laboratory-to-
laboratory variation on the potential accuracy of PSY/GALC-
based BVNL and is expected to provide insights that may be
valuable in future studies to develop the final tool.

Test data. Mayo Clinic test samples. Both PSY
and GALC values were observed in leftover NBS samples from
the following groups, with the group identifiers in parentheses
as used previously by Turgeon et al. (2015): GALC mutation
carriers (group D); infants with pseudodeficient GALC activity,
i.e., those with low GALC in the high-risk range who did not
suffer KD (group E); presymptomatic infants who developed
LOKD (group F); and presymptomatic infants who later devel-
oped EIKD (group H). Measures of both PSY and GALC were
also made on DBS from KD patients at least 5 years after onset
of symptoms (group G) and within 1 year after onset of symp-
toms (group I). PSY measurements were made as described
above for the calibration PSY sample. The GALC measure-
ments were obtained in units of nanomoles/milliliter/hour
with flow injection analysis–mass spectrometry. PSY and
GALC values from a total of 53 infants in groups D–I were
used as patient-specific data points in the current study. The
group sample sizes were eight in group D, 21 in group E, six in
group F, three in group G, eight in group H, and seven in
group I.

Wadsworth Center test samples. Nine of these fifty-
three abnormal patients were contributed to the Turgeon et al.
(2015) study by the NYS NBS program, two in group F and
seven in group H. All nine were confirmed KD cases. In addi-
tion to GALC activities and PSY concentrations measured at
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the Mayo Clinic, these KD patients had GALC activity meas-
ured independently at the NYS Wadsworth Center with meth-
ods and procedures described previously (Li et al., 2004; Orsini
et al., 2009). The Wadsworth GALC and Mayo PSY values
from these patients form test data groups denoted subsequently
by Fw and Hw, respectively.

Hunter James Kelly Research Institute/Jefferson
Medical College test samples. Eight of the fifty-three
abnormal patients in groups D–I were also in the Hunter James
Kelly Research Institute Worldwide Registry (HJKRI WWR)
of KD patients, two in group F, two in group G, and four in
group H. The GALC activity of each of these eight patients
was independently measured by the Jefferson Medical College
lysosomal diseases testing (JMCLDT) laboratory in nanomoles/
hour/milligram protein units with “tritium-labeled galactosyl-
ceramide in sonicated leukocytes isolated from whole hepari-
nized blood sent overnight in insulated containers,” as detailed
previously (Wenger et al., 1974). The GALC values from Jef-
ferson Medical College and the PSY values from Mayo Clinic
of these patients form data groups denoted subsequently by Fj,
Gj, and Hj.

Simulated or semisimulated test samples. In
addition to the test data groups described above, we generated
two test data sets, one simulated and one semisimulated. The
semisimulated test data set consisted of the lnGALC measures
on 59,796 normal newborns from the Wadsworth Center labo-
ratory and corresponding lnPSY values generated from the esti-
mated conditional distribution of lnPSY given lnGALC. The
conditional distribution was derived from the estimated joint
distribution of lnGALC and lnPSY, which was estimated from
the Wadsworth/Mayo calibration data as detailed below. This
test data set is denoted subsequently by Aw. The simulated test
data set consisted of 100 million (lnGALC, lnPSY) points that
were generated from this estimated joint distribution. This
Monte Carlo test data set is denoted subsequently by MCw.

Estimated Bivariate Normal Distributions of Normal
Newborns

Given the estimated marginal distributions above and
assuming a bivariate normal distribution for (lnGALC, lnPSY),
we had only to estimate correlations between lnPSY and
lnGALC to obtain the estimated joint distributions. To that
end, we assumed that the correlation was the same across the
three laboratories.

PSY and GALC were jointly measured at the Mayo Clinic
for newborns in groups D and E. Subjects in these groups are
technically normal newborns with respect to their eventual KD
status. They do not represent the entire normal population but
appear to be samples from a truncated distribution with centered
lnGALC less than –2.0. Dr. Carter and Jiwei Zhao at the Univer-
sity at Buffalo have proved that the slope coefficient in a simple
linear regression (Y on X), when Y and X have a bivariate normal
distribution, can be estimated without bias from a random sample
from the joint distribution truncated at any value of X (Unpub-
lished statistical result). Furthermore, the Pearson correlation coef-
ficient is related to the slope as follows: r 5 (slope 3 SDx) 4 SDy.

Using data from groups D and E, we estimated the slope of
the regression of Y 5 lnPSY on X 5 lnGALC to be –0.18. The

standard deviations of Y in the Mayo calibration sample and X in
the Wadsworth calibration sample were 0.41 and 0.58, respec-
tively. Thus, the estimated correlation is 20.25 5 (20.18) 3 0.58
40.41, which corresponds to covariances 20.06 5 (20.25) 3
0.41 3 0.58 and 20.04 5 (20.25) 3 0.41 3 0.36 in the Wads-
worth and Harzer calibration samples, respectively.

Construction of BVNLs

BVNLs were constructed from a combination of esti-
mated (1 – 1028)100% probability regions (ellipses) of the
estimated bivariate normal distributions and univariate thresh-
olds for at-risk status to ensure that only newborns with high
PSY values and low GALC values are predicted to suffer KD.
Approximately one in every 100 million normal newborns’
observed (lnPSY, lnGALC) points are expected to fall outside
these estimated probability regions. Only those above and to
the left of univariate thresholds for at-risk status are of con-
cern, meaning that fewer than one normal newborn out of
100 million is expected to fall outside BVNL, or fewer than
one normal newborn every 25 years at current birth rates in
the US.

Univariate thresholds for at-risk status. The
NBS program in NYS considers a newborn to be at risk if he or
she meets several criteria in an assessment process that starts with
a GALC value less than 20% of the average of GALC for normal
newborns measured on the same day. We used this value as the
univariate threshold for GALC. The average of GALC values in
the Wadsworth Center calibration sample was 4.13, with corre-
sponding natural logarithm being 1.42. Thus, GALC percentages
less than 20% correspond to lnGALC<20.19 5 ln(0.20) 1
1.42. The corresponding threshold based on the mean GALC of
0.895 that was reported by Harzer et al. (2001) was calculated
similarly to be 21.72 5 ln(0.20) 1 ln(0.895).

The univariate threshold for lnPSY was derived from
Figure 2 of Turgeon et al. (2015). In that study, the authors
noted that all PSY measures from the normal newborn sample
were below 8.0, whereas all PSY values from EIKD patients
(group H) were above this threshold. Thus, we used
2.08 5 ln(8.0) as the univariate threshold for at-risk status on
the lnPSY dimension. Corresponding thresholds to be used
with centered distribution BVNLs for centered observations
were –1.43 5 –0.19 – 1.24 and –1.48 5 –1.72 1 0.24.

Centered Wadsworth/Mayo-based BVNL.
Conservative (1 – 1028)100% BVNLs were defined from the
Wadsworth/Mayo calibration data as the region in the plane
defined by centered lnGALC< –1.43, lnPSY> 2.08, and
(lnPSY, centered lnGALC) points outside the (1 – 1028)100%
probability ellipse under the centered distribution derived from
Wadsworth/Mayo calibration data.

Centered Harzer/Mayo-based BVNL. The BVNLs
from Harzer/Mayo calibration data are similarly defined, except
with a centered threshold for lnGALC of –1.48 and probability
ellipses from the Harzer/Mayo distribution.

Centering Test Observations To Adjust for Differences
in Labortory Means

Although little variation in GALC measures is expected
between the Wadsworth Center and Mayo Clinic laboratories, it
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is expected that both differ from the Jefferson University laboratory
measures. To adjust for such differences, centered BVNLs were
used, and test lnGALC observations were centered by subtracting
the laboratory’s estimated population mean for normal newborns.

The mean lnGALC in the Wadsworth calibration sample
was 1.24. Because we did not have individual GALC observa-
tions on normal newborns from the Mayo Clinic or Jefferson
University laboratories, we approximated these means under
the heuristic assumption that the difference between two
lnGALC values measured on the same subject at Mayo Clinic
and Wadsworth Center or at Jefferson University and Wads-
worth Center was a constant plus a random error with mean
zero. Although this assumption is unlikely to hold for Jefferson
University laboratory measures, we believe that it leads to a
conservative evaluation of the accuracy of the BVNL for identi-
fying EIKD from Jefferson/Mayo test values; the assumption is
reasonable for lnGALC measures from Wadsworth and Mayo
laboratories. The constant for Jefferson University measures was
estimated as the average difference in scores (Jefferson -
Wadsworth) for the five newborns with measured GALC from
both laboratories (i.e., 21.18). The estimated mean lnGALC of
normal newborns measured at the Jefferson University labora-
tory, then, was 0.06 5 21.18 1 1.24. The mean difference
between laboratories for the nine test observations with both
Mayo Clinic and Wadsworth Center measures was 20.11.
Thus, the estimated mean lnGALC for normal newborns meas-
ured at Mayo was 1.13 5 20.11 1 1.24.

Assessment of KD Prediction Accuracy

The accuracy of predictions produced by each of the
two centered BVNLs was assessed by calculating the number
and percentage of centered observations in each of 13 test data
groups that were inside or outside of BVNL. Each test observa-
tion with GALC measured at Wadsworth Center, Jefferson
University, or Mayo Clinic was centered by subtracting 1.24,
0.06, or 1.13, respectively, and plotted on centered BVNL.
Centered test observations were then determined mathemati-
cally to fall inside or outside each of the two conservative sets of
(1 – 1028)100% centered BVNLs. Ellipses were also generated
for 1 – a 5 0.5, 0.95, 0.99, and 0.9999 and are illustrated along
with those for 1 – a 5 1 – 1028 in Results.

The 13 data groups and the symbols used to denote them
(i.e., D, E, F, Fw, Fj, G, Gj, H, Hw, Hj, I, Aw, and MCw) were
described above. The percentages outside of BVNL for KD
patient groups represent sensitivities of the BVNL for predicting
KD. The percentages outside BVNL for non-KD groups repre-
sent 1 – specificities for the various types of subjects who did
not develop KD.

RESULTS

The bivariate normal distribution of (lnPSY, lnGALC)
for normal newborns was estimated from the Wads-
worth/Mayo calibration data to be.
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Table I shows that classifications of the test data from the
Mayo Clinic, Wadsworth Center, and Jefferson Univer-
sity laboratories with the BVNL derived from the Wads-
worth/Mayo calibration data are nearly perfect for
predicting EIKDs without regard to from which laborato-
ries the test data came (H groups; see Table II for descrip-
tion of groups). The only misclassified observation was an
EIKD patient with GALC measured at the Jefferson Uni-
versity laboratory (see Fig. 1). This observation likely
would not have been misclassified if its data point had
been rescaled to the Wadsworth/Mayo normative scale.
Furthermore, the data points for KD cases who were
measured within 1 year of the onset of symptoms (group
I) were classified perfectly. LOKD cases (F groups) and
KD patients who were measured at least 5 years after
symptom onset (G groups) were not classified perfectly.
Equally important is the fact that GALC mutation carriers
(group D), who tend to have low GALC values, were
perfectly classified when using the outer most ellipse to
define the BVNL. Similarly, the newborns with pseudo-
deficient GALC values (group E) were perfectly classified.

Finally, none of the Aw data points with observed
Wadsworth lnGALC values from normal newborns and
associated computer-generated lnPSY values fell outside
of normal limits. These results, therefore, were consistent
with the nominal false-positive rate of< 0.000001% (or
an expected number of 0.0006 false positives among the
59,796 observations).

Thus, the BVNLs were highly sensitive and specific
for predicting EIKD. They also were perfectly sensitive
and specific for identifying KD cases in general, provided
that PSY was measured close enough to symptom onset
(group I). This result, contrasted with the poor sensitivity
for identifying LOKD (F test groups) from NBS observa-
tions, suggests that the later-onset cases would be identi-
fied correctly with followup testing of PSY every 6
months, for example. It is unlikely that GALC would
have to be measured at followup tests because there is no
reason to believe that a very low GALC level would
change over time.

Figure 1 illustrates the classifications of EIKDs
(observed data from test data groups H, Hw, and Hj; blue
symbols) and normal newborns (semisimulated in test data
group Aw; red symbols) from the BVNL derived from
Wadsworth/Mayo calibration data. Figure 1 provides a
visual presentation of two key results also shown in Table
I. First, our preliminarily derived NBS tool identifies
EIKD with very high, if not perfect, sensitivity (see state-
ment above with respect to the one EIKD observation
from the Jefferson University laboratory that was
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misclassified). Second, the tool is almost perfectly specific,
with the false-positive rate controlled as advertised at
1028. A plot, not shown here, of test group Aw observa-
tions on the BVNL graph derived from Harzer/Mayo cal-
ibration data clearly showed the need to rescale test data
to the calibration data scale before applying BVNL.

Each of the 100 million data points in the
computer-generated test data group MCw was checked to
determine whether it fell inside or outside of the Wads-
worth/Mayo-based BVNL. The points all fell within the
normal region, confirming again our ability to control the
false-positive rate (controlled at< 1 false positive per 108

normal births in the current application, which, in our
opinion, is an acceptable value for the 1 – specificity error
rate). In contrast, 5,682 of the points fell in the rectangu-
lar high-risk region defined by the cross-section of uni-
variate thresholds on lnGALC and lnPSY but not outside
the (1 – 1028) ellipse. This translates to approximately
227 normal newborns each year in the United States that
would be falsely predicted to have EIKD by a two-tiered
identification system based on univariate lnGALC (first
tier) and lnPSY (second tier) thresholds alone. Such a
two-tiered criteria was suggested by Turgeon et al.
(2015). This is a large number of false positives, given that
most recently published incidence rates predict only 10–
16 EIKD cases (and 23 KD cases) per year in the United
States (see Barczykowski et al., 2012; Wasserstein et al.,
2016). This translates to an unacceptably high prediction
error rate (1 – PPV) of 93–96% compared with approxi-
mately 0% for the BVNL. This situation worsens if one
considers the use of PSY alone to define NBS test
criteria.

DISCUSSION

The only currently available treatment for KD, HSCT,
carries a 10–20% mortality rate (Escolar et al., 2006; Duff-
ner et al., 2009a,b,) and is generally not curative (Wasser-
stein et al., 2016). It is most effective when provided
prior to symptom onset (Mussolino et al., 2014) but pro-
longs life even when applied postsymptomatically (Langan
et al., 2016). Early identification of EIKD by NBS pro-
grams is essential to maximize treatment benefits, but the
benefits of early diagnosis must be weighed against the
risks of unnecessary treatment and emotional stress associ-
ated with an incorrect diagnosis/prediction of KD. A tool
that allows NBS programs to set the false-positive rate of
predictions at an acceptably low level (e.g.,< 1 false posi-
tive in every 100 million births) while maintaining
adequate sensitivity is required. The results of this study
show that there is great potential for developing such an
NBS tool based on GALC and PSY measurements alone
and hint at similar potential for accurate prediction of
later-onset cases by the tool if applied to longitudinally
measured PSY.

Although a more proper derivation and validation
of (1 – fp)100% BVNL awaits the collection of a calibra-
tion data set with measurements of both GALC and PSY
on the same normal newborns, the current ad hoc deriva-
tion and validation is very encouraging and certainly justi-
fies conducting a more definitive study. We anticipate
that the definitive study results will produce an NBS tool
with nearly perfect sensitivity, even when controlling the
false-positive rate (fp 5 1 – specificity) at 1028. There are
about 4 million births in the United States each year.
Thus, at current birth rates, this fp translates to

TABLE I. Classification of Various Test Groups into BVNL Categories by Calibration Data Source*

Calibration data source

Mayo (PSY), Wadsworth (GALC) Mayo (PSY), Harzer (GALC)

Test groupa n

In normal

limits

In high-risk

region

Correct

(%)

Accuracy

measure

In normal

limits

In high-risk

region

Correct

(%)

Accuracy

measure

H 8 0 8 100 Sens 0 8 100 Sens

Hw 7 0 7 100 Sens 0 7 100 Sens

Hj 4 1 3 75 Sens 0 4 100 Sens

F 6 5 1 17 Sens 1 5 83 Sens

Fw 2 1 1 50 Sens 0 2 100 Sens

Fj 2 1 1 50 Sens 1 1 50 Sens

I 7 0 7 100 Sens 0 7 100 Sens

G 3 1 2 66 Sens 0 3 100 Sens

Gj 2 2 0 0 Sens 0 2 100 Sens

D 8 8 0 100 Spec 8 0 100 Spec

E 21 21 0 100 Spec 21 0 100 Spec

Aw 59,796 59,796 0 100 Spec 59,796 0 100 Spec

MCw 108 108 0 100 Spec – – – –

*BVNL were constructed from each of two sources of calibration data, one that combined PSY summary statistics from the Mayo Clinic and GALC

summary statistics from the Wadsworth Center and the second that combined the Mayo Clinic data with summary statistics from Harzer et al. (2001).

Individuals in each of 13 test groups were then classified as “predicted normal” if their (lnGALC, lnPSY) data point fell inside normal limits or

“predicted KD” if their data point fell into the high-risk region. For example, group H consisted of eight EIKD patients. The data points for all eight

fell into the high-risk region of the BVNLs that were constructed from PSY data collected at the Mayo Clinic and GALC data collected at the Wads-

worth Center. Thus, all were predicted to have EIKD (i.e., 100% correct prediction) and the sensitivity, therefore, was 100%.
aSee Table II for a legend of test group labels and descriptions of associated test groups.
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approximately 1 false-positive diagnosis every 25 years in
the United States.

A second false-positive rate is also of concern. It is
defined as 1.0 minus the proportion of infants who are pre-
dicted to have EIKD who actually have it (i.e., 1 – PPV).
With sensitivity ranging from 0.75 to 1.00, incidence of
EIKD (p) ranging from 1:250,000 (Barczykowski et al.,
2012) to 1:400,000 (Orsini et al., 2016; Wasserstein et al.,
2016) and a specificity of 1 – 1028;

1 – PPV 5 1 – specð Þ3 1 – pð Þ4 sens 3 p 1 1 – spec½ �3 1 – p½ �ð Þ

ranges from 0.0025 to 0.0053 (i.e., 1:189–1:400 false-
positive predictions).

The current estimate of PPV for EIKD from the
NYS experience is 1.4%, with a corresponding (1 –
PPV)100% of 98.6%. Furthermore, additional genetic
testing definitively identifies only a small percentage of all
EIKDs, i.e., those with homozygosity for the 30-kb dele-
tion that is always associated with EIKD (Wasserstein
et al., 2016). Clearly, presymptomatic treatment decisions
cannot be based on current NBS results except in those
infants with homozygous 30-kb deletion allele of GALC
or some other known or likely severe mutation. With
1 – spec controlled to be less than 1028, 1 – PPV
expected to be at most 0.53%, and sensitivity close to
100%, our results hold great promise that an NBS tool
based on BVNL for (lnGALC, lnPSY) observations will
provide actionable clinical information.

Including PSY along with GALC in a two-tiered
NBS criteria helps but still leaves the false-positive rates
unacceptably high. In our simulation study to compare

false-positive rates of our BVNL-based criteria with the
two-tiered criteria, there were 5,682 false-positive diagno-
ses by the latter among the 100 million points generated.
This translates to about 227 false-positive diagnoses a year
among newborns in the United States. Given the highest
estimated incidence of EIKD in the literature (1:100,000
births), there are< 40 cases of EIKD each year. Thus, the 1
– PPV false-positive rate for the two-tiered criteria is at
least 85%. Thus, if the two-tiered criteria were to be
adopted for clinical decision making, roughly 23–46 nor-
mal newborns would die each year from HSCT treatment
in an attempt merely to extend survival and partially
improve quality of life in, at most, 40 true cases of EIKD.
Clearly, the two-tiered criterion for presymptomatic detec-
tion of EIKD at NBS is not adequately accurate for clinical
decision making. In contrast, we have demonstrated great
potential for a criterion based on BVNL to be accurate
enough to inform treatment decisions adequately. A defini-
tive conclusion, however, awaits the derivation and testing
of BVNL criteria from a unified analysis of a large sample
of normal newborns with both GALC and PSY values
observed for each infant.

The U.S. Department of Health and Human Serv-
ices’ Secretary’s Advisory Committee on Heritable Disor-
ders (ACHDNC) declined to recommend KD for NBS,
citing concerns about accuracy of the diagnostic algo-
rithm, phenotypic definition of the condition, and bene-
fits vs. the potential harms of treatment (Kemper et al.,
2010). The results of the current study suggest that an
NBS tool based on GALC and PSY alone has the poten-
tial to alleviate these concerns, given the demonstrated
benefits of presymptomatic treatment of EIKD (Escolar

TABLE II. Test Group Labels in Table I and Description of Groups

Label Description

H Presymptomatic newborn infants who later developed EIKD (PSY and GALC measures from Mayo Clinic)a

Hw Subset of group H with Wadsworth GALC measures (PSY measures from Mayo Clinic and GALC measures from Wadsworth

Center)b

Hj Subset of group H with Jefferson Medical College GALC measures in the HJKRI WWRb (PSY measures from Mayo Clinic and

GALC measures from the JMCLDT Laboratory)

F Presymptomatic newborn infants who later developed LOKD (PSY and GALC measures from Mayo Clinic)a

Fw Subset of group F with Wadsworth GALC measures (PSY measures from Mayo Clinic and GALC measures from Wadsworth)b

Fj Subset of group F with Jefferson Medical College GALC measures in the HJKRI WWRc (PSY measures from Mayo Clinic and

GALC measures from the JMCLDT laboratory)

I KD patients with DBS prepared and measured within 1 year after onset of symptoms (PSY and GALC measures from Mayo Clinic)a

G KD patients with DBS prepared and measured at least 5 years after onset of symptoms (PSY and GALC measures from Mayo

Clinic)a

Gj Subset of group G with Jefferson Medical College GALC measures in the HJKRI WWRc (PSY measures from Mayo Clinic and

GALC measures from the JMCLDT Laboratory)

D Newborn GALC mutation carriers (PSY and GALC measures from Mayo Clinic)a

E Newborn infants with pseudodeficient GALC activity, i.e., newborns with low GALC in the high-risk range who did not suffer KD

(PSY and GALC measures from Mayo Clinic)a

Aw Semisimulated test data set consisted of lnGALC measures from the Wadsworth laboratory for 59,796 normal newborns and corre-

sponding lnPSY values generated from the estimated conditional distribution of lnPSY given lnGALC

MCw Monte Carlo test data set consisted of 100 million data points generated from the estimated joint distribution of lnGALC and lnPSY

values measured at the Mayo Clinic

aData were collected by Dr. Matern’s laboratory for the Turgeon et al. (2015) study and were supplied by him for inclusion in the current study.
bData from the Wadsworth Center that were used in this study were supplied by Dr. Orsini.
cData from the HJKRI WWR that were used in this study were supplied by Dr. Langan.
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et al., 2005 Musolino et al., 2014). The results of our
study suggest that properly constructed BVNL can be
expected to have very high diagnostic accuracy. Potential
harms of treatment are controlled by the choice of fp used
to define the elliptical region involved in the definition of
BVNLs. If the definitively derived BVNL from a future
study perform as well as suggested by the current study,
then a choice to control the false positive rate at 1028

limits the unnecessary harm of treatment to approximately
one case every 25 years in the United States, at current
birth rates. Furthermore, we predict that definitively con-
structed BVNL will produce, at most, one false-positive
test result among every 189–400 positive tests for EIKD
(1 – PPV 5 0.0053 to 0.0025). The one “error,” although
not having EIKD, still presumably would have been at
very high risk for LOKD because of his or her low
GALC and high PSY and might yet benefit from treat-
ment. If the results of the current study hold true in the
next study, then those results and the previous results of

Escolar et al. (2005) would strongly support reconsidera-
tion by the ACHDNC.

There is considerable controversy surrounding
HSCT treatment of KD. The treatment is considered by
some to be experimental and of uncertain benefit, leading
some to question whether there is value in NBS (see,
e.g., Steiner, 2009; Dimmock, 2016) Those who ask this
question may also ask whether there is value in develop-
ing more accurate screening tools. Our answer is an
emphatic “yes” for at least two reasons. First, even if
HSCT eventually is considered insufficiently beneficial to
justify NBS, the treatment is here to stay for the foreseea-
ble future. As long as it is in use and carries a 10–20% risk
of mortality, it is extremely important that diagnoses be as
specific as possible to avoid referring normal infants for
treatment. Second, highly accurate diagnostic criteria for
any particular disease has value, independent of treatment
efficacy and the existence (or not) of screening programs.
The BVNL method of diagnosis has great potential/value
as a diagnostic tool, not just as an NBS tool. Its potential
value is only enhanced in the current environment sur-
rounding KD, its treatment, and NBS programs; not
dependent on it.

In addition to the great potential for GALC and
PSY-based BVNLs to identify EIKD accurately at NBS,
our results and those of Turgeon et al. (2015) provide evi-
dence for potential to identify later-onset cases through
periodic retesting from the NBS GALC value and longi-
tudinal measurement of PSY. This conjecture, also hinted
at by Turgeon et al. (2015), is based on the fact that all
members of group I (a mix of KD phenotypes, presum-
ably, who were tested within 1 year after onset of symp-
toms) fell outside the BVNLs, whereas only one case of
LOKD measured at NBS (group F) fell outside the
BVNLs. A very low level of GALC activity is not likely
to change over time, so a reasonable explanation of these
results is that PSY must rise to high-risk levels in the
majority of cases of LOKD at some time after NBS but
before symptom onset. Thus, they are not identifiable at
the time of NBS but are identifiable at later times close to
symptom onset. If so, then the definitively derived BVNL
would be expected to identify later-onset cases prior to
symptom onset if applied to NBS GALC and longitudi-
nally measured PSY. This would allow more optimal
application of HSCT prior to symptom onset in later-
onset cases with outcomes more similar to the strong ben-
efits of HSCT found by Escolar et al. (2005) in presymp-
tomatically treated EIKD than to the weaker benefits
found by Langan et al. (2016) in postsymptomatically
treated cases.

Finally, it appears that lnGALC measurements
vary in mean and variance across laboratories. Center-
ing observations at zero with laboratory-specific means
that were estimated under heuristic but reasonable
assumptions (at least for laboratories that use the same
methods of measuring GALC; e.g., Wadsworth and
Mayo) appears to solve the problem of laboratory-to-
laboratory variation in means adequately. We believe
that the single centered JMCLDT observation from an

Fig. 1. Illustration of the use and accuracy of BVNL as an NBS tool for
predicting EIKD. The horizontal line at 2.08 is the high-risk threshold of
lnPSY, with higher values associated with high risk. The vertical line at –
1.43 represents the high-risk threshold of lnGALC, with lower values
associated with high risk. The region outside of the outermost ellipse and
in the upper left rectangular region that is the Cartesian product of the
univariate high-risk intervals is the high-risk region of the BVNL, i.e.,
the set of all (lnGALC, lnPSY) points falling outside of the BVNL. The
(lnGALC, lnPSY) points from EIKD patients with GALC values meas-
ured by three laboratories (Wadsworth Center, Mayo Clinic, and Jeffer-
son University) and PSY measured at the Mayo Clinic laboratory are
plotted on the BVNL graph, which was derived from a calibration sam-
ple of GALC measurements made by the Wadsworth Center laboratory
and a separate calibration sample of PSY measurements made at the
Mayo Clinic laboratory. Points with GALC measured at the Mayo
Clinic are represented by blue circles, those measured at the Wadsworth
Center are represented by downward-pointing blue triangles, and those
measured at the Jefferson University laboratory are represented by
upward-pointing blue triangles. Points for normal newborns with
lnGALCs measured at the Wadsworth Center and corresponding lnPSY
values generated from the estimated conditional distribution of lnPSY
given lnGALC are represented by red circles.
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EIKD patient that fell inside BVNL would have fallen
outside had we been able to center it more accurately
and/or rescale it to the lnGALC scale of measurements
made at the Wadsworth Center, from which calibration
data came.

Although variation in scale of measurement of
GALC should not be ignored in the application of
BVNLs by NBS programs, it seems unlikely that each
program will be required to develop BVNL based on
their own normative sample. A single NBS tool devel-
oped from a normative sample from a single laboratory
should suffice for the NBS BVNL tool (i.e., estimated
probability ellipses and BVNL boundary between EIKD
and no EIKD prediction regions). To center and scale
observations from other laboratories properly, however, it
will be essential for each NBS program to calculate the
mean and variance of a normative sample from the labora-
tories that they use. Then, their observations can be cen-
tered and rescaled for plotting on the NBS tool that was
developed elsewhere.

CONCLUSIONS

An NBS diagnostic tool developed from a multivariate
statistical approach (as opposed to a two-tiered univariate
approach) and based on GALC and PSY has great promise
for providing clinically actionable diagnoses that will
allow for the administration of HSCT treatment in a way
that enhances benefits to individuals and the overall popu-
lation while mitigating harm. Such a tool must be devel-
oped more properly than in the current study, in which
bits and pieces of relevant information from different
sources have been pieced together in an attempt to
approximate more properly derived BVNLs. After the
normative data are available and the properly derived tool
is developed, it can be expected to perform well for iden-
tifying EIKD at NBS and, perhaps, even for identifying
LOKD if applied longitudinally. If so, then the
ACHDNC should reconsider recommending NBS for
KD.
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Metabolic Profiling Reveals Biochemical
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Krabbe disease (KD) is caused by mutations in the gal-
actosylceramidase (GALC) gene, which encodes a lyso-
somal enzyme that degrades galactolipids, including
galactosylceramide and galactosylsphingosine (psycho-
sine). GALC deficiency results in progressive intracellu-
lar accumulation of psychosine, which is believed to be
the main cause for the demyelinating neurodegenera-
tion in KD pathology. Umbilical cord blood transplanta-
tion slows disease progression when performed
presymptomatically but carries a significant risk of mor-
bidity and mortality. Accurate presymptomatic diagno-
sis is therefore critical to facilitate the efficacy of
existing transplant approaches and to avoid unneces-
sary treatment of children who will not develop KD.
Unfortunately, current diagnostic criteria, including
GALC activity, genetic analysis, and psychosine mea-
surement, are insufficient for secure presymptomatic
diagnosis. This study performs a global metabolomic
analysis to identify pathogenetic metabolic pathways
and novel biomarkers implicated in the authentic mouse
model of KD known as twitcher. At a time point before
onset of signs of disease, twitcher hindbrains had meta-
bolic profiles similar to WT, with the exception of a
decrease in metabolites related to glucose energy
metabolism. Many metabolic pathways were altered
after early signs of disease in the twitcher, including
decreased phospholipid turnover, restricted mitochon-
drial metabolism of branched-chain amino acids,
increased inflammation, and changes in neurotransmit-
ter metabolism and osmolytes. Hypoxanthine, a purine
derivative, is increased before signs of disease appear,
suggesting its potential as a biomarker for early diagno-
sis of KD. Additionally, given the early changes in glu-
cose metabolism in the pathogenesis of KD, diagnostic
modalities that report metabolic function, such as posi-
tron emission tomography, may be useful in KD. VC 2016

Wiley Periodicals, Inc.

Key words: Krabbe disease; globoid cell leukodystro-
phy; metabolomics; twitcher; glucose metabolism; mito-
chondrial dysfunction; oxidative stress; biomarker

Krabbe disease (KD) is a fatal neurodegenerative
leukodystrophy that typically affects children less than
two years of age. Although there is no cure for this dis-
ease, umbilical cord transplantation has proven to be
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beneficial if delivered to pre-symptomatic patients and
can extend patient lifespan and improve quality of life
(Escolar et al. 2005). Current diagnostic criteria of KD
include a reduction in leukocyte or fibroblast GALC
activity, mutation analysis, and clinical history. However,
recent studies suggest that these parameters may not
directly correlate with severity of symptoms, including
age of onset, progression of disease and survival, for rea-
sons yet unknown (Wenger 2011b). Recently, we
reported that measurement of GALC activity in lysosomal
fractions may better discriminate infants at high risk for
the infantile phenotype, from children who will develop
later-onset phenotypes (Shin et al. 2016), although addi-
tional patient samples are required for further validation.

The twitcher mouse is an authentic murine model
for KD (Duchen et al., 1980) and carries a spontaneous
nonsense mutation in exon 10 of Galc, with no residual
GALC activity (Sakai et al., 1996). The background strain
of the twitcher has been shown to play an important role
in determining phenotype. In the congenic C57BL/6
background, the clinical course is severe and signs of cen-
tral nervous system (CNS) disease appear by postnatal day
(P) 21 with death as early as P40–45. Alternatively,
twitcher mice bred in a mixed background containing
C57BL/6 and either FVB or CE/J showed a protracted
clinical course, with death at P50 or even P90, respec-
tively (Duchen et al., 1980; Santambrogio et al., 2012).
Without regard to background, head tremors and
decreased body weight are often the earliest clinical find-
ings, and muscle weakness in the hindlimbs is an addi-
tional prominent feature. Myelin loss occurs in both the
central and the peripheral nervous systems and is accom-
panied by astrocytic gliosis and the accumulation of mul-
tinucleated globoid cells, which are considered
pathognomonic for KD (Suzuki, 2004b).

Previously, metabolic profiling of the twitcher
mouse on the C57BL/6 background with electrospray
ionization (ESI) tandem mass spectrometry (MS/MS)
showed that the bioactive sphingolipid sphingosine-1-
phosphate, C18:0 ceramide, C22:0 ceramide, and C24:0
ceramide levels were reduced in the pons/medulla of
twitcher mice at P31 and during the P35–37 span (Esch
et al., 2003). Additionally, that study found a trend
toward decreased levels of long-chain fatty acids and
increased levels of shorter-chain fatty acids in galactosyl-
ceramides and ceramides from twitcher mice compared
with WT (Esch et al., 2003). In a more recent study with
gas chromatography (GC) with electron impact MS, the
fatty acid (FA) composition of the P25 and P35 twitcher
on the C57BL/6 background was further investigated
(Zanfini et al., 2014). Several FAs, including one saturated
FA, three monounsaturated FAs, three polyunsaturated
FAs (PUFA), and one plasmalogen species were signifi-
cantly altered in twitcher brain specimens. Three PUFAs
were also found to be significantly altered in twitcher
serum, although they were unlike the PUFA changes
reported in the brain (Zanfini et al., 2014). In a third
study, the 1H and 13C magnetic resonance spectrometry
(MRS) technique was applied to measure metabolites of

spinal cord, cerebellum, and forebrain with mild signs of
disease (P30) and full signs of disease (P40) in twitcher
mice on the mixed background of C57BL/6 and FVB,
revealing glucose hypometabolism and alterations in neu-
rotransmitter content, N-acetylaspartate, N-acetylaspar-
tylglutamate, and osmolyte levels, in close agreement
with the progression of astrogliosis, microglia activation,
apoptosis, and neurodegeneration (Meisingset et al.,
2013). A major limitation to all of these studies is that
profiled metabolites came only from twitcher mice with
established disease. To be useful as a biomarker or for
diagnostic purposes, it is critically important that these
metabolites are significantly changed prior to the onset of
disease.

The purpose of this study is twofold; we seek to dis-
cover whether there are additional biomarkers that could
be used for early diagnosis of KD patients, and we seek to
characterize further the metabolic pathways influenced by
KD pathology. Answers to these two questions are cru-
cially important for accurate diagnosis and for the design
of more effective therapies. We analyze global metabolites
of twitcher mice both before and after the onset of disease
signs using the recently developed liquid chromatography
(LC)/MS and GC/MS metabolomics-profiling techni-
ques (Metabolon, Durham, NC). Our investigations
found several key metabolites that were present at altered
concentrations from WT. Many of these metabolites are
tightly associated with pathways, namely, mitochondrial
fuel selection and energy production, inflammation, neu-
rotransmitter metabolism, and osmotic regulation.

MATERIALS AND METHODS

Mice

Experiments were conducted according to protocols
approved by the institutional animal care and use committees of
the University at Buffalo and the Roswell Park Cancer Insti-
tute. Twitcher mice (RRID:IMSR_JAX:000845) were main-
tained on the background of C57BL/6N. Breeder C57BL/6N
mice were purchased from Charles River Laboratories (Kings-
ton, PA). Freshly collected hindbrain regions from twitcher and
WT littermate mice at P8, P15, P22, and P34 were transferred
into polypropylene cryovials, snap frozen in liquid nitrogen,
and kept at –808C until analysis. The time between dissection
and freezing of tissues was less than 1 min for all tissues.

Metabolomic Analysis

Tissue samples were prepared for analysis with a proprie-
tary series of organic and aqueous extractions to remove the
protein fraction while allowing maximal recovery of small mol-
ecules. The resulting extract was divided into two fractions,
one for analysis by LC/MS and one for analysis by GC/MS.
The LC/MS portion of the platform consisted of an ESI source
and a linear ion-trap mass analyzer. The sample extract was split
into two aliquots, dried, and then reconstituted in acidic or
basic LC-compatible solvents. One aliquot was analyzed with
acidic positive ion optimized conditions, and the other aliquot
was analyzed with basic negative ion optimized conditions in
two independent injections with separate dedicated columns.
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Extracts reconstituted in acidic conditions were gradient eluted
with water and methanol, both containing formic acid, whereas
the basic extracts contained ammonium bicarbonate. The MS
analysis alternated between MS and data-dependent MS2 scans
with dynamic exclusion. The samples destined for GC/MS
analysis were redried under vacuum desiccation for a minimum
of 24 hr prior to being derivatized under dried nitrogen with
bistrimethyl-silyl-triflouroacetamide. The GC column was 5%
phenyl, and the temperature ramp was from 408C to 3008C
over a 16-min period. Samples were analyzed on a Thermo-
Finnigan (San Jose, CA) Trace DSQ fast-scanning single-quad-
rupole mass spectrometer with electron impact ionization.

Data Extraction and Compound Identification

Raw data were extracted, and the peak was identified
and QC processed by Metabolon. Briefly, metabolites were
identified by comparison with library entries of purified
standards or recurrent unknown entities. Metabolon’s library
is based on authenticated standards that contain the retention
time/index (RI), mass-to-charge ratio, and chromatographic
data (including MS/MS spectral data). Biochemical identifica-
tions were based on retention index within a narrow RI win-
dow of the proposed identification, nominal mass match to
the library 60.4 amu, and the MS/MS forward and reverse
scores between the experimental data and authentic standards.
The MS/MS scores were based on a comparison of the ions
present in the experimental spectrum with the ions present in
the library spectrum. The raw data from this study are avail-
able at the freely accessible website metabolomicsworkbench.
org.

Hypoxanthine/Xanthine, S-Adenosylhomocysteine,
Branched-Chain Amino Acids, Glucose, and
Glucose 6-Phosphate Measurements

Hypoxanthine/xanthine concentrations were measured
with the hypoxanthine/xanthine fluorometric assay kit (catalog
No. K685; RRID:SCR_005057; BioVision, Milpitas, CA).
Hypoxanthine/xanthine is specifically oxidized by the xanthine
enzyme mix to form an intermediate, which reacts with
the developer and probe to form a product that can be
measured fluorometrically (Ex/Em 5 535/587 nm). S-
adenosylhomocysteine (SAH) concentrations in brain extracts
were measured with an SAH ELISA kit (catalog No. STA-671;
Cell Biolabs, San Diego, CA) according to the manufacturer’s
protocols. This assay is a competitive ELISA in which samples
and an anti-SAH antibody are added to a plate coated with an
SAH conjugate. The sample and conjugate compete for anti-
body binding, which generates a reverse curve. Samples with
high SAH levels will bind the majority of the antibody, which
gets washed away, resulting in a low absorbance, whereas sam-
ples with low SAH levels will leave more antibody available to
bind to the conjugate, producing a high signal. Branched-chain
amino acid (BCAA) levels were measured by the BCAA
(Leu/Ile/Val) colorimetric assay kit (catalog No. K564;
RRID:SCR_005057; BioVision), which utilizes an enzyme
reaction in which BCAAs are oxidatively deaminated, produc-
ing NADH, which reduces the probe and, thus, generates a
colored product measured at 450 nm. Intracellular or serum

glucose and glucose 6-phosphate (G6P) concentrations were
measured with the glucose and the G6P assay kits (catalog Nos.
K606 and K657; RRID:SCR_005057; BioVision), respec-
tively. The kits provide direct measurement of glucose or G6P
in serum and tissue. The provided enzyme mix specifically oxi-
dizes glucose or G6P to generate a product that reacts with a
dye to generate fluorescence (Ex/Em 5 535/587 nm) or color
(450 nm), respectively. To measure metabolites in serum-free
brain and liver tissues, mice under anesthesia were cardiac per-
fused with cold phosphate-buffered saline (PBS). Dissected
brains and livers were subsequently snap frozen with liquid
nitrogen and kept at –808C until analysis. Samples for the com-
parison group were handled in the same manner to minimize
any variation among them.

Statistical Analysis

Two types of statistical analyses were performed in the
program R (RRID:SCR_000036; http://cran.r-project.org).
ANOVA comparisons were used to identify metabolites that
differed significantly among ages or genotypes following log
transformation and imputation of missing values, if any, with
the minimum observed value for each compound. The q-value
describes the false discovery rate; a low q-value (q < 0.10) is an
indication of high confidence in a result. Random forest (RF)
analysis, which gives an estimate of how well a metabolite can
be classified in a new data set into each group, was used for
classification. RFs create a set of classification trees based on
continual sampling of the experimental units and compounds.
Then, each observation is classified based on the majority votes
from all the classification trees. Student’s t-tests were performed
in Prism (RRID:SCR_002798) when comparing metabolite
concentrations for validation studies in the brain, serum and
liver. Statistical significance was defined as P < 0.05.

RESULTS

Summary of Metabolomic Analysis and Metabolic
Pathways That Were Significantly Affected

To find novel biomarkers and uncharacterized
biochemical pathways implicated in KD pathogenesis,
we profiled the metabolome of twitcher mice and their
WT littermates at P15 and P22. These time points were
selected to correspond to before and after onset of signs
of disease on the C57BL/6 background (Suzuki,
2004b). We analyzed 32 specimens in four cohorts that
included eight mice per cohort. The cohorts were
defined as 1) twitcher at P15, 2) twitcher at P22, 3) WT
at P15, and 4) WT at P22. We specifically chose the
hindbrain for each mouse, including the rostral end of
spinal cord, because KD pathology is more advanced in
the hindbrain compared with the forebrain, which is
likely related to the caudal to rostral pattern of myelina-
tion in the developing brain (Levine et al., 1994). We
identified a total of 314 compounds in each specimen
and conducted a two-way ANOVA with posttest com-
parisons to reveal a number of statistically significant
differences (P � 0.05) across both genotype and age
(Table I, Supp. Info. Table I). The false discovery rate
(q-value) was also calculated to take into account the
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multiple comparisons that normally occur in
metabolomic-based studies. Psychosine was significantly
increased at both P15 and P22 in the hindbrains of
twitcher mice compared with WT (Fig. 1). Generally, the
WT and twitcher brains showed very similar levels of
metabolite change over time. Specifically, comparison of
the WT brain profiles between P15 and P22 indicated that
almost half of the metabolites, 149 of 314, were signifi-
cantly changed, and essentially the same was true of the
twitcher brains between P15 and P22, with 151 of 314 of
metabolites significantly changed. The P15–22 span is a
very active time period in mouse brain development and
maturation, especially with respect to the myelin sheath,
and the mouse metabolome is known to show extreme
variation during development (Houtkooper et al., 2011).
At P15, before the onset of CNS pathology in the twitcher
mouse, only 12 compounds were found to be statistically
significantly changed between WT and twitcher mice (Fig.
2A,C). At P22, a time point shortly after signs relevant to
the CNS have appeared, the number of statistically
changed metabolites rose to 52 (Fig. 2B,C).

We used RF analysis as a supervised clustering
method (Goldstein et al., 2010) to discover common
metabolic pathways that were altered between WT and
twitcher hindbrains. The predictive accuracy for RF anal-
ysis comparing twitcher mice with WT littermates at P15
was not very accurate (31%), reflecting the overall similar-
ity of the two genotypes before the onset of signs of dis-
ease. Nonetheless, the metabolites that were altered were
categorized to the glycolysis and pentose phosphate path-
ways (PPP) on the biochemical importance plot (Fig.
3A), implicating these pathways as early manifestations of
differences between WT and twitcher. On the other
hand, classification of the P22 specimens for both WT
and twitcher cohorts had an RF predictive analysis of
100%. The biochemical importance plot for the P22
comparison was dominated by markers associated with
mitochondrial energy metabolism, inflammation, and oxi-
dative stress (Fig. 3B). A heat map of the metabolic path-
ways highlighted by RF clustering shows a decrease in
some metabolites involved in glucose metabolism in P15
twitcher hindbrains (Fig. 3C,D). In twitcher hindbrains at
P22, there was also a decrease in phospholipid turnover
and sugar alcohols involved in osmolyte regulation and an
increase in BCAA metabolism, inflammation, oxidative
stress, and neurotransmitter and osmolyte metabolism
(Fig. 3C). The heat map also shows that the metabolic
pathways that were changed at the P22 time point were
largely unchanged before signs of disease at P15. Fourteen
other metabolites were also found to change significantly
in twitcher hindbrains at one of these two time points,
although they were not ordered into specific metabolic
pathways by RF clustering (Fig. 3C). A full analysis of all
314 metabolites at both time points and genotypes is
available in Supp. Info. Table I, Figure 1.

Glucose Usage Was Reduced in Twitcher Mice
Before Disease Onset

Glucose is the primary energy source used by all
cells of the brain (Vannucci et al., 1998). Glycolysis and
gluconeogenesis are the key regulatory metabolic
pathways that control glucose homeostasis. The metabo-
lites G6P, fructose 6-phosphate (F6P), and 3-
phosphoglycerate, members of both the glycolysis and the
gluconeogenesis pathways, were found to be significantly

TABLE I. Statistical Summary of Metabolomic Profile of Hindbrains of Twitcher and WT Control Mice From 314 Named

Metabolites*

Two-way ANOVA comparisons
WT P22
WT P15

Twi P22
Twi P15

Twi P15
WT P15

Twi P22
WT P22

Total metabolites (P � 0.05) 149 151 12 52

Metabolites "69/#80 "79/#72 "4/#8 "31/#21

Total metabolites (0.05 < P < 0.10) 17 17 10 15

Metabolites "12/#5 "9/#8 "3/#7 "8/#7
*In total, 314 metabolites were identified in the hindbrain specimens, and two-way ANOVA with posttest comparisons revealed varying numbers of

statistically significant differences across the various comparisons of both genotype and time point (see also Supp. Info. Table I), with statistical signifi-

cance (P � 0.05). Comparison of the WT brain profiles at P15 and P22 indicated that almost half, 149 of 314, of the metabolites were significantly

altered, and essentially the same was true of the twitcher brains, with 151 of 314 changing significantly between P15 and P22. At P15, only 12 com-

pounds exhibited statistically significant changes between WT and twitcher mice, whereas this number had risen to 52 at P22.

Fig. 1. Galactosylsphingosine (psychosine) was highly increased in
both pre- and postsymptomatic twitcher mice compared with WT.
The top and bottom bars with whiskers represent the entire spread of
the data points for the samples. Within the boxplot, the plus (1) indi-
cates the mean value, and the horizontal dividing line is the median
value. The top and bottom of the box represent the 75th and 25th
percentiles, with the whiskers indicating the maximum and minimum
points.
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lower in P15 twitcher hindbrains compared with WT
controls (Fig. 3C,D; see also Fig. 6), indicating glucose
hypometabolism. F6P is converted to mannose 6-
phosphate (M6P), an additional hexose phosphate, by the
M6P isomerase (DeRossi et al., 2006). M6P was also sig-
nificantly reduced in the P15 twitcher brains and may
represent a possible compromise to maintain lysosomal
integrity in twitcher mice because M6P is important to
traffic lysosomal proteins, such as GALC, to the lysosome
via the M6P receptor.

The PPP is a key metabolic pathway that runs paral-
lel to glycolysis and allows for both the reduction of
NADP1 to NADPH and the reversible conversion
between glycolytic intermediates and pentose phosphates
(Wamelink et al., 2008). Similarly to intermediates of gly-
colysis/gluconeogenesis, PPP metabolites including sedo-
heptulose 7-phosphate and ribulose/xylulose 5-phosphate
were also decreased at P15 in the twitcher (Fig. 3C,D; see
also Fig. 6). Additional evidence of altered glucose home-
ostasis was suggested by the significant elevation of 1,5-
anhydroglucitol (1,5-AG) in the twitcher samples at P22.
1,5-AG is a good postprandial indicator of glycemic con-
trol in plasma, in which its levels are inversely correlated
with glucose (Buse et al., 2004); it is unknown whether

this same relationship holds true in tissues as well. All of
these changes were specific to the earlier time point
because all metabolites had returned to WT levels 1 week
later. Overall, these changes suggest that alterations in glu-
cose metabolism precede or coincide with the onset of
neurological signs in twitcher mice. Glucose hypometab-
olism seen in the P15 twitcher mouse may be evident at a
presymptomatic time point in KD with 18F-fluorodeoxy-
glucose positron emission tomography (FDG-PET; Mar-
cus et al., 2014). In fact, glucose hypometabolism is a
common trait of other disorders involving oligodendro-
cytes, such as multiple sclerosis and various leukodystro-
phies (Bakshi et al., 1998; Bluml et al., 2001; Meisingset
et al., 2013).

Reduced Phospholipid and Membrane Turnover
in Twitcher Brains

Phospholipids are the major component of the cell
membrane and are involved in a number of important
structural and signaling roles in the eukaryotic cell (Lom-
bard et al., 2012). Glycerophospholipids are synthesized
by the addition of a head group to diacylglycerol (Lagace
and Ridgway, 2013), a signaling molecule that is, in turn,

Fig. 2. Metabolomic profiling of hindbrains of twitcher and WT con-
trol mice. A: Nonsupervised z-score plot of 314 compounds from P15
WT (n 5 8) and P15 twitcher (n 5 8) hindbrains, normalized to the
mean of the WT samples. Each black or red point represents one
metabolite in a WT or twitcher sample, respectively. Arrows indicate
12 metabolites that were found to be statistically significantly changed

(P � 0.05, ANOVA comparisons). B: The same z-score plot of 314
compounds from P22 WT (n 5 8) and P22 twitcher (n 5 8) mice.
Arrows indicate 52 metabolites that were found to be statistically sig-
nificantly changed (P � 0.05, ANOVA comparisons). C: List of sig-
nificantly changed metabolites from A (top) and B (bottom) listed in
blue or red, representing a decrease or increase from WT, respectively.
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synthesized by glycerol 3-phosphate (G3P; see Fig. 6).
We found a significantly reduced level of G3P and a
structurally related metabolite, glycerol 2-phosphate, in
the brains of P22 twitcher mice (Fig. 3C,D). The reduc-
tion in G3P, the key building block in the synthesis of all
glycerophospholipids, suggests an overall reduction in
the breakdown and/or synthesis of all membrane glycer-
ophospholipids, including phosphatidylcholine (PC) and
phosphatidylglycerol. PC can also be synthesized or
degraded to glycerophosphocholine (GPC) by the

addition or removal of an acyl chain. Consistent with
reductions in G3P, there was a trend toward a decrease
in GPC in the P22 twitcher. PC levels did not differ
between WT and twitcher brains (Supp. Info. Table I,
Fig. 1), but its derivative, cytidine 50-diphosphocholine
(CDP-choline), was increased in P15 twitcher brains.
Because CDP-choline increases glucose metabolism in
the brain and cerebral blood flow (Watanabe et al.,
1975), significantly upregulated CDP-choline in the P15
twitcher mouse may indicate a compensatory regulation

Fig. 3. Classification of metabolites by RF statistical analysis. A: RF
classification in hindbrains of P15 twitcher compared with P15 WT
mice gave a predictive accuracy of 31%, suggesting key differences in
glycolysis and PPP metabolism. B: RF in P22 twitcher compared with
P22 WT mice gave a predictive accuracy of 100%, with differences in
fuel selection, energy metabolism, inflammation, and oxidative stress
markers. C,D: All 314 analyzed metabolites were subjected to super-
vised clustering via RF classification to predict metabolic pathways that
were globally changed in the twitcher hindbrain, yielding glucose
metabolism, phospholipid turnover, BCAA metabolism, inflammation,
oxidative stress, and neurotransmitter and osmolyte metabolism. Heat
map (C) shows the relative concentration of 70 metabolites (rows)
grouped by sample type (column). Sample types are grouped by geno-

type (WT and twitcher) and age (P15 and P22). Colored squares rep-
resent the relative concentration of a given metabolite, defined as the
number of standard deviations above or below the median value.
BCAA, branched chain amino acids; NeuroT, neurotransmitters. Heat
map (D) shows the fold change performed on the 70 metabolites from
C. Red and blue shaded cells indicate P � 0.05 (red indicates that
mean values are significantly higher for that comparison; blue indicates
that mean values are significantly lower). Light red and light blue
shaded cells indicate 0.05 < P < 0.10 (light red indicates that mean
values trend higher for that comparison; light blue indicates that mean
values trend lower). Mean concentration of each metabolite was ana-
lyzed by two single ANOVA comparisons (columns), P15 twitcher
with P15 WT mice and P22 twitcher with P22 WT mice.
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of glucose hypometabolism at an earlier stage of the
disease.

Cholesterol is an essential structural lipid of all
membranes, including the myelin sheath of oligodendro-
cytes and Schwann cells. We found that the cholesterol
precursors lanosterol and lathosterol were also dramati-
cally reduced in P22 twitcher specimens compared with
WT, further suggesting disrupted membrane homeostasis
and possibly reflective of decreased myelin turnover. In
fact, the P22 time point falls within the most active period
of myelination for rodents, which typically spans P15–25.
At this point, galactosylceramide biosynthesis is known to
peak, and myelin is thought to turn over rapidly (Costan-
tino-Ceccarini and Morell, 1972). Generally, the process
of myelin turnover requires the breakdown of galactosyl-
ceramide into galactose and ceramide by GALC (Platt and
Walkley, 2004), and these products are reused in a sepa-
rate remyelination pathway (Suzuki, 2004a). In twitcher
mice and KD patients, this breakdown is blocked by the
loss of GALC activity, which may explain why metabo-
lites required for membrane synthesis are reduced in the
P22 twitcher mouse. Furthermore, the P22 twitcher also
has reduced citrulline, which is used as a posttranslational
modification on select proteins, including myelin basic
protein (Wood and Moscarello, 1989).

N-acetylaspartate (NAA), a derivative of aspartic
acid, emits the largest signal in MRS of human brain and
is decreased in numerous neuropathological conditions
(Deicken et al., 2000). NAA is significantly reduced in
P22 twitcher compared with WT (Fig. 3C,D) and may
represent a reliable biomarker for KD progression, in
close agreement with a previous study (Meisingset et al.,
2013). Because one of the primary functions of NAA is a
source of acetate for lipid and myelin synthesis in oligo-
dendrocytes (Chakraborty et al., 2001), the reduction of
NAA may reflect a decrease in myelin turnover in the
P22 twitcher. Overall, these results suggest that mem-
brane homeostasis, including sphingolipids, glycerophos-
pholipids, cholesterol, and myelin, may be disrupted in
twitcher brains before the signs of disease begin and is
readily perturbed after early signs are present.

Elevated Oxidation of BCAAs in P22 Twitcher

In the brain, the BCAAs valine, isoleucine, and
leucine are important for the synthesis of the excitatory
neurotransmitter glutamate and the inhibitory neurotrans-
mitter g-aminobutyric acid (GABA; Yudkoff, 1997). All
three BCAAs were found to be significantly increased
in the P22 twitcher brain (Fig. 3C,D). Evidence of
increased BCAA metabolism in the P22 twitcher hind-
brain was also supported by the significant accumulation
of a number of BCAA oxidative acyl-carnitine
derivatives, including acetylcarnitine, propionylcarnitine,
isobutyrylcarnitine, 3-dehydrocanitine, 2-methylbutyryl-
carnitine (C5), b-hydroisovalerylcarnitine, butyrylcarni-
tine, and hydroxybutyrylcarnitine (Figs. 3C,D; see also
Fig. 6). Carnitine and acyl-carnitines are present in the
mitochondria, in which they play an important role in

generating energy from lipids by b-oxidation as well as in
maintaining equilibrium between metabolic pathways in
the cytoplasm and mitochondria. The exchange of acyl-
carnitines for coenzyme A is believed to be an important
mechanism for maintaining the limited pools of free
coenzyme A in cells (Ramsay and Zammit, 2004). We
found a relative reduction in the levels of free coenzyme
A and an increase in free carnitine in twitcher brains at
P22. We also found a significant decrease in the biosyn-
thetic precursor for carnitine, deoxycarnitine (Fig. 3C,D).
Overall, this pattern suggests that the entire carnitine
pathway is altered in twitcher hindbrains after onset of
disease. The buildup of acyl-carnitines may specifically
reflect the incomplete oxidation of BCAAs or fatty acids
and may, therefore, be a sign of mitochondrial dysfunc-
tion (Wanders et al., 2012). In fact, mitochondrial dys-
function has recently been postulated to represent an
underlying role in the pathogenesis of KD because psy-
chosine is thought to induce apoptotic and necrotic cell
death by increasing mitochondrial calcium and reactive
oxygen species production (Voccoli et al., 2014).

Biomarkers of Inflammation and Antioxidation
Were Elevated in the Twitcher Mouse at
Both P15 and P22

Despite the absence of external signs relevant to
CNS disease in the P15 twitcher, microglia and astro-
cytes have already begun to show subtle activation at P15
in some twitcher hindbrain regions (Taniike and Suzuki,
1994). Microgliosis and astrocytosis are known to be
progressive and eventually span the entire CNS of
affected twitcher mice (Levine et al., 1994). Not surpris-
ingly, in the P22 twitcher hindbrains, the inflammatory
mediators corticosterone and 12-HETE were signifi-
cantly elevated as well as the dipeptide proline-
hydroxyproline, which reflects the inflammatory matrix
metalloproteinase-catalyzed breakdown of collagen
(Cechowska-Pasko et al., 2006; Fig. 3C,D). Similarly,
there were also complementary signs of antioxidant
mediators, which could protect against such oxidative
stress in the P22 twitcher mouse. For example, there was
a significant elevation of the potent endogenous antioxi-
dant uric acid, which can safely react with highly toxic
hydroxyl radicals and hypochlorous acid. Uric acid is
synthesized in a two-step enzymatic reaction from hypo-
xanthine, which was also found to be significantly
increased in the twitcher hindbrain. Alternatively, uric
acid can be synthesized by purine nucleotides, adenosine,
and guanosine. For P22 twitcher hindbrains, we found a
significant reduction in these purine nucleotides and
some of their derivatives, including adenosine, guano-
sine, adenosine 50-diphosphate, N1-methyladenosine,
and guanosine 50-diphosphofucose (Fig. 3C,D). Other
antioxidant molecules were also found to be increased in
the P22 twitcher samples, including a-tocopherol, which
protects cell membranes from free radicals and is upregu-
lated with increased microglial activation and neuroin-
flammation (Khanna et al., 2015).

1100 Weinstock et al.

Journal of Neuroscience Research



Neurotransmitters and Neuromodulators

Serotonin’s precursor tryptophan and its breakdown
product 5-hydroxyindoleacetate were elevated in P22
twitcher compared with WT specimens (Fig. 3C,D).
Similarly, phenylalanine, the precursor for the catechol-
amine neurotransmitters (dopamine, norepinephrine, and
epinephrine), was also significantly increased in P22
twitcher hindbrains. The polyamine putrescine, both a
regulator of proliferation/chromatin condensation and a
precursor for GABA (Iacomino et al., 2012), was also
increased in the brains of P22 twitcher mice. Further-
more, serine was also highly upregulated in P22 twitcher,
which serves as a neuromodulator by coactivating
NMDA receptors. In fact, serine has recently been con-
sidered as a potential biomarker for early diagnosis of Alz-
heimer’s disease and has been found to be present at a
relatively high concentration in the CSF of patients who
later developed Alzheimer’s disease (Madeira et al., 2015).
The changes in these neurotransmitter precursors reflect
changes in neurotransmitter metabolism that may be fur-
ther altered as the disease progresses.

Osmotic Regulation

KD is an inflammatory disease, and pathological tis-
sues usually contain obvious levels of edema and swelling.
The P22 twitcher had changes in a range of compounds
known to serve as osmotic regulators, including a decrease
in betaine and increases in urea, threonine, and allo-
threonine. Homoserine (also called isothreonine), an inter-
mediate in the biosynthesis of threonine, was found to be
significantly reduced. Additionally, the polyol arabitol was
found to be significantly decreased at P22. A similar trend,
albeit nonsignificant, was found to occur for other poly-
ols, including mannitol, sorbitol, and ribitol. Polyols are
all known to be active osmolytes (Yancey, 2005). Alto-
gether these altered metabolites may suggest a modest sign
of altered osmoregulation in the brains of twitcher mice
at P22 (Fig. 3C,D). However, because these biochemicals
have multiple roles in metabolism, it is difficult to discern
whether these observed changes are truly linked to
osmotic regulation.

Other Observations and Potential Biomarkers for
Early Diagnosis

Disease-specific metabolic profiles have proved to
be useful measures for early diagnosis and surveillance of
disease progression (Zhang et al., 2015). We hypothesized
that metabolites that were significantly altered at P15,
before onset of signs of disease, could represent potential
biomarkers for early diagnosis of KD. We found that four
metabolites, SAH, cytidine 50-diphosphocholine, 1-pal-
mitoylglycerophosphoserine, and hypoxanthine, were sig-
nificantly increased in the P15 twitcher compared with
WT mice (Figs. 2A,C, 4A). Instead, eight metabolites
were found to be significantly decreased in the P15
twitcher hindbrain, G6P, F6P, 3-phosphoglycerate, sedo-
heptulose 7-phosphate, ribulose/xylulose 5-phosphate,

M6P, 10-heptadecenoate, and 2-linoleoylglycerol (Figs.
2C, 3C,D).

SAH is an amino acid derivative and an intermedi-
ate, byproduct, or modulator of several metabolic path-
ways, including the activated methyl cycle and cysteine
biosynthesis. It is also a product of S-adenosyl-
methionine-dependent methylation of biological mole-
cules, including DNA, RNA, and histones and other pro-
teins. Elevated SAH is considered a risk factor for many
diseases, including cancer and neurodegenerative diseases
(Herrmann and Obeid, 2007). We investigated the poten-
tial of SAH as a biomarker in KD progression by perform-
ing an ELISA on three brain specimens from twitcher and
WT littermates through various time points. Unfortu-
nately, the level of SAH was not altered much as the dis-
ease progressed (Fig. 4B). This represents a major
limitation in using SAH as a biomarker for KD because
SAH would not be adequate for the surveillance of disease
progression and response to therapy. We next investigated
the potential of hypoxanthine as a biomarker in KD pro-
gression. Hypoxanthine is the precursor of the antioxidant
uric acid and a purine metabolite involved in the purine
nucleotide salvage pathway. We performed a fluorometric
xanthine enzyme assay on three brain specimens from
twitcher and WT brains at various time points. We vali-
dated that hypoxanthine was indeed elevated at the P15
time point in twitcher brains (Fig. 4C). Hypoxanthine
levels were also increased at the earlier P8 time point and
continued to be upregulated as the disease progressed,
although they were not statistically significant except at
P15. These data suggest that, when hypoxanthine is also
elevated in the blood or CSF of twitcher mice and KD
patients, it may be a potential biomarker for both diagno-
sis and clinical followup of patients with KD.

Because many metabolites are extremely volatile and
are known to be degraded or metabolized very quickly,
we collected tissues for the metabolomic analysis without
perfusion and snap froze them in liquid nitrogen to mini-
mize the dissection time, as described in previous brain
metabolomics studies (Kopp et al., 2010; Salek et al.,
2010; Davidovic et al., 2011). To determine whether
residual serum left in the brain contributed to the
observed changes in the metabolomics analysis, we ana-
lyzed several metabolites in PBS-perfused hindbrains.
Measured glucose concentrations in the hindbrains were
highly dependent on residual serum and were significantly
reduced in both WT and twitcher PBS-perfused brains
(Fig. 5A). Without regard to perfusion status, however,
the glucose concentrations measured in the brain were
extremely low and barely detectable. There was no statis-
tically significant difference in glucose concentration
between P22 WT and twitcher hindbrains. Conversely,
the metabolites G6P and hypoxanthine and the BCAAs
were not changed with PBS perfusion. The concentration
of these metabolites was greater than a full order of mag-
nitude higher in the hindbrain than that of glucose, which
may explain why a small amount of residual serum would
not significantly alter their measured concentrations (Fig.
5B). To understand better the glucose usage defects in the

Metabolic Profiling in Krabbe Disease 1101

Journal of Neuroscience Research



twitcher mouse, we analyzed glucose concentrations in the
serum and in the PBS-perfused liver, a key organ in regu-
lating glucose metabolism (Fig. 5C). We also measured the
concentration of G6P, the first glucose intracellular inter-
mediate in both the serum and the liver. Glucose levels in
the serum of P15 twitcher mice were significantly reduced
compared with WT littermates, which may have contrib-
uted to the nonsignificant trend in the metabolomics study.
However, we did not observe any changes in glucose con-
centrations in the liver or in G6P concentrations in the
serum or liver. These findings suggest that the decrease in
glucose metabolism likely is related to altered brain glucose
usage rather than to metabolic alterations in peripheral glu-
cose homeostasis. The complex alterations in twitcher glu-
cose metabolism and glucose usage may, therefore, reveal
the opportunity to diagnose KD by in vivo imaging
modalities such as FDG-PET.

DISCUSSION

Patients with infantile KD exhibit severe and rapidly pro-
gressive neurological deterioration. Treatment with
cord blood transplant is effective if initiated presympto-
matically but has a significant morbidity and mortality; pre-
symptomatic diagnosis must be accurate. Unfortunately,

secure diagnosis is complicated by the broad spectrum of
clinical variability seen in KD patients with the same muta-
tion or GALC activity. The identification of reliable bio-
markers and underlying biological pathways relevant in
KD pathogenesis is, therefore, essential to advance diagno-
sis, prognosis, and timely treatment of KD patients.
Although galactosylceramide is thought to be the major
physiologic substrate for GALC, the enzyme also catabo-
lizes galactosylsphingosine (psychosine), monogalactosyl
diglyceride, and under specific assay conditions lactosylcer-
amide (Wenger et al., 2001).

Psychosine accumulates throughout the nervous sys-
tem after loss of enzymatic function of GALC and is
thought to cause oligodendrocyte apoptosis and degenera-
tion of axons (Wenger, 2011a). It has been proposed that
psychosine measurement could help in monitoring disease
progression and be used to diagnose and evaluate KD
patients (Turgeon et al., 2015). However, several animal
and human studies have suggested that psychosine accu-
mulation may not be as direct an indicator for KD pro-
gression as previously thought. First, twitcher mice
deficient for the enzyme thought to generate psychosine,
UDP-galactose:ceramide galactosyl transferase, show a
neuronal degeneration similar to that seen in the classical
twitcher mouse, despite undetectable levels of brain

Fig. 4. Potential biomarkers for early diagnosis of KD. A: Metabolo-
mics analysis revealed that four metabolites, SAH, hypoxanthine, cyti-
dine 50-diphosphocholine, and 1-palmitoylglycerophosphoserine, were
significantly increased in twitcher brains before signs of disease at P15
compared with WT. Red arrow indicates that mean values are signifi-
cantly higher (P � 0.05), and pink arrow indicates that mean values

trend higher (0.05 < P < 0.10; ANOVA comparisons). B: ELISA
analysis for SAH shows that the concentration of this metabolite was
not correlated with progression of KD pathology in twitcher mice. C:
Fluorometric assay for hypoxanthine/xanthine shows that concentra-
tions were higher in the twitcher brain compared with WT at P15,
before disease onset. *P < 0.05 (Student’s t-test, n 5 3, P 5 0.013).
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psychosine (Ezoe et al., 2000). Second, mice deficient for
the sphingolipid activator protein A (saposin A), an
enzyme required for GALC activation in vivo, are pheno-
typically similar (although the phenotype is milder) to the
twitcher mouse. The accumulation of psychosine in the
brains of saposin A-deficient mice was only twice the
normal accumulation compared with the 10–20-fold
increase in the twitcher mice, even when both mice had
progressed to similar clinical phenotypes (Matsuda et al.,
2007). Furthermore, in the Galctwi-5j mouse, which has a
spontaneous mutation in Galc that matches the Glu130Lys
missense mutation found in some KD patients, psychosine
levels (in Galctwi-5j mice) do not correlate with the regions
exhibiting the disturbances in myelination/axonopathy
(Potter et al., 2013). Finally, in a study investigating resid-
ual GALC activity in cells from KD patients, it was shown
that some mutations from affected patients had reduced
GALC activity for galactosylceramide while having intact
activity for psychosine (Harzer et al., 2002). Altogether
these studies strongly suggest that psychosine levels might
not always correlate with clinical symptoms.

Our approach, therefore, was to investigate metabo-
lites other than psychosine that could contribute to disease

progression in KD, with the intent of exploiting them as
novel biomarkers. Advanced metabolomic analysis pro-
vides a detailed and unbiased snapshot of the global meta-
bolic profile that exists within a tissue. By comparing
relative changes in the abundance of biochemical species
between WT and twitcher tissues, we were able to high-
light a number of previously undocumented potential
biomarker candidates as well as entire metabolic pathways
that were altered in KD and may underlie the disease pro-
cess. For the hindbrains of twitcher mice, we found four
upregulated and eight downregulated metabolites prior to
signs of disease and 31 upregulated and 21 downregulated
metabolites immediately after the onset of disease. The
role of each of these metabolites and correlation with dis-
ease pathogenesis remain unclear but warrant further
investigation. For example, several of our findings were
consistent with previous metabolomic studies in other
demyelinating diseases, including multiple sclerosis
(Tavazzi et al., 2011; Gonzalo et al., 2012; Mangalam
et al., 2013; Bhargava et al., 2015; Pieragostino et al.,
2015; Cocco et al., 2016). In particular, in a metabolomics
study from the CSF of a rat model of experimental auto-
immune enchephalomyelitis (EAE), BCAAs and putrescine

Fig. 5. Effect of serum contribution on hindbrain metabolite con-
centration and glucose usage in serum and liver. A: Concentration
of glucose was measured in the hindbrains of PBS-perfused and non-
perfused WT and twitcher P22 mice. Glucose, which is detected at
low concentrations in the hindbrain, is significantly reduced by PBS
perfusion for both genotypes (Student’s t-test, n 5 3, P 5 0.002).
The concentration of glucose was not significantly altered between
the genotypes at P22. B: The concentrations of other important
metabolites in the hindbrains were not significantly altered by PBS
perfusion. The metabolites G6P and hypoxanthine/xanthine and

BCAAs were all significantly altered in the metabolomics analysis
and were found to occur at hindbrain concentrations of at least one
order of magnitude greater than glucose. All three of these metabo-
lites were found to be not significantly altered by PBS perfusion in
the P22 twitcher hindbrain. C: Glucose concentrations in the serum
of P15 twitcher mice were significantly reduced (Student’s t-test, n
5 3, P 5 0.015) but were not significantly changed at P22. Con-
versely, G6P concentrations were unchanged at both time points.
Neither glucose nor G6P was significantly altered at either time
point in the twitcher liver.
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were both found to increase with disease progression
(Noga et al., 2012). Similarly, a metabolomic analysis in
the serum of a relapsing-remitting EAE model in SJL mice
showed significant increases in a-tocopherol and a number
of acyl-carnitine species as well as a reduction in 1,5-AG
and 3-phosphoglycerate (Mangalam et al., 2013). Some of
our detected changes, therefore, may represent altered
metabolic pathways attributed directly to oligodendrocyte
dysfunction and demyelination. Alternatively, other
changes may represent a global alteration in the metabolism
and equilibrium of the tissue, unrelated to demyelination.
At P15, before the onset of signs of disease, the twitcher
specimens had similar metabolic profiles compared with
WT specimens. The only metabolic pathway that was
altered at this early time point reflected decreased metabo-
lites associated with glucose energy metabolism (Figs. 3B,
6), indicating an alteration of glucose uptake or usage
before the clinical signs of disease. As predicted, the major
differences between WT and twitcher hindbrains were
observed at P22, after signs of disease were apparent,

including a decrease in phospholipid turnover, signs of
restricted mitochondrial metabolism of BCAAs, elevated
biomarkers of inflammation and oxidative stress, and altera-
tions in neurotransmitter and osmolyte metabolism (Fig.
6). Changes in these metabolites and in the overall meta-
bolic pathways may be useful as part of a multimodal
approach to correlate and collocate metabolic and struc-
tural abnormalities in the brain, which could provide more
sensitive detection of early changes in disease. For example,
given the early changes in brain glucose metabolism during
the transition toward the clinical phenotype, it seems rea-
sonable that the use of FDG-PET may provide useful
imaging parameters that could complement the structural
information acquired by magnetic resonance imaging.
These modalities used in tandem or even in combination
may be useful for more accurate diagnosis of KD by recog-
nizing both structural and metabolic changes in the brain.

The current study confirms and significantly extends
previous studies that have analyzed metabolites in
twitcher mice (Esch et al., 2003; Meisingset et al., 2013;

Fig. 6. Illustration of key metabolic pathways that were altered in the hindbrain of twitcher, an
authentic mouse model of KD. For simplicity, not all biochemical steps or enzymes involved in the
metabolic pathways are shown. We found that glycolysis and gluconeogenesis (A), the PPP (B),
membrane lipid homeostasis (C), and BCAA metabolism (D) are all involved in the pathogenesis of
twitcher mice.
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Zanfini et al., 2014). First, we used a high-throughput
analytical metabolomics platform incorporating positive-
and negative-mode LC/MS and GC/MS analyses, which
included an extensive biochemical library that contained
over 2,300 named and 5,200 unnamed compounds. The
previous studies profiled a more limited number of
metabolites focusing on sphingolipid species with ESI
MS/MS (Esch et al., 2003) or 17 peak assigned metabo-
lites with 1H and 13C magnetic resonance spectra (Mei-
singset et al., 2013). Second, previous groups profiled
twitcher brains only after signs of disease had appeared
rather than before signs were apparent. Meisingset et al.
(2013) examined spinal cord, cerebellum, and forebrain
with mild signs (P30) and advanced signs (P40) of disease
in twitcher mice on the mixed background of C57BL/6
and FVB. Esch et al. (2003) used the pons/medulla of
twitcher mice at P31 and the P35–37 span on the back-
ground of C57BL/6, which are in the later stages of dis-
ease progression. Metabolite analysis at early time points is
important for the discovery of biomarkers with diagnostic
implications. For example, Meisingset et al. (2013) identi-
fied NAA and lactate as potential biomarkers for the pri-
mary oligodendrocyte dysfunction that occurs in KD and
identified myoinositol and taurine as early indicators of
disturbed metabolism in the disease from the results in
symptomatic twitcher mice. However, in the current
study, NAA levels were not changed in the P15 hindbrain
and, in fact, were significantly reduced in P22 twitcher
(0.91-fold) compared with WT littermates. Furthermore,
lactate, myoinositol, and taurine were unchanged at P15
and P22 in twitcher hindbrains. A recent study analyzed
the fatty acid composition in brain and serum of the
twitcher mouse on the background of C57BL/6 for the
purpose of biomarker discovery for KD (Zanfini et al.,
2014) and found that C16:1n7c monounsaturated fatty
acid (palmitoleate) was significantly increased in the
twitcher (at the P20–40 span) in brain, just as in P22
twitcher brain in the current study. However, Zanfini
et al. showed that C14:0 saturated fatty acid (myristate)
was not changed in twitcher P20–40 brain compared
with controls, whereas it was significantly increased in
P22 twitcher brain in our analysis (Supp. Info. Table I,
Fig. 1). Unfortunately, they did not measure 10-
heptadecenoate (17:1n7) or 10-nonadecenoate (19:1n9),
which were decreased in our analysis in P15 and P22
twitcher, respectively. These differences may be
accounted for by differences in the brain regions and
techniques used for the analysis. Nevertheless, we believe
that the volatility of these measurements may suggest that
these metabolites have limited diagnostic potential.

In conclusion, using global metabolomic analysis,
we found that before the onset of signs of disease there
was an alteration of glucose uptake or usage. After the
onset of the disease there were decreases in metabolic
markers of phospholipid turnover, signs of restricted
mitochondrial metabolism of BCAAs, and elevations of
biomarkers of inflammation and oxidative stress. Further-
more, we identified hypoxanthine as a potential early bio-
marker for diagnosis, which may reveal brain damage

much earlier than histopathology. Many of the identified
markers are novel in their association with the disease. In
a future study, we will focus on the validation of changes
in these potential biomarkers in twitcher brain, extend
analysis of their levels to CSF and serum to determine
whether they could be assessed in patients, and examine
their correlation with KD progression and severity in
patient material.
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Krabbe’s disease is a rare autosomal recessive lysosomal
disorder resulting from deficiency of b-galactocerebrosidase
that affects primarily cerebral white matter and peripheral
nerves. Conventional magnetic resonance imaging (MRI) is
sensitive to changes in white matter myelination, but its
assessment is based purely on qualitative, visual inspection,
and it is subject to interobserver variability and open to
reader bias. Diffusion tensor imaging (DTI) is an advanced
MRI technique that provides quantitative information about
the microscopic structural organization of the white matter
and changes in cell density and myelination, and it is a suita-
ble MRI tool for studying Krabbe’s disease. This Review dis-
cusses the available studies on the application of
quantitative DTI analysis to assess white matter changes in
patients with Krabbe’s disease. Quantitative analysis of DTI
scalars, especially radial diffusivity and fractional anisotropy,
has been shown to be a sensitive in vivo biomarker of
white matter microstructural damage in Krabbe’s disease,
to detect early white matter injury in asymptomatic neonates
with Krabbe’s disease, to predict motor and cognitive
functions after hematopoietic stem cell transplantation
(HSCT), and to serve as a measurement for monitoring
effects of HSCT on white matter development in Krabbe’s
disease. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe’s disease; magnetic resonance
imaging; diffusion tensor imaging; outcome

In recent decades, the development and continuous
improvement of magnetic resonance imaging (MRI) have
revolutionized diagnostic medicine, allowing noninvasive
study of biological processes and functions. Conventional
MRI sequences provide detailed morphological data
because of the high spatial resolution, high tissue contrast,
and multiplanar capabilities. In the past decade, advanced
(functional) MRI sequences have been increasingly inte-
grated with conventional (anatomical) sequences. The
greater amount of information available from different
sequences and the integration and correlation of these

have made diagnosis more accurate and reliable. In addi-
tion, advanced MRI techniques have helped scientists and
physicians to understand better the pathobiology of brain
diseases and are increasingly used to guide treatment and
predict outcome (neuroimaging biomarkers) in many dis-
eases, including neonatal hypoxic-ischemic injury, trau-
matic brain injury, and neurometabolic diseases such as
childhood cerebral X-linked adrenoleukodystrophy and
Krabbe’s disease (Isaacson and Provenzale, 2011; Pinto
et al., 2012a,b; McKinney et al., 2013; Chau et al., 2014;
Massaro et al., 2015). Furthermore, advanced MRI
sequences provide quantitative values that can be used to
monitor disease progression and assess the success of
therapies (Oishi et al., 2013). Finally, quantitative analysis
of advanced MRI techniques has been shown to detect
and evaluate subtle changes that are potentially important
and remain undetected by a qualitative evaluation (Oishi
et al., 2013).

SIGNIFICANCE

This Review discusses research articles on quantitative analysis of dif-

fusion tensor imaging (DTI) data to study Krabbe’s disease. This will

help in understanding the current applications of DTI in symptomatic

patients as well as asymptomatic neonates with a genetic diagnosis of

Krabbe’s disease. In addition, it helps to shed light on the pathome-

chanisms of Krabbe’s disease. Finally, it opens possibilities to use

quantitative DTI scalars as biomarkers of outcome in children with

Krabbe’s disease after stem cell transplantation.
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Diffusion tensor imaging (DTI) is an advanced MRI
technique that analyzes the three-dimensional shape of
water molecule diffusion and provides qualitative and
quantitative information about the microscopic structural
organization of the white matter and, hence, structural
connectivity within the brain (Feldman et al., 2010; Qiu
et al., 2015). Therefore, DTI is a suitable MRI tool for
studying the normal development of white matter and
acquired or inherited white matter diseases (Isaacson and
Provenzale, 2011). DTI scalars have been shown to be
valuable objective biomarkers of tissue injury, allowing
treatment monitoring, and may serve as a predictor of
outcome. This Review briefly discusses the basic princi-
ples of DTI, including fiber tractography (FT), as well as
quantitative analysis approaches to DTI data, followed by
a detailed description of reported applications of DTI for
assessing white matter changes in Krabbe’s disease, includ-
ing symptomatic patients, presymptomatic neonates,
patients after hematopoietic stem cell transplantation
(HSCT), and animal models.

BASIC PRINCIPLES OF DTI

Diffusion-weighted imaging provides image contrast from
differences in diffusion of water molecules within the
brain (Huisman, 2003). Diffusion represents the random
thermal movement of molecules, also known as Brownian
motion. Diffusion within the brain is determined by a vari-
ety of factors, including the type of molecule under inves-
tigation, the temperature, and the microenvironmental
architecture in which the diffusion takes place. For exam-
ple, the rate of diffusion of water molecules within the
cerebrospinal fluid is less limited than the rate of diffusion
of water molecules within the brain tissue. The differen-
ces in diffusion rates can be translated into and displayed
as differences in MRI signal, for example, as two-
dimensional apparent diffusion coefficient maps.

Diffusion, however, is a three-dimensional phenom-
enon that has a direction and a shape (Pierpaoli et al.,
1996). DTI analyzes the three-dimensional shape and
magnitude of diffusion or diffusion tensor. The diffusion
tensor is a three-dimensional structure with three princi-

pal diffusivities (eigenvalues, k1, k2, and k3) associated
with three mutually perpendicular principal directions
(eigenvectors, v1, v2, and v3, where v1 is the orientation
with maximal diffusion coefficient and v3 is the orienta-
tion with minimal diffusion coefficient). The diffusion
tensor may be visualized with an ellipsoid. The v1, v2,
and v3 of the diffusion tensor make up the three axes of
the ellipsoid, and the length of each axis is the eigenvalue
of the corresponding eigenvector. Within the brain, diffu-
sion differs among various structures and depends mostly
on the microstructural architecture. For example, the
effective molecular diffusion in white matter tracts is pre-
dominantly along the direction parallel to the long axis of
the fiber tracts, but it is limited in the direction perpen-
dicular to the fiber tracts. This kind of diffusion may be
represented as an ellipsoid and is known as anisotropic diffu-
sion. On the other hand, when the degree of diffusion is
equal in all directions, the three-dimensional shape of dif-
fusion may be represented as a sphere and is called isotropic
diffusion.

The degree of anisotropy may be quantified by cal-
culating fractional anisotropy (FA). FA is defined as the
ratio of the anisotropic component of the diffusion tensor
to the whole diffusion tensor and varies between zero and
one. Zero represents maximal isotropic diffusion as in a
perfect sphere, and one represents maximal anisotropic
diffusion as in the hypothetical case of an ellipsoid of min-
imal diameter. The FA values can also be calculated on a
voxel-by-voxel basis and mapped accordingly. Areas with
a high degree of anisotropic diffusion (high FA value) are
bright (e.g., corpus callosum, internal capsule), and areas
with low anisotropic diffusion are dark (e.g., cerebrospinal
fluid or gray matter; Fig. 1A). The diffusion tensor also
includes information about the principal direction of dif-
fusion that can also be mapped. Usually, the FA maps can
be color coded, with red indicating a predominant left–
right, green indicating an anterior–posterior, and blue
indicating a superior–inferior anisotropic diffusion (Fig.
1B). This color coding facilitates recognition of major
normal and aberrant white matter tracts.

The analysis of the eigenvalues k1, k2, and k3 pro-
vides more precise information about tissue diffusion
properties and allows a more detailed study of the local
tissue architecture/integrity by calculating axial diffusivity
(AD) and radial diffusivity (RD). AD is defined as the
eigenvalue of the primary or principal eigenvector and
represents diffusion along the main axis of white matter
tracts. RD is defined as the mean of the eigenvalues of
the second and third eigenvectors and represents diffusion
perpendicular to white matter tracts. Increase in AD has
been associated with increase in axonal diameter, whereas
decrease in AD may reflect axonal degeneration. In addi-
tion, increase in RD seems to reflect disordered myelin
sheaths or increased astrogliosis and giant cells, whereas
low RD is seen in high myelination. Therefore, AD and
RD have been proposed as markers to detect and differ-
entiate axonal and myelin damage (Song et al., 2003;
Feldman et al., 2010).

Abbreviations

ABA atlas-based analysis

AD axial diffusivity

ADC apparent diffusion coefficient

DTI diffusion tensor imaging

FA fractional anisotropy

FDi fiber density index

FT fiber tractography

HSCT hematopoietic stem cell transplantation

MD mean diffusivity

MRI magnetic resonance imaging

RA relative anisotropy

RD radial diffusivity

ROI region of interest

TBSS tract-based spatial statistics

VBA voxel-based analysis
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The combination of magnitude and directional
information of anisotropic diffusion of the measured vox-
els allows the reconstruction of white matter tracts by FT
(Mori et al., 1999; Ciccarelli et al., 2008; Chung et al.,
2011; Huisman et al., 2014). Fibers are reconstructed
from the assumption that voxels with a similar degree of
anisotropic diffusion (FA value) and principal anisotropic
diffusion direction are likely to belong to the same white
matter tract. Various powerful postprocessing mathemati-
cal algorithms are available for FT. From the algorithm
used, FT can be deterministic, e.g., using the fiber assign-
ment by continuous tracking algorithm, or probabilistic,
that is, able to track through regions of high uncertainty
(Behrens et al., 2003; Yamada et al., 2009). FT allows us
to study the internal neuroarchitecture of the normal and
pathological brain noninvasively and may provide insights
into the development of the various normal and anoma-
lous connections (white matter tracts) among functional
systems (Mori et al., 1999; Xue et al., 1999).

QUANTITATIVE ANALYSIS APPROACHES
TO DTI DATA

DTI data may be analyzed qualitatively and quantitatively,
including region of interest (ROI)-based analysis, atlas-
based analysis (ABA), voxel-based analysis (VBA), and
tract-based spatial statistics (TBSS; Feldman et al., 2010;
Oishi et al., 2013; Fig. 2). The decision determining
which quantitative analysis should be used depends on the
hypothesis and research question.

The ROI-based analysis relies on the manual place-
ment of ROI to cover brain structures of interest and ana-
lyzes only the voxels within those regions (Feldman et al.,

2010; Fig. 2A). Therefore, an ROI-based analysis can be
applied only in hypothesis-driven studies. In ROI-based
analysis, the number of statistical comparisons is consider-
ably lower compared with whole-brain approaches. The
advantages are that statistical power increases and small
differences not apparent on whole-brain analyses may be
found. In addition, ROI-based analysis is the quantitative
analysis approach of first choice for patients with large
morphological brain changes. A major disadvantage of
this method is that it may miss differences in regions not
included in the analysis. In addition, the manual ROI
placement is investigator dependent, and its reliability
must be evaluated. Furthermore, manually drawing the
ROIs can be labor intensive and time consuming and
becomes less feasible as the sample size increases.

ABA is an automated, whole-brain approach based
on the parcellation of the brain into 30–200 well-defined
anatomical regions (Faria et al., 2010; Oishi et al., 2013;
Fig. 2B). A major challenge of this kind of whole-brain
analysis is that subjects vary substantially in terms of the
size and shape of their brains. Therefore, it is essential to
align all the images of the subjects with a template to
ensure that the same structures are compared in all sub-
jects. The normalization process includes linear and non-
linear transformations that turn, stretch, shrink, and warp
the brain images of the subjects to make them fit the tem-
plate in the best possible manner. The normalization pro-
cess allows the creation of a parcellation map that can be
transformed to the native images of each subject. The
normalization process may be imperfect, compromising
the accuracy of the comparisons between subjects. This
limitation plays an important role, particularly for subjects

Fig. 1. Samples of axial (A) FA and color-coded (B) FA maps. The FA map shows high degrees of
anisotropic diffusion along white matter tracts in the corpus callosum and internal capsule (bright).
A low degree of anisotropic diffusion is seen in the cortical and central gray matter (areas of iso-
tropic diffusion, black). The color-coded FA map displays the predominant direction of diffusion,
with left-to-right diffusion in the corpus callosum (red), superior–inferior diffusion in the internal
capsule, and anterior–posterior diffusion in the frontal white matter (green).
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with structural brain abnormalities. The lower number of
data compared with VBA makes statistical analysis easier,
but there is less information about anatomical localization.

VBA is another automated approach in which
each voxel is considered as a single ROI (Faria et al.,
2010; Feldman et al., 2010; Oishi et al., 2013). For a
group analysis, each voxel at the same anatomical loca-
tion must be identified across subjects. To fulfill this
requirement, all images of the subjects must be normal-
ized, as discussed for ABA. Because of the small size of
the voxels, VBA can potentially provide information
about changes in confined anatomical areas or about a
small portion of a structure. The small size and large
number of voxels that are required to cover the whole
brain may limit the statistical power after correction for
multiple comparisons.

TBSS is another whole-brain analysis approach (Fig.
2C). Using an algorithm, TBSS aligns the FA images
from multiple subjects to a common space. A tract repre-
sentation is then created (the so-called mean FA skeleton)
that includes only voxels that are assumed to be at the
center of tracts common to all the subjects of the studied
group; regions of poor alignment are excluded (Smith
et al., 2006; Anjari et al., 2007). The resulting FA skele-
ton data for all subjects are analyzed by computing statis-
tics at each voxel and identifying regions with significant
differences among groups. As with other whole-brain
approaches, TBSS may be applied not only for
hypothesis-driven studies but also for explorative studies,
for example, to identify areas of major difference across
subjects that can then be further analyzed with other
methods. A limitation of TBSS is that variations in the
periphery of white matter tracts may be missed because
they are not included in the analysis.

APPLICATION OF DTI TO STUDYING WHITE
MATTER MICROSTUCTURAL INTEGRITY IN

PATIENTS WITH KRABBE’S DISEASE

For eight children with Krabbe’s disease and eight age-
matched controls, Guo et al. (2001) performed an ROI-
based analysis of DTI data and calculated the relative ani-
sotropy (RA) in 11 anatomical regions, including middle
cerebellar peduncles, cerebral peduncles, thalami, basal gan-
glia, internal capsule, genu and splenium of corpus cal-
losum, frontal and parieto-occipital white matter, corona
radiata, and centrum semiovale. RA is another scalar com-
pared with FA that may be used to characterize diffusion
anisotropy and represent the ratio of the anisotropic part of
the diffusion tensor to its isotropic part (Le Bihan et al.,
2001). In all regions, with the exception of the cerebral
peduncles and thalami, RA values of the patients were sig-
nificantly lower compared with age-matched controls. In
addition, the authors compared the sensitivity for detecting
white matter abnormalities in patients with Krabbe’s disease
between DTI and conventional T2-weighted MR images
and concluded that a quantitative analysis of DTI data is
more sensitive compared with the analysis of T2-weighted
images. The increased sensitivity of anisotropy maps most
likely is due to the fact that changes in anisotropy are a
more accurate measurement of demyelination, the primary
disease process in Krabbe’s disease.

Romano et al. (2009) applied DTI to study white
matter tracts of a 42-year-old woman with late-onset
Krabbe’s disease who presented with progressive gait dis-
turbance resulting from spastic paraparesis and a demyeli-
nating sensorimotor neuropathy. The authors used an
ROI-based approach and measured FA, apparent diffu-
sion coefficient (ADC; similar to mean diffusivity [MD]),
and fiber density index (FDi) within the corticospinal

Fig. 2. Sample of color-coded FA maps with ROI-based (A) and atlas-based (B) analysis and FA
map showing TBSS (C). ROIs are places in the corticospinal tract (blue color) at the level of the
left cerebral peduncle (A). Color-coded FA map with superimposed parcellation into 176 anatomical
regions (B). FA maps skeleton generated from TBSS with regions of significant difference in FA
between patients and controls shown in red within the skeleton (C).
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tract, cingulum, and optic radiation and compared the
measurements with those obtained in 10 healthy adult
controls. FDi measures the number of white matter fibers
passing through an ROI (Roberts et al., 2005). FA and
FDi within the corticospinal tract and optic radiation of
the patient were lower compared with controls, whereas
no differences were seen for FA and FDi within the cing-
ulum and ADC in all regions. Lower FA and FDi values
suggest myelin damage with loss of white matter fibers.

Recently, our group performed quantitative ROI-
based DTI analysis in two children with Krabbe’s disease
at ages 6.25 years and 6.5 months (Poretti et al., 2014;
Fig. 3). FA, MD, AD, and RD were measured in the
bilateral anterior and posterior centrum semiovale, genu
and splenium of the corpus callosum, posterior limbs of
the internal capsule, cerebral peduncles, pontine cortico-
spinal tracts and medial lemnisci, and middle cerebellar
peduncles. Variation ratios between patients and the
median value of the five gender- and age-matched con-
trols were calculated to show differences in DTI scalars
between patients and controls. The FA ratio was negative
in both patients and in every structure, meaning that FA
values were generally lower in patients compared with
controls. The reduction was especially prominent in the

older patient (advanced stage of disease) and regions
located in the upper brain (centrum semiovale and corpus
callosum), with the exception of the middle cerebellar
peduncles. A similar trend was also found for the increase
in MD and RD, less pronounced for MD but higher for
RD compared with the changes in FA. The AD ratios,
however, were much lower and close to zero, indicating
values similar to control values. These findings suggest
that there are regional variations in severity of white mat-
ter degeneration and that phylogenetically younger
myelinated white matter tracts (e.g., centrum semiovale)
are affected more severely. In addition, RD ratios were
higher compared with FA ratios, suggesting that RD may
be a more sensitive biomarker than FA to evaluate quanti-
tatively the degree and temporal evolution of Krabbe’s
disease.

APPLICATION OF DTI IN ASYMPTOMATIC
NEONATES WITH KRABBE’S DISEASE

In the past decade, the implementation of newborn
screening programs for Krabbe’s disease has led to the
diagnosis of presymptomatic neonates with no previous
family history (Duffner et al., 2009). The introduction of
newborn screening has raised the important question of

Fig. 3. Infratentorial T2-weighted (A) and fluid-attenuated inversion
recovery (FLAIR; B) MR images and FA maps (C) of a child with
Krabbe’s disease at 6.5 months of age show a symmetric T2- and
FLAIR-hyperintense signal abnormality of the lateral/dorsal extension
of the middle cerebellar peduncles (arrows in A,B) with matching
reduced assigned intensity in the FA map (arrows in C) representing
decreased FA values. Additionally, there is a symmetric T2- and
FLAIR-hyperintense signal abnormality in the center of the dentate
nuclei (arrowheads in A,B). Axila T2-weighted (D) MR image shows
symmetric enlargement of the optic nerves (arrow). Supratentorial T2-

weighted (E) and FLAIR (F) MR image and FA (G) maps of the
same child at the level of the centrum semiovale reveal a symmetric
T2- and FLAIR-hyperintense signal abnormality of periventricular
white matter involving predominantly the posterior regions, with
matching reduced hyperintense signal in the FA map (arrows in G)
representing decreased FA values. Additionally, a moderate volume
loss of the cerebral hemisphere with secondary ventriculomegaly is
noted. Sagittal T1-weighted (H) MR image shows thickening of the
optic nerves (arrow). Reprinted with permission from Poretti et al.
(2014).
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whether the positively diagnosed neonates will develop
Krabbe’s disease at some future point in life. In addition,
the result of the screening test (degree of enzyme defi-
ciency) as well as genetic analysis does not allow a clear
prediction of the phenotype (infantile, juvenile, or adult
forms; Wenger, 2011). HSCT is the only known treat-
ment for Krabbe’s disease, and it is most beneficial for the
early infantile form if performed before onset of clinical
symptoms (Escolar et al., 2005). Reliable biomarkers of
brain involvement in presymptomatic infants with
Krabbe’s disease are essential for selecting patients who
may benefit from HSCT and, hence, have a favorable
long-term outcome. Conventional MRI sequences are
sensitive to myelin changes, but their evaluation is based
purely on qualitative assessment, which is subject to inter-
observer variability (Escolar et al., 2006).

In a prospective study, Escolar et al. (2009) applied
DTI to study six presymptomatic neonates with Krabbe’s
disease and 45 neonatal controls. Four neonates with
Krabbe’s disease were identified because of positive family
history, and two were diagnosed through neonatal screen-
ing. DTI data were acquired on a 3-T MR scanner at the
age of 1–3 weeks, applying diffusion gradients along six
noncollinear directions (b 5 1,000 sec/mm2). Using a
deterministic tractography algorithm, the authors were
able to reconstruct the bilateral corticospinal tracts and
measure FA at the level of the internal capsule (central
area of the corticospinal tracts). After adjusting for gesta-
tional age, gestational age at birth, birth weight, sex, and
race, the six patients with Krabbe’s disease had signifi-
cantly lower FA values compared with the 45 controls;
mean FA of the right corticospinal tract was 0.36 6 0.04
vs. 0.45 6 0.04, P < 0.001, and mean FA of the left cor-
ticospinal tract was 0.36 6 0.04 vs. 0.43 6 0.04, P <
0.001. In addition, the authors calculated a ratio between
the FA of the patients and an expected FA for typical
neonates that was estimated based on the age at scanning,
gestational age at birth, sex, and birth weight on the basis
of a general linear model that was fitted to the 45 neonatal
controls; mean FA ratio was 0.87 6 0.09 and 0.89 6 0.09
for the right and left corticospinal tracts, respectively.
These results show that quantitative DTI analysis may
detect differences in FA of the corticospinal tracts in pre-
symptomatic neonates with Krabbe’s disease. Accord-
ingly, this kind of analysis may be used as a marker of
disease progression in neonates diagnosed through new-
born screening and, hence, may help to select the right
candidates for early HSCT. In addition, pretreatment FA
changes in the corticospinal tracts were shown to predict
gross motor function after transplantation.

Recently, the same group compared white matter
fiber tract properties of nine newborns with early infantile
Krabbe’s disease before transplantation with those of 336
normal controls and assessed the ability of tract-based
properties to predict longitudinal development in four
functional domains (cognitive, fine motor, gross motor,
and adaptive behavior) after stem cell transplantation
(Gupta et al., 2015). FA, MD, AD, and RD were meas-
ured along the bilateral corticospinal and uncinated tracts

as well as the genu and splenium of the corpus callosum.
In patients with Krabbe’s disease, FA values were signifi-
cantly lower for all six white matter tracts compared with
controls. FA values were significantly lower along the
entire lengths of the corticospinal and genu tracts of
Krabbe’s patients, and focal regional differences were
detected in splenium and uncinated fasciculus. MD and
RD values were significantly higher for all six white mat-
ter tracts in patients compared with controls, and AD was
slightly higher for corticospinal internal capsule, right
uncinate, and callosal genu. The smaller differences in AD
most likely were due to a combination of axonopathy,
which lowers AD, and inflammation around axonal struc-
tures, which increases AD. Pretransplantation FA in the
corticospinal tracts of the six surviving patients had a
strong positive correlation with posttransplantation long-
term cognitive, fine motor, and gross motor functions,
whereas pretransplantation FA and AD in splenium and
uncinate fasciculus correlated strongly only with post-
transplantation cognitive function. This study shows that
quantitative analysis of pretransplantation DTI data may
predict the long-term motor and cognitive functions in
newborns with Krabbe’s disease after HSCT.

APPLICATION OF DTI TO LONGITUDINAL
ASSESSMENT OF PATIENTS AFTER STEM

CELL TANSPLANTATION

HSCT has shown promising results in favorably affecting
the natural history of the disease based on the fact that
donor leukocytes can provide the deficient enzyme to
cells in the peripheral and central nervous systems (Escolar
et al., 2005). Eleven infants who underwent transplanta-
tion before the development of symptoms showed pro-
gressive central myelination and continued gains in
developmental skills, whereas some had mild-to-moderate
delays in expressive language and mild-to-severe delays in
gross motor function (Escolar et al., 2005).

McGraw et al. (2005) applied DTI to follow patients
longitudinally who had been treated with stem cell trans-
plantation and to compare early (asymptomatic, less than
1 month of age, n 5 3) and late (symptomatic, 5–8
months of age, n 5 4) treatment groups of Krabbe’s dis-
ease patients. The authors performed a semiautomatic
ROI-based analysis and measured FA within the white
matter of the peripheral frontal lobe, genu and splenium
of the corpus callosum, and posterior limb of the internal
capsule. DTI data were acquired from the patients before
transplantation and 1, 2, 3, and 4 years after transplanta-
tion and compared with DTI data from five age-matched
controls. FA values at each measured anatomical region in
Krabbe’s disease patients were expressed as a percentage
of the mean values seen in the age-matched comparison
group.

In the early transplantation group, FA ratio before
transplantation for all four white matter regions ranged
between 97% and 117%. These findings suggest that, in
the first month of life, Krabbe’s disease infants exhibit rel-
atively normal myelination and axonal integrity, as
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detected by DTI. At 1 year after transplantation, FA ratios
at all locations were either 92% or 93%. At 2 years after
transplantation, FA ratios ranged between 83% and 92%.
In one patient imaged at 3 years, the FA ratio was 97%,
whereas in another patient imaged at 4 years, the FA ratio
was 77%. Over the course of the study, the lowest FA
ratios were seen in the internal capsule. At followup,
absolute FA values increased in most white matter regions
in the early-transplantation patients, reflecting myelina-
tion and increase in axonal integrity. FA ratios, however,
slowly decreased but remained at least 85% of the values
in age-matched controls.

In the late-transplantation group, FA ratios were
generally lower. Before transplantation, FA ratios ranged
between 55% and 74%, suggesting depression in most
white matter regions by the time infants became sympto-
matic. FA ratios were between 37% and 50% at 1 year
after transplantation and between 36% and 39% at 2 years.
At followup, changes in FA values were variable, but, in
most white matter regions, FA values remained stable or
decreased, reflecting a lower success of late compared
with early stem cell transplantation. The results of DTI
analysis matched mean scores at neurodevelopmental
evaluations that were substantially higher in the early-
compared with the late-transplantation group.

APPLICATION OF DTI IN ANIMAL MODELS
OF KRABBE’S DISEASE

Hofling et al. (2009) applied an ROI-based approach to
evaluate brain and spinal cord DTI data of five end-stage
twitcher (twi/twi) mice compared with controls. The
twitcher mouse harbors a spontaneous mutation in the
GALC gene and mirrors the pathology and clinical course
of the infantile form of Krabbe’s disease (Duchen et al.,
1980; Kobayashi et al., 1980; Suzuki and Taniike, 1995).
ROIs were placed in the optic nerves, trigeminal nerves,
corpus callosum, dorsal spinal cord white matter, and ven-
trolateral spinal cord white matter, and mean FA, AD, and
RD were calculated for each ROI. In the optic nerves and
trigeminal nerves, FA and AD were significantly lower,
whereas RD was significantly higher, compared with con-
trols. No differences in DTI scalars of the corpus callosum
were found between twitcher mice and controls. Decrease
in AD and increase in RD are consistent with axonal dam-
age and demyelination in these regions (Ono et al., 1995).
In both the ventrilateral and the dorsal white matter of the
spinal cord, FA and AD were significantly lower, and RD
within the dorsal white matter was significantly higher,
compared with controls. The decrease in AD in the entire
ventrilateral and dorsal column white matter most likely
represents axonal injury, as demonstrated immunofluores-
cently in these regions by increased SMI32 staining, a
marker for axonal injury. A significant increase in RD was
identified only in the dorsal white matter and reflects a
mild degree of demyelination, as shown by patchy areas of
mildly decreased antimyelin basic protein immunofluores-
cent staining. This study suggests that axonal damage may
be an important component of brain and spinal cord injury

in Krabbe’s disease, as shown by histopathology in the
twitcher mouse as well as human patients with Krabbe’s
disease (D’Agostino et al., 1963; Duchen et al., 1980; Ono
et al., 1995; Dolcetta et al., 2005).

LIMITATIONS

The application of DTI for studying Krabbe’s disease and
pediatric brain diseases in general has some limitations,
including lack of standardized, age-dependent normal
data of the various white matter tracts for comparison;
variability of DTI scalars depending on the type of the
MRI scanner, field strength, and acquisition protocol;
and lack of reliable, standardized handling of artifacts.
Additional barriers that may limit the adoption of DTI as
a standard test in the management of children with
Krabbe’s disease include costs related to MRI, the poten-
tial requirement for sedation in many centers and the
associated risks, and the relatively complex and time-
consuming quantitative postprocessing.

CONCLUSIONS

Quantitative analysis of DTI scalars, especially RD and
FA, is a sensitive in vivo biomarker of white matter
microstructural damage in Krabbe’s disease that may
detect early white matter injury in asymptomatic neonates
with Krabbe’s disease, predict motor and cognitive func-
tions after stem cell transplantation, and serve as a mea-
surement to monitor effects of stem cell transplantation
on white matter development in Krabbe’s disease.
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Review

Clinical Management of Krabbe Disease

Maria L. Escolar,* Tara West, Alessandra Dallavecchia, Michele D. Poe,
and Kathleen LaPoint

Department of Pediatrics, Children’s Hospital of Pittsburgh of University of Pittsburgh Medical Center,
Pittsburgh, Pennsylvania

Krabbe disease (KD) is a rare neurodegenerative disorder
caused by mutations in the gene encoding the galactocere-
brosidase enzyme. The early- and late-infantile subtypes,
which are the most common forms of the disease, are rap-
idly progressive and lead to early death, whereas the later-
onset types are clinically heterogeneous. The only disease-
modifying treatment currently available is hematopoietic
stem cell transplantation, which is effective only when per-
formed early in the course of the disease. Because most
patients with KD are diagnosed too late for treatment, pri-
mary care physicians are faced with the challenge of caring
for a child with severe neurologic impairment. This Review
describes presenting symptoms, diagnosis, and disease
manifestations of KD and provides basic guidelines for its
management. Symptomatic treatment and supportive care
that address the unique requirements of these patients can
greatly improve the quality of life of patients and their fami-
lies. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe disease; globoid cell leukodystro-
phy; disease management; chronic disease; palliative
care; terminal care

Krabbe disease (KD) is a rare neurodegenerative dis-
order caused by a deficiency of the lysosomal enzyme gal-
actocerebrosidase (GALC), which normally degrades
galactolipids in the myelin sheath (Suzuki, 1998, 2003).
In affected individuals, the abnormal galactolipid accumu-
lation triggers an inflammatory response, a loss of myelin-
forming cells, and a progressive demyelination of the cen-
tral and peripheral nervous systems.

KD is typically divided into subtypes based on age at
onset, with earlier onset associated with more rapid pro-
gression. Infantile KD, which accounts for approximately
85–90% of cases (Wenger, 2011), can be further divided
into early-infantile disease, in which symptoms appear by 6
months of age, and late-infantile disease, in which symp-
toms typically appear between 7 and 12 months of age.
Untreated children with early-infantile disease experience
rapidly progressive neurologic deterioration, seizures, psy-
chomotor regression, loss of vision and hearing, and ulti-
mately early death, generally by 2 or 3 years of age. Initial
symptoms include crying/irritability, feeding difficulties,
poor head control, fisted hands, and loss of smiling. As the

disease progresses, crying and irritability improve, but the
child shows rapid mental and motor deterioration, hyper-
active reflexes, hypertonicity, loss of vision, and seizures. In
the final stage of the disease, stiffness decreases, but the
child becomes blind and deaf and loses voluntary move-
ment (Suzuki, 2003). Children with late-infantile disease
experience similar symptoms but typically survive longer.
In contrast, the juvenile- and adult-onset forms are clinical-
ly heterogeneous, and survival varies widely. Common ini-
tial symptoms in juvenile-onset KD are vision problems,
muscle weakness, gait changes, and loss of developmental
milestones (Wenger, 2011). In adults, initial symptoms
include gait changes, weakness, and lower limb hypoesthe-
sia. Spastic paraparesis is a prominent feature of adult-onset
disease (Debs et al., 2013).

KD is inherited in an autosomal recessive manner,
with an estimated incidence of 1 in 100,000 births in the
United States (Wenger, 2011). Researchers have identi-
fied more than 75 GALC mutations that are known or
suspected to cause KD; however, it is difficult to predict
age of onset based on mutational analysis alone (Wenger
et al., 2013).

Prompt diagnosis allows some children to benefit
from hematopoietic stem cell transplantation (HSCT),
which is currently the only disease-modifying treatment
for KD. Bone marrow was originally used as the stem cell
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source, but umbilical cord blood (UCB) is now more
commonly used (Krivit et al., 1998; Escolar et al., 2005).
The transplanted stem cells are engrafted in various tissues
to serve as a lifelong source of the missing GALC enzyme,
leading to remyelination of the central and peripheral ner-
vous systems (Siddiqi et al., 2006a).

Although not a cure, UCB transplantation can pro-
long life and preserve cognitive skills when performed in
presymptomatic infants, but most treated children still
experience spasticity; lower than average growth; and dif-
ficulties in expressive language, adaptive behavior, and
motor function (Escolar et al., 2005; Prasad et al., 2008).
A staging system based on clinical signs and symptoms has
been developed to determine which patients are candi-
dates for UCB transplantation (Escolar et al., 2006a).
However, it is important that treatment decisions be
made by a specialist who has expertise in KD.

Treatment decisions can be particularly challenging
for asymptomatic infants classified by newborn screening
as being at high risk for KD. Because infantile KD pro-
gresses so rapidly, it should be treated as an emergency
because treatment delays can greatly affect outcome. In
contrast, the treatment window is much longer for the
more slowly progressing later-onset forms of the disease,
and safer, more effective therapies may be available by the
time treatment is required. However, mutational analysis
and residual GALC enzyme activity have only limited
ability to predict age of disease onset (Jalal et al., 2012). In
addition, clinical and neurodiagnostic assessments in the
earliest stages of the disease are reliable only when per-
formed by clinicians with expertise in this disease. In the
first 8 years of newborn screening for KD in New York
State, most of the high-risk infants did not develop the
infantile form of the disease and have remained asymp-
tomatic (Orsini et al., 2016). Thus, referring all high-risk
infants for transplantation would expose many of them to
unnecessary risk because this treatment is associated with
considerable morbidity and mortality.

Most physicians caring for a patient with KD have
no previous experience with the disease and lack adequate
information on its diagnosis and disease-specific complica-
tions because of the rarity of the condition. In the past,
parents were often told that nothing could be done for
their child, and they still receive conflicting information
from healthcare professionals about therapeutic options.
Appropriate supportive care is critical to make these chil-
dren more comfortable and allow them to enjoy life to
the fullest extent possible. Even children who successfully
undergo UCB transplantation require medical manage-
ment for remaining symptoms such as spasticity and
motor disability (Escolar et al., 2006b).

This Review provides a summary of best practices
for the management of KD based on empirical evidence
from evaluations of 133 patients conducted over 15 years.
Most of the patients (65%) were followed longitudinally
(i.e., seen more than once), for a median followup of 2.1
years (range 2–15.4 years). These patients underwent a
median of three evaluations (range two to 22) for a total

of 498 evaluations, 313 evaluations in 84 patients with
early-infantile disease, 147 evaluations in 37 patients with
late-infantile disease, and 38 evaluations in 12 patients
with juvenile disease.

INITIAL ASSESSMENT

To help establish disease subtype and assess disease pro-
gression, the initial examination includes a comprehensive
history and physical examination. In KD, feeding difficul-
ties and failure to thrive are common in the initial stages
of early-onset disease (Escolar et al., 2006a). Cerebrospi-
nal fluid protein level is typically elevated, but cell count
is normal (Barone et al., 1996; Escolar et al., 2005).
Abnormal deep tendon reflexes and increased tone in the
extremities are usually present, clonus and plantar exten-
sor responses are common, and optic nerve atrophy is
sometimes noted at the initial neurologic examination.

Even before symptoms are apparent, nerve conduction
studies often show prolongation of distal latency, low ampli-
tude, absent evoked response, or prolonged F-wave latency
(Escolar et al., 2006a; Siddiqi et al., 2006b). These peripheral
nerve abnormalities are typically among the first signs of KD
and can be observed in some newborns with early-infantile
disease. Later in the disease process, abnormalities can be
observed in flash visual evoked potentials (absent P100
wave), electroencephalography (abnormal focal or general-
ized slowing, spikes, or sharp waves), and brainstem auditory
evoked potentials (prolonged wave I–V interpeak latency or
absence of at least one obligate wave form [I, III, or V];
Husain et al., 2004; Escolar et al., 2006a; Siddiqi et al.,
2006b). Magnetic resonance imaging and computed tomog-
raphy show progressive, diffuse, and symmetric brain atro-
phy. Magnetic resonance imaging is the best imaging
technology for detecting demyelination early in the disease
(Wenger et al., 2011). Together, nerve conduction and neu-
roimaging studies appear to be the most sensitive tests for
determining disease severity and subtype (Husain et al.,
2004; Siddiqi et al., 2006b; Gupta et al., 2014).

INTERVENTIONS

Because KD shares important features with cerebral palsy,
medical management approaches used for cerebral palsy
are often useful for infants and children with KD. Cere-
bral palsy is a nonprogressive neurodevelopmental disor-
der resulting from injury to the developing brain. Its
causes include infection, low birth weight, placental
abnormalities, decreased intrauterine growth, and trau-
matic brain injury (Aisen et al., 2011). Damage to the
cerebral cortex leads to motor impairment (e.g., muscle
weakness, spasticity, contractures), gastrointestinal prob-
lems, seizures, and hearing and vision problems (Aisen
et al., 2011). Despite differences in disease etiology, cere-
bral palsy and early-onset KD show similar initial symp-
toms (e.g., difficulty swallowing, oral motor dysfunction).
In addition, UCB transplantation halts the progression of
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TABLE I. Management Recommendations for Complications of KD

Complication Recommendations References

Gastrointestinal

Vomiting and reflux Keep the child in an upright position both during and after

feeding

Arvedson, 2008; Bell and

Samson-Fang, 2013

Proton pump inhibitors such as omeprazole and lansoprazole are

useful for controlling reflux in children over the age of 1 year

Gold and Freston, 2002;

Samson-Fang et al., 2003

Nissen fundoplication is useful for preventing reflux in untrans-

planted children and is often performed with gastrostomy tube

placement

Gold and Freston, 2002

Dysphagia Modifying the texture and thickness of foods can help with swal-

lowing difficulties; commercial thickening agents containing

xanthan gum or starch can be added to liquids but are not

appropriate for premature infants

Bell and Samson-Fang, 2013

For nonoral feeders, swallowing ability can be improved by pro-

viding tiny tastes of food or juice several times per day

Arvedson, 2013

A gastrostomy tube will eventually be required for untransplanted

children; transplanted children at risk of undernutrition may

also benefit from gastrostomy tube placement

Bell and Samson-Fang, 2013

Constipation Ensure that fluid intake is sufficient; polyethylene glycol 3350 can

prevent constipation, but lactulose or stimulant medication may

eventually be required

Sullivan, 2008;

Penner et al., 2013

Musculoskeletal:

spasticity and

contractures

Positioning devices such as cushions, wedges, and rolls can pro-

vide proper support to decrease spasticity, especially when sit-

ting; contractures can also be prevented through the gentle

stretching provided by orthoses, splints, standing devices, and

adaptive equipment

Dunn et al., 1998;

Bushby et al., 2010

Physical therapy can improve flexibility, strength, mobility, and

function

Wusthoff et al., 2007;

Bushby et al., 2010

Baclofen and clonazepam improve global spasticity for improved

gait, positioning, and range of motion

Escolar et al., 2006b;

Wusthoff et al., 2007;

Aisen et al., 2011

Botox injections can decrease spasticity at specific sites for 3–5

months

Aisen et al., 2011

Nervous system:

neuropathic pain,

seizures

Gabapentin controls seizures and decreases neuropathic pain;

monotherapy for the treatment of seizures is preferred

Hauer et al., 2007;

Wusthoff et al., 2007

Diazepam rectal gel is useful for treating breakthrough seizures O’Dell et al., 2005;

Wusthoff et al., 2007

Respiratory system

Respiratory distress Airway secretions can be cleared with chest physiotherapy and

postural drainage; eventually a suction machine may be

required

Diebold et al., 2011;

Lemoine et al., 2012

Respiratory infections Annual influenza vaccination is highly recommended Anderson et al., 2012

Other infections

Opportunistic Erythromycin may be useful as a prophylactic antibiotic and may

also improve gastrointestinal motility

Weber et al., 1993

Urinary tract Use of the Crede maneuver ensures complete emptying of the

bladder

National Clinical Guideline

Centre (UK), 2012

Intermittent catheterization may be required to avoid urinary tract

infections; on the other hand, indwelling catheters are generally

not recommended because they pose an infection risk

Anderson et al., 2012; National

Clinical Guideline

Centre (UK), 2012

Prophylaxis and

treatment of

complications

after HSCT

Prophylaxis and treatment of graft-vs.-host disease (GvHD) and

other posttransplant complications should be carried out just as

with any other patient

Martin et al., 2006;

Kurtzberg et al., 2008
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upper motor neuron damage in KD, so, after transplanta-
tion, KD becomes almost identical to cerebral palsy.

Just as in cerebral palsy, the complex challenges of
KD require an ongoing team approach. The disease
requires monitoring at frequent intervals and coordination
of multiple specialists (e.g., physiotherapist, ophthalmolo-
gist, physical therapist, neurologist, audiologist, nutrition-
ist). The primary care physician should work
collaboratively with a specialist who understands the
disease-specific complications and the most appropriate
interventions. Clinical assessment by a KD specialist
should be performed as soon as possible after diagnosis
and every 3 months thereafter for at least the first year,
when most neurodegenerative changes occur. Specialists
may be located with the help of KD advocacy groups, the
National Organization for Rare Disorders, or the Genetic
and Rare Diseases Information Center of the National
Institutes of Health.

A proactive approach is essential for managing KD.
Assistive/mobility devices and medical equipment should
be requested soon after diagnosis because there is usually a
delay of several months before the equipment is ordered,
fitted, and delivered to the family; additionally, several
months may pass before a piece of equipment is approved
by a health insurance plan. Disease management recom-
mendations are summarized in Table I.

Gastrointestinal System

Similarly to cerebral palsy (Aisen et al., 2011), diffi-
culty feeding is often the first sign of infantile KD. For
example, the infant may have difficulty latching on,

exhibit uncoordinated suck and swallow, take a long time
to feed, or refuse to eat (Escolar et al., 2006a). Feeding is
often improved by altering the baby’s position and pro-
viding adequate physical support (Arvedson, 2008; Bell
and Samson-Fang, 2013). Holding the baby in an upright
position during feeding and for 30–40 min after feeding
can help prevent vomiting and reflux.

Coughing, gagging, and increased fatigue are com-
mon signs of difficulty feeding that result from oral motor
impairment. A speech pathologist can diagnose swallow-
ing disorders with a modified barium swallow test (Aisen
et al., 2011). Infants who have difficulty swallowing can
often manage formula and other liquids that are thickened
(Arvedson, 2013). Liquids and pureed foods can be thick-
ened with commercially available products such as Thick-
It and SimplyThick (Bell and Samson-Fang, 2013). As the
disease progresses, swallowing becomes more difficult.
Providing the child with tiny amounts of food or a few
drops of juice on a spoon several times per day stimulates
swallowing, which should be maintained as long as possi-
ble to prevent drooling and aspiration (Arvedson, 2013).
For older children, a mesh feeder can be used to intro-
duce new flavors. This device holds fruit, vegetable, or
meat and allows only very small pieces of food to pass
through. A clinical feeding specialist may be able to pro-
vide additional strategies to overcome swallowing
difficulties.

Brain lesions disrupt the neural modulation of gas-
trointestinal motility, leading to dysphagia, gastroparesis,
regurgitation and vomiting, gastroesophageal reflux, and
chronic constipation, which is exacerbated by prolonged

TABLE I. Continued

Complication Recommendations References

GvHD prophylaxis: cyclosporine (200–400 ng/ml) for at least 6

months posttransplant; methylprednisolone (0.5 mg/kg twice

daily on days 0–4, 1 mg/kg twice daily on days 5–21 or until

absolute neutrophil count reaches 500/mm3, then tapered to

0.2 mg/kg/week)

Acute GvHD treatment (grade I): topical creams; acute GvHD

treatment (grades II–IV): four high-dose methylprednisolone

intravenous pulses (500 mg/m2 every 12 hr); tacrolimus with or

without daclizumab to treat unresponsive or recurrent GvHD

Infection prophylaxis: antifungal, antiviral, and anti-Pneumocystis

carinii agents for patients receiving immunosuppressive

treatment

Veno-occlusive disease prophylaxis: low-dose heparin (continuous

intravenous infusion from initiation of conditioning regimen

until day 28 posttransplant)

Neutropenic fever treatment: broad-spectrum intravenous

antibiotics

Immunoprophylaxis: intravenous immunoglobulin (500 mg/kg

weekly until day 100 and monthly thereafter)

Supportive care until engraftment occurs: intravenous infusion of

leukocyte-depleted, irradiated packed red blood cells and plate-

lets as required; granulocyte colony-stimulating factor (day 0 to

engraftment)
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immobility and weak muscles (Del Giudice et al., 1999;
Aisen et al., 2011). The use of polyethylene glycol 3350
(MiraLAX) can reduce constipation; however, some chil-
dren eventually require lactulose or stimulant medication
(e.g., suppository laxative; Sullivan, 2008; Penner et al.,
2013). We also use the motilin receptor agonist erythro-
mycin to stimulate gastrointestinal motility (Weber et al.,
1993).

Children who do not undergo transplantation even-
tually require enteral feeding for adequate nutrition and
hydration. Gastrostomy tubes are generally preferred for
long-term enteral feeding because they are relatively com-
fortable and easy to insert, allow bolus feeding, and
require fewer tube changes (Bell and Samson-Fang,
2013). The gastrostomy tube should be inserted for sup-
plemental feeding while the child is still able to swallow
rather than waiting until the child is undernourished and
dehydrated. A Nissen fundoplication to control gastro-
esophageal reflux performed at the same time avoids the
requirement for a second operation (Samson-Fang et al.,
2003), and children recover more quickly from surgery
because they are still relatively healthy. For children who
do not undergo the Nissen fundoplication, antireflux
medications should be given (Gold and Freston, 2002;
Samson-Fang et al., 2003). Because children with severe
motor disability are inactive, they require fewer calories
than typical children (Bell and Samson-Fang, 2013).
Overfeeding can result in excessive weight gain, which
makes breathing and motor function even more difficult.
Caloric intake provided by an enteral formula should be
based on the child’s length rather than age or weight (7–9
calories/cm/day, adjusted to the child’s activity level).

Musculoskeletal System

Musculoskeletal problems include spasticity, which
must be aggressively managed with baclofen and botuli-
num toxin (Botox) injections (Escolar et al., 2006b; Aisen
et al., 2011). Baclofen has also been shown to reduce gas-
troesophageal reflux in children, including those who are
neurologically impaired (Kawai et al., 2004).

A physical therapist can instruct caregivers on pas-
sive stretching and range-of-motion exercises to maintain
range of motion and function as long as possible (Wusth-
off et al., 2007; Bushby et al., 2010). The physical thera-
pist can also recommend specific equipment and assistive
devices and monitor their use for proper fit and support as
the child grows. A stander (also known as a standing frame
or standing device) is particularly beneficial because it
stretches the muscles, facilitates hip and bone development,
and improves respiratory function and gastrointestinal
motility (Dunn et al., 1998; Bushby et al., 2010). The child
is strapped to the stander while it is in the supine position
and gradually moved into a vertical position for partial to
complete weight bearing. For proper fit, we suggest per-
forming a hip X-ray before the child’s first birthday.

Orthotics can prevent or slow secondary conse-
quences of spasticity such as misalignments, contractures,
and pain (Bushby et al., 2010). Hand splints should be

worn as much as the child can tolerate to prevent contrac-
tures. Nonambulatory children benefit from ankle–foot
orthoses for use in the stander. For mobility, we recom-
mend measuring these children for a kid cart (i.e., pediat-
ric stroller wheelchair), which maintains the body in
proper alignment, is adjustable, and can be modified as
required. Positioning systems (wedges, cushions, rolls) are
useful for improving alignment and relieving pressure on
the skin while the child is seated or lying on the floor or
bed.

Nervous System

Neurologic symptoms include neuropathic pain and
seizures. These symptoms can be controlled with gaba-
pentin (Neurontin; 10–15 mg/kg/day TID; Hauer et al.,
2007; Wusthoff et al., 2007), which is also useful for gas-
tric motility problems (Chumpitazi and Nurko, 2008).
Seizures in KD are not frequent until the later stages. If a
seizure occurs and lasts for more than 3–5 min without
color changes, we suggest that parents use diazepam rectal
gel (Diastat) before calling 911 or taking the child to the
emergency department (O’Dell et al., 2005; Wusthoff
et al., 2007). In later stages of the disease, the brainstem is
unable to control body temperature; therefore, environ-
mental modifications are required to keep the child’s tem-
perature stable.

Respiratory System

Although the lungs are healthy in KD, muscle
weakness and eventual spinal deformities result in pro-
gressive respiratory insufficiency. Aspiration pneumonia is
a frequent complication, but use of a gastrostomy tube
reduces aspiration (Samson-Fang et al., 2003). When the
child is ill or experiencing respiratory distress, a pulse
oximeter should be prescribed. As the disease progresses,
salivation and lung secretions increase, but children are
unable to clear these secretions (Seddon and Khan, 2003).
Just as in other neuromuscular diseases, respiratory inter-
ventions can extend life and improve its quality (Diebold,
2011; Lemoine et al., 2012). Chest physiotherapy and
postural drainage should be performed first thing in the
morning and just before bedtime and naps. A suction
machine is required when the child is no longer able to
clear thick mucus and secretions from the throat.

Infections

Children with leukodystrophies are particularly
prone to infections (Anderson et al., 2014). However,
KD patients who are in the later stages of the disease may
have high and low temperatures caused by brainstem
involvement, which makes temperature a poor indicator
of infection. Therefore, patients should be checked for
ear infection, pneumonia (X-ray), and urinary tract infec-
tion, and antibiotics should be given as soon as possible.
The antibiotic erythromycin, which is used to stimulate
gastrointestinal motility, may also help prevent respiratory
and urinary tract infections; however, additional studies
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are required to understand its utility as a prophylactic anti-
biotic (Seddon and Khan, 2003; Williams and Craig,
2011; Onakpoya et al., 2015). In addition, long-term
antibiotic use carries risks such as the emergence of resis-
tant bacteria and Clostridium difficile infection. Probiotics
may be useful to prevent C. difficile-associated diarrhea in
children treated with antibiotics (Goldenberg et al.,
2015).

Development of urogenic bladder is common in lat-
er stages and may require massaging the bladder (Crede
maneuver; National Clinical Guideline Centre [UK],
2012). Eventually the child may require intermittent cath-
eterization to avoid urinary tract infections (National
Clinical Guideline Centre [UK], 2012). To avoid respira-
tory infections, an annual influenza vaccination is recom-
mended (Anderson et al., 2014). However, we
recommend against routine childhood immunizations and
live vaccines because the immune response may increase
disease progression.

Vision and Hearing

Because children with early-infantile KD develop
motor disability very rapidly and cannot explore the
world on their own, sensory stimulation becomes critical
to their wellbeing. Visual evoked potentials are used to
determine degree of involvement of the optic tracts and
cortical vision impairment. Vision therapists can help the
family understand how to facilitate visual processing by
manipulating light and background and selecting toys
with specific patterns that prolong the use of vision. For
example, the child may find it difficult to focus on objects
that are too stimulating. By watching for subtle changes
in the child’s behavior (e.g., shift in gaze, tracking of
objects), it is possible to determine the child’s visual
reception, field preference (central or peripheral), and
optimal lighting conditions.

For children with multiple disabilities, audiologic
assessment requires the use of physiologic measures, such
as auditory brainstem response, auditory steady-state
response, otoacoustic emissions, and acoustic immittance
measures (Roush et al., 2004). In general, hearing is
retained much longer than vision (Wenger et al., 2013),
and children enjoy listening to music and being read to.
Because they have delayed processing, it is important to
read and speak slowly and use language consistently (i.e.,
everyone who works with the child should use the same
simple word cues).

CHILDREN TREATED WITH UNRELATED
UCB TRANSPLANTATION

Children who have successfully undergone transplantation
still have multiple motor disabilities that range from mild
to severe. Development of spasticity can be treated suc-
cessfully with baclofen or Botox (Escolar et al., 2006b),
and contractures can be prevented by early introduction
of orthotics and ambulatory devices such as ankle–foot
orthoses, standers, walkers, and gait trainers. More severe-
ly affected children may require a wheelchair (Escolar

et al., 2006b; Bushby et al., 2010). Although most chil-
dren are able to take in food by mouth, some have oral
motor difficulties that affect how rapidly they can chew
and swallow. These patients benefit from modifying the
consistency of their food or placement of a gastrostomy
tube to supplement nutritional intake (Escolar et al.,
2006b). Augmentative communication devices and thera-
py (speech, occupational, physical) may be required to
help patients overcome oral motor dysfunctions, includ-
ing apraxia and speech articulation difficulties, which
occur in varying degrees (Escolar et al., 2006b). Augmen-
tative communication devices can be especially important
for young children, who understand more than they are
able to express. Parents should be strongly encouraged to
purchase or borrow equipment and devices before their
child actually requires them for optimal cognitive devel-
opment and improved quality of life.

END-OF-LIFE CARE

Without disease-modifying treatment, children with
infantile KD experience neurologic devastation and even-
tually lapse into a vegetative state. To improve end-of-life
care, families should be encouraged to develop a written
plan to be shared with family members and the child’s pri-
mary care provider. In addition, parents should be pre-
pared to give this written plan to local emergency medical
personnel, who may otherwise be legally obligated to do
everything possible to keep a patient alive. Elements of
the plan may include home hospice care, eventual with-
drawal of medications for spasticity (as generalized weak-
ness and low muscle tone develop with the progression of
peripheral neuropathy), and a do-not-resuscitate order.

SUPPORT AND INFORMATION
FOR FAMILIES

Most parents have many questions about their child’s
condition, and lack of available information about KD is
an additional cause of stress. Families should be directed
to specialized centers that can provide counseling about
the disease stage, potential complications, and risks of
treatment. Families often understand the importance of
research for the development of new therapies and
improved diagnosis and may be interested in participating
in research studies or clinical trials.

Caring for a child with KD can be exhausting, espe-
cially in the later stages of the disease when the child
requires around-the-clock care. These families benefit
from nursing support or respite care, even if only for a
few hours per day. Joining a support group will connect
them to other families of affected children. These groups
are often excellent resources for practical advice. Some
groups loan expensive equipment to families who cannot
afford them or facilitate their rapid exchange as the child’s
requirements advance. In addition, a pediatric social
worker can provide support, identify educational resour-
ces, and refer families to local, state, or federal govern-
ment programs for which they may qualify.
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CONCLUSIONS

The diagnosis of KD can be devastating for parents and
difficult for the primary care physician, who is likely to
have insufficient information and resources to care for the
patient properly. Few patients are eligible for HSCT, cur-
rently the only available disease-modifying treatment.
However, all children with KD benefit from supportive
care and therapies that can make the child more comfort-
able and greatly improve the quality of life. For the best
possible outcomes, a proactive team-based approach and
close collaboration with specialists knowledgeable about
the disease are essential.
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Globoid cell leukodystrophy (GLD) is an autosomal reces-
sive neurodegenerative disorder caused by a deficiency
of the lysosomal enzyme galactocerebrosidase (GALC).
GALC is responsible for catabolism of certain glycolipids,
including the toxic compound galactosylsphingosine
(psychosine). Histological signs of disease include the
widespread loss of myelin in the central and peripheral
nervous systems, profound neruroinflammation, and axo-
nal degeneration. Patients suffering from GLD also dis-
play neurological deterioration. Many different individual
therapies have been investigated in the murine model of
the GLD, the Twitcher mouse, with minimal success. The
current standard of care for GLD patients, hematopoietic
stem cell transplantation, serves only to delay disease
progression and is not an effective cure. However, combi-
nation therapies that target different pathogenic mecha-
nisms/pathways have been more effective at reducing
histological signs of disease, delaying disease onset, pro-
longing life span, and improving behavioral/cognitive
functions in rodent models of Krabbe’s disease. In some
cases, dramatic synergy between the various therapies
has been observed. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe’s disease; bone marrow transplant;
galactocerebrosidase; gene therapy; lysosomal storage
disease

GENETICS

Globoid cell leukodystrophy (GLD), or Krabbe’s
disease (KD; Krabbe, 1916; OMIM No. 245200), is an
autosomal recessive disorder, caused by a deficiency of
galactocerebrosidase (GALC) activity (Suzuki and Suzuki,
1970). The majority of patients have the infantile form of
GLD, with an incidence of one or two per 100,000 live
births (Suzuki, 2003). Cases of juvenile- and adult-onset
GLD have been reported but are more rare (Kohlsch€utter,
2013). However, the incidence of disease varies widely
between countries, as does the most prevalent disease-
causing mutation (Suzuki, 2003).

Over 70 disease-causing variants have been found in
the human GALC gene (chromosome 14q31), including
missense and nonsense mutations, insertions, and deletions

(Tappino et al., 2010). Many of the disease-causing var-
iants in GALC result in single amino acid changes to resi-
dues buried within the folded protein (Deane et al.,
2011). These amino acid changes often result in misfold-
ing of the protein and lead to early degradation (Deane
et al., 2011). Because of the wide variety of disease-
causing variants, there is also a broad range of GALC
activity in the affected population (Suzuki, 2003). Unfor-
tunately, there is poor genotype:phenotype correlation,
and anticipating disease onset is difficult (Suzuki, 2003;
Duffner et al., 2011; Fiumara et al., 2011). The only clear
exception to this is a 30-kb deletion, which results in no
enzyme activity and is predictive of severe early-infantile
onset (Luzi et al., 1995; Suzuki, 2003). Other variants
result in decreased ability to interact with activating fac-
tors, thus lowering enzyme activity; these variants often
lead to a milder disease phenotype (Deane et al., 2011). A
better understanding of the effects of different variants
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will allow for more accurate genotype:phenotype
correlation.

BIOCHEMISTRY

GALC is ubiquitously expressed, and its activity is local-
ized to the lysosomes. GALC is responsible for the hydro-
lysis of galactosylated lipids, including galactosylceramide,
a glycolipid found in central and peripheral myelin, and
galactosylsphingosine (psychosine), a cytotoxic lipid (Lee
et al., 2006). Galactosylceramide does not accumulate in
the absence of GALC activity, and it has been suggested
that this is due to the presence of other enzymes capable
of degrading galactosylceramide (Kobayshi et al., 1985).
However, using a model deficient in both GALC and
acid b-galactocidase, Tohyama et al. (2000) found that
double-deficient mice still had low levels of galactosylcer-
amide. This led to the hypothesis that the extensive loss
of myelin and oligodendrocytes in KD could be contrib-
uting to the lack of accumulation of galactosylceramide,
rather than alternate degradation pathways. However,
psychosine can be hydrolyzed only by GALC. GALC
deficiency results in accumulation of psychosine, which is
toxic to all cell types (Tanaka and Webster, 1993; Jatana
et al., 2002; Zaka and Wenger, 2004; Lee et al., 2006;
Castelvetri et al., 2011). Oligodendrocytes are particularly
susceptible to psychosine toxicity, possibly because psy-
chosine is primarily synthesized in these cells (Baumann
and Pham-Dinh, 2001; Jatana et al., 2002; Haq et al.,
2003).

The mechanism of psychosine toxicity remains
unclear. Both receptor-mediated and membrane-based
mechanisms for toxicity have been proposed (Im et al.,
2001; White et al., 2009; Hawkins-Salsbury et al., 2013).
There is compelling evidence that psychosine toxicity is
mediated not by a receptor but through membrane inter-
actions (White et al., 2009). It was shown that psychosine
is localized to lipid microdomains and disrupts their nor-
mal architecture (White et al., 2009). By using the enan-
tiomer of psychosine (ent-psy), it was shown that
apoptosis is induced by high levels of either psychosine or
ent-psy, indicating that the mechanism of cell death is not
enantioselective. It was also shown that both stereoisom-
ers integrate into and disrupt artificial lipid membranes,
supporting the hypothesis that toxicity is through a
membrane-based mechanism (Hawkins-Salsbury et al.,
2013).

Under normal conditions, the level of psychosine in
the brain is very low, because of the activity of GALC
(Won et al., 2013). However, under GALC-deficient
conditions, psychosine accumulates in various tissues and
can account for as much as 50% of total cerebrosides
(Won et al., 2013). Analysis of tissues from infantile GLD
patients shows high levels of psychosine in the brain, spi-
nal cord, and sciatic nerve but lower levels in somatic
organs (Kobayashi et al., 1988). The “psychosine hypoth-
esis” states that the accumulation of psychosine in GLD is
the primary cause of the pathological signs of the disease
(Miyatake and Suzuki, 1972). Supporting this hypothesis,

in vitro studies show that treating cells with psychosine
increases proapoptotic factors, promotes DNA fragmenta-
tion, and inhibits oligodendrocyte growth and maturation
(Jatana et al., 2002; Haq et al., 2003). In addition, when
injected into rat brains, psychosine leads to the formation
of globoid cells, much like those seen in GLD (Andrews
and Menkes, 1970).

CLINICAL AND HISTOLOGICAL SIGNS

Onset of infantile GLD is typically seen within 3–6
months after birth and is first characterized by irritability
and loss of muscle tone (Suzuki, 2003; Lee et al., 2006).
Other signs soon develop, including regression of motor
development, convulsive seizures, blindness, hypertonic
fits, and vomiting; death typically occurs before 2 years of
age (Suzuki, 2003; Lee et al., 2006; Kohlsch€utter, 2013).
GLD is characterized as a demyelinating disease resulting
from the putative loss of oligodendrocytes. Other forms
of GLD, juvenile- and adult-onset GLD, are less rapidly
progressing, perhaps because of the higher levels of
GALC activity than are typically seen in infantile-onset
cases. Juvenile-onset GLD typically presents between 3
and 8 years after birth, with common symptoms including
vision loss, ataxia, and regression of motor skills (Suzuki,
2003). Adult-onset GLD can present much later, some-
times after age 40; patients develop paraparesis or an
unsteady gait but can have a typical life span (Suzuki,
2003).

Characteristic histological features of GLD include
accumulation of multinucleated macrophages or globoid
cells, loss of myelination in the central and peripheral ner-
vous systems, axonal degeneration, gliosis, neuroinflam-
mation, and death of oligodendrocytes (Jatana et al.,
2002; Suzuki, 2003; Potter et al., 2013; Teixeira et al.,
2014). Although KD is a simple monogenic disease, it has
a broad spectrum of clinical signs. Because of the complex
disease presentation, there are many possible therapeutic
targets. Correcting the lack of functional GALC is the
most straightforward therapeutic approach, either by
directly supplying active enzyme to the CNS through
enzyme replacement or gene therapy or by transplanting
GALC-expressing donor cells. Reducing the accumula-
tion of psychosine by inhibiting its synthesis (substrate
reduction therapy) is another possible strategy. Targeting
secondary pathogenic mechanisms, such as neuroinflam-
mation and oxidative stress could also be used to treat
GLD, although these strategies will not fully correct the
disease because the enzyme deficiency is not addressed. It
is likely that the most effective treatment for KD will
involve some combination of the above-mentioned
approaches.

ANIMAL MODELS

Murine

The primary model used to study GLD is the
murine model, commonly referred to as the Twitcher
mouse. The Twitcher mouse is a naturally occurring
mutant that contains a premature stop codon (W339X) in
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the GALC gene, which results in complete loss of enzy-
matic activity (Kobyashi et al., 1980; Sakai et al., 1996;
Teixeira et al., 2014). Mice heterozygous for the Twitcher
mutation are phenotypically normal. Homozygous
Twitcher mice have biochemical and pathological signs of
disease similar to those of GLD patients, making it an
effective model for the study of the pathogenesis and
treatment of the disease (Kobyashi et al., 1980; Suzuki
and Suzuki, 1983). Psychosine accumulates in many tis-
sues of the Twitcher mouse, including brain, sciatic
nerve, and serum (White et al., 2009)

The first signs of murine GLD are not apparent until
postnatal day (PND) 15 (Taniike and Suzuki, 1994). Until
this point, affected Twitcher mice are indistinguishable
from their heterozygous and wild-type (WT) littermates
(Duchen et al., 1980). The progression of the disease is
rapid, and the median life span of Twitcher mice is 36–40
days (Kobyashi et al., 1980; Duchen et al., 1980; Suzuki
and Suzuki, 1983). Because of the rapid reproduction rate
of mice, this model is excellent for studies that require a
large number of affected animals. The majority of the pre-
clinical testing has been performed in this murine model.

Another murine model, the trs mouse, was devel-
oped using homologous recombination (Luzi et al.,
2001). These mice contain the variant H168C on an
FVB/N background, resulting in an 80–90% reduction in
GALC activity (Luzi et al., 2001). Trs mice have
increased levels of psychosine in the brain, however, the
rate of accumulation is slower than that observed in
Twitcher mice (Luzi et al., 2001). At PND49, these mice
display demyelination in both the CNS and the PNS,
and, although there is macrophage infiltration, it is not as
severe as that seen in the Twitcher model (Luzi et al.,
2001).

Trs mice homozygous for the mutation are indistin-
guishable from their heterozygous and WT littermates for
the first 25–30 days but begin to show obvious signs of
tremors and hindlimb weakness at this point (Luzi et al.,
2001). These mice have an average life span of 50 days,
but there is considerable variability, with the life span
ranging from 40 to 63 days (Luzi et al., 2001). Because of
the higher levels of GALC activity, later onset of disease,
and more variable life span, trs mice may be a more accu-
rate model of juvenile-onset rather than infantile-onset
GLD.

Canine

Canine GLD was first described in a case study in
the 1960s, present in both Cairn and West Highland
white terriers (Fletcher et al., 1972). Subsequently, a
breeding colony was established, and Victoria et al.,
(1996) cloned the terrier cDNA and identified the causa-
tive variant in the canine GALC gene. Unlike the
Twitcher mouse, in which signs of disease are uniform
from mouse to mouse, disease onset in the canine model
is more variable (Victoria et al., 1996). This variability in
the canine disease likely is due to the fact that canines
must be maintained as an outbred colony, whereas the

Twitcher mouse is maintained as an inbred strain. The
first signs of canine GLD appear between 1 and 3 months,
and the dogs typically become moribund between 8 and
9 months (Victoria et al., 1996). Similar to the murine
model and to GLD in humans, affected canines have a
decrease in myelination and an accumulation of globoid
cells (Victoria et al., 1996; Wenger et al., 1999). Affected
animals also have significantly higher psychosine levels
compared with unaffected animals (Wenger et al., 1999).

Because of the large size of this model, it is useful
for MRI comparisons with the human disease (Wenger
et al., 1999). The dog model is also useful for studying
the effects of in utero bone marrow transplantation
(BMT), modeling drug diffusion within the CNS, and for
collecting repeated or serial tissue samples from the same
animal (Wenger et al., 1999). In using the canine model
for therapy studies, canines also serve as an intermediate
species for the translation of therapies to the clinic.

Primate

A nonhuman primate model was cultivated after a
rhesus macaque was born showing signs of GLD (Basken
et al., 1998). A colony was established, and Luzi et al.
(1997) cloned the GALC cDNA and determined the
disease-causing variant in the rhesus model. It has been
suggested that the rhesus model will be useful for investi-
gating in utero bone marrow transplantation and gene
therapy (Luzi et al., 1997). Data from a nonhuman pri-
mate model are often necessary before therapies are trans-
lated into the clinic. However, the utility of this model is
limited by the low reproduction rate of rhesus and the
prohibitively expensive maintenance costs.

SINGLE-MODALITY THERAPIES

BMT

The current standard of care for GLD is hematopoi-
etic stem cell transplantation (HSCT), derived from bone
marrow (BMT) or umbilical cord blood (UCB). There
has been only modest success with HSCT to treat patients
with infantile GLD; however, treating adolescent-, juve-
nile-, or adult-onset has proved more successful (Krivit
et al., 1998). It is theorized that GALC-positive donor
cells of hematopoietic origin can migrate to the CNS and
provide continuous GALC, albeit low levels. GALC
secreted by the donor cells can then be taken up by defi-
cient cells in the CNS either by the mannose-6-
phosphate (M6P) or the mannose receptors on the surface
of every cell or cells of the reticuloendothelial system,
respectively. After binding to a cell surface receptor,
GALC can be endocytosed and transported via the endo-
somal system to the lysosome, where it uncouples from
the receptor (Neufeld and Fratantoni, 1970; Kornfeld,
1992). This process, known as cross-correction (Neufeld and
Fratantoni, 1970), is able to supply functional GALC to
cells of the CNS. For example, it was demonstrated that
oligodendrocytes derived from Twitcher mice survived
and were able to myelinate axons properly when trans-
planted into the Shiverer mouse, which is deficient in
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myelin basic protein (Kondo et al., 2005). These data sug-
gest that sufficient GALC activity from the host cells
(Shiverer) is taken up by the transplanted oligodendro-
cytes to correct the metabolic defect.

The first experiments using Twitcher mice showed
that BMT on PND10 with lethal irradiation significantly
increased life span to an average of 80 days (Yeager et al.,
1984). Treated mice had improved myelination; howev-
er, there was no decrease in globoid cell number in the
brain or in tremor severity (Yeager et al., 1984). A later
study showed that BMT increased GALC activity in a
variety of tissues, including the brain, spleen, and bone
marrow (Hoogerbrugge et al., 1988). However, some
more recent studies using nonmyeloablative conditioning
have shown that BMT alone does not significantly
increase GALC activity in the brain, suggesting that BMT
may attenuate disease through additional mechanisms
(Reddy et al., 2011).

If initiated before the onset of symptoms, HSCT
can provide some benefit to patients with infantile GLD.
It has been shown to decrease the severity of disease,
including a reduction of seizure activity, increased motor
skills, and language development (Krivit et al., 1998).
Some authors have reported circulating GALC activity
levels similar to those of unaffected family members (Can-
iglia et al., 2002). Escolar et al. (2005) evaluated the effi-
cacy of using UCB from unrelated donors. Asymptomatic
newborns underwent transplantation with UCB, with
partial HLA mismatch (Escolar et al., 2005). All patients
who engrafted survived, and GALC activity levels in
peripheral blood were at normal levels posttransplantation
(Escolar et al., 2005). Although there were significant
improvements in motor-skill development compared
with untreated patients, developmental delay remained
apparent (Escolar et al., 2005).

Patients undergoing HSCT are at risk of developing
severe graft vs. host disease (GVHD), an inflammatory
response caused by the donor cells. Although the risks
associated with HSCT have decreased with better HLA
typing and the use of UCB, there are still significant risks
to this treatment. This is an important consideration,
because HSCT is not curative. Although some cases of
HSCT have reported a decrease in disease symptoms,
some patients die shortly after HSCT is performed (Cani-
glia et al., 2002). HSCT performed in utero has been
largely unsuccessful, with the majority of patients dying
shortly after birth or during the third trimester of devel-
opment (Bambach et al., 1997; Caniglia et al., 2002).
This likely is due to partial or transient hematopoietic
engraftment when transplantation is performed without
conditioning. As discussed above, HSCT was thought to
provide low levels of GALC to the CNS long after trans-
plantation, in a cross-corrective fashion. However, recent
studies show that HSCT also provides an immunomodu-
latory effect, by reducing the level of neuroinflammation
(Reddy et al., 2011). When used in combination with
viral-mediated gene therapy, HSCT reduces the levels of
activated microglia, as well as the numbers of CD4- and
CD8-positive T cells in the brains of treated Twitcher

mice (Reddy et al., 2011). Although the mechanism by
which HSCT provides an immunomodulatory function is
not known, it is likely that the therapeutic effects of
HSCT result from both supplying GALC activity and also
decreasing neuroinflammation.

The hematopoietic system is also a target for ex vivo
gene therapy because BMT is the standard of care for
KD. In this case, autologous hematopoietic stem cells
could be genetically modified to express GALC, then
transplanted back into the same patient. This could supply
a persistent source of GALC activity and essentially elimi-
nate GVHD. Unfortunately, unregulated expression of
GALC in hematopoietic stem cells appears to be toxic,
thus decreasing the engraftment of the transduced cells.
To overcome this limitation, Gentner et al., (2010) intro-
duced a micro-RNA target into the cDNA encoded by a
lentiviral vector, which resulted in the developmental
regulation of GALC in the hematopoietic compartment.
This restored hematopoietic reconstitution and allowed
for GALC expression in more fully differentiated blood
cells. Although engraftment and persistent GALC expres-
sion were restored, the transplanted mice lived no longer
than animals receiving a transplant from a GALC-positive
syngeneic animal (Yeager et al., 1984).

Enzyme Replacement Therapy

Enzyme replacement therapy (ERT) is now the
standard of care for several lysosomal storage diseases
(Desnick and Schuchman, 2012). ERT takes advantage of
M6P receptor-mediated transport, in which M6P-
modified recombinant enzyme can be endocytosed by
enzyme-deficient cells expressing the M6P receptor on
their surface (Neufeld and Frantantoni, 1970; Kornfeld,
1992). This strategy will provide a transient source of
active GALC to deficient cells and tissues and has been
evaluated in the Twitcher model. Weekly intraperitoneal
(IP) injections of recombinant GALC were able to extend
the life span of Twitcher mice to 47 days (Lee et al.,
2005). Interestingly, the increase in life span was observed
whether treatment started at PND10 or at PND20 (Lee
et al., 2005). It is unlikely that systemic ERT through an
IV or IP route will provide significant long-term efficacy
because GALC does not cross the blood–brain barrier.

Delivery of GALC through a single intracerebro-
ventricular (ICV) injection resulted in GALC activity
throughout the CNS, although the highest levels were
localized at the injection site (Lee et al., 2007). Mice
treated in this study had significantly lower psychosine
levels than untreated animals when measured 24 hr after
treatment, and those given a dose of 6 lg GALC survived
to approximately 46.5 days (Lee et al., 2007). The mini-
mal increase in life span likely was due to the fact that
ERT was administered at a single time point. It is likely
that the therapeutic efficacy would be much greater if the
enzyme were administered repeatedly. However, repeated
administration would require regular invasive procedures
or the placement of an implantable pump. Even with
repeated administration, recombinant GALC would likely
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not diffuse throughout both the CNS and the PNS, so
multiple dosing sites would also be required.

Virus-Mediated Gene Therapy

The efficacy of CNS-directed gene therapy relies on
the principle of cross-correction. With the current tech-
nology, only a relatively small proportion of cells can be
transduced by a viral gene transfer vector. However, the
transduced cells can then overexpress GALC, which can
be secreted and correct adjacent cells. CNS-directed,
adeno-associated viral (AAV)-mediated gene therapy has
been shown to increase enzyme activity and improve
behavioral and cognitive functions in other murine mod-
els of lysosomal storage diseases (Skorupa et al., 1999; Fri-
sella et al., 2001; Passini et al., 2005, 2006). AAV-
mediated gene therapy allows for delivery of GALC
cDNA to enzyme-deficient cells, providing a persistent
source of enzyme to GALC-deficient tissues. Most AAV
capsid proteins used to pseudotype vectors for CNS appli-
cations (AAV1, 5, 9, rh10) have a strong tropism for neu-
rons (Asokan et al., 2012). Therefore, the neurons will
supply the majority of cross-corrective enzyme. Although
AAV-mediated gene therapy in the Twitcher mouse
increased brain GALC activity to severalfold greater than
normal, the histological and clinical benefit was not as
great as that seen in other models (Rafi et al., 2005; Lin
et al., 2005). Rafi et al. (2005) cloned GALC cDNA into
an AAV2 vector and pseudotyped it with the AAV1 cap-
sid protein (AAV2/1). Twitcher mice and twi-trs mice,
animals with the W339X mutation on a hybrid 129SVJ
and FVB/N background, received ICV injections shortly
after birth (Rafi et al., 2005). Treated Twitcher mice sur-
vived significantly longer than untreated animals, with life
span extended by 40–50%. Twi-trs mice had whole-brain
GALC activity severalfold higher than WT levels, and
GALC was present in all areas of the brain to varying
degrees (Rafi et al., 2005). Levels of psychosine in treated
twi-trs mice were significantly lower than those in
untreated animals, as were the levels of both GFAP-
positive astrocytes and PAS-positive macrophages (Rafi
et al., 2005).

In a similar study, Twitcher mice were given intra-
cranial (IC) injections on PND3 with either AAV2/2-
GALC or AAV2/5-GALC (Lin et al., 2005). Whole-
brain measurements of GALC activity indicated a several-
fold increase compared with WT levels, in mice treated
with AAV2/5-GALC. Mice treated with AAV2/2-
GALC had whole-brain GALC activity at �28% of WT
levels (Lin et al., 2005). Median life span of AAV2/5-
GALC-treated Twitcher mice was 52 days, significantly
greater than that for treatment with AAV2/2-GALC,
which led to survival for an average 48 days (Lin et al.,
2005). The AAV2/5-treated animals had improved motor
performance compared with AAV2/2-treated animals,
and both groups performed better than untreated or
AAV2/2-GFP-treated control Twitcher mice (Lin et al.,
2005). These results indicate that the AAV2/5 vector is
more effective at improving disease phenotype that the

AAV2/2 vector. This is consistent with the observation
that the AAV5 capsid protein results in a greater distribu-
tion and higher level of transduction in the mouse brain,
specifically in neurons and astrocytes, compared with the
AAV2 capsid protein (Davidson et al., 2000).

Using AAV2/rh10-mGALC, Rafi et al. (2012) were
able to extend the life span of Twitcher mice to an aver-
age of 57 days using a single IV injection on PND2.
AAV2-rh10 is reported to cross the blood–brain barrier
with an efficiency similar to that of AAV9 and to trans-
duce primarily neurons (Rafi et al., 2012). In this same
study, it was shown that using a combination of ICV and
IC delivery could further extend the life span to an aver-
age of 81 days, and a combination of ICV1 IC 1 IV
administration extended average life span to 104 days
(Rafi et al., 2012).

Recently, Rafi et al. (2015b) treated Twitcher mice
on PND10–12 with a single tail vein injection of AAV2/
rh10-mGALC. Treated mice survived significantly longer
than untreated animals and had reduced kyphosis and
tremors (Rafi et al., 2015b). Tissues from treated animals
had GALC activity at or exceeding WT levels in brain,
spinal cord, and sciatic nerve when measured at PND45–
64 (Rafi et al., 2015b). It is likely that the efficacy
observed in this study is due to partial correction of both
the PNS and the CNS.

Substrate Reduction Therapy (L-Cycloserine)

Therapies that do not directly address the enzymatic
deficiency are not able to cure the disease; however, they
could be useful in ameliorating disease phenotypes and
extending life span. An alternative way to compensate for
the low GALC activity is to inhibit the production of the
cytotoxic molecule psychosine. This approach is referred
to as substrate reduction therapy (SRT) and has shown prom-
ise in other lysosomal storage diseases (Parenti et al.,
2015). Although SRT is a promising approach, it will
only slow the progression of disease. Because there is no
current inhibitor for ceramide galactosyltransferase
(CGT), the enzyme directly responsible for psychosine
synthesis, enzymes further upstream must be targeted
(LeVine et al., 2000). L-cycloserine is an irreversible
inhibitor of serine palmitoyltransferase, an upstream
enzyme in the psychosine synthesis pathway (Sundaram
and Lev, 1984). Because of its being further upstream in
the cerebroside synthesis pathway, L-cycloserine reduces
the levels of several critical cerebrosides, in addition to
psychosine (Sundaram and Lev, 1984). Treatment of pre-
symptomatic Twitcher mice with L-cycloserine extended
their life span by several days, with mice becoming mori-
bund at PND57 on average (LeVine et al., 2000). In addi-
tion, L-cycloserine-treated mice had decreased levels of
astrocytosis; however, no significant increase in myelina-
tion was observed (LeVine et al., 2000).

Anti-Inflammatory Therapies

Because of the severe neuroinflammation present in
GLD patients, several anti-inflammatory therapies have
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also been tested. Twitcher mice have elevated levels of
TNFa, eventually reaching levels as high as 70 times the
WT levels by the terminal stage of the disease (Luzi et al.,
2009). The phosphodiesterase inhibitor ibudilast has been
shown to reduce TFNa and other inflammatory cyto-
kines (Suzumura et al., 1999; Kagitani-Shimono et al.,
2005). Twitcher mice treated daily with ibudialast starting
at PND30 were reported to have less severe signs of dis-
ease, including a reduced tremor and reduction in demye-
lination, compared with vehicle-treated Twitcher mice
(Kagitani-Shimono et al., 2005). Despite these promising
results, treatment of Twitcher mice starting at PND15 did
not result in an increased life span or significant improve-
ment in signs of disease (Kagitani-Shimono et al., 2005).

A study by Luzi et al. (2009) tested the effect of sev-
eral anti-inflammatory drugs on trs mice. Three separate
anti-inflammatory drugs were tested; indomethacin and
ibuprofen are both nonsteroidal anti-inflammatory com-
pounds, and minocycline has neuroprotective and antia-
poptotic properties (Luzi et al., 2009). These were first
administered through the drinking water of the nursing
mother and were continued postnatally for the life of the
affected animals. All treatments were compared with
BMT in trs mice, and cytokine levels were measured at
PND58 and terminal time points in treated mice (Luzi
et al., 2009). All treatments increased life span by an aver-
age of 11 days. Indomethacin was the most effective in
reducing the levels of proinflammatory cytokines; levels
of IL-6 were reduced by approximately half, and TFNa
was reduced several-fold from those measured in untreat-
ed trs animals (Luzi et al., 2009). Although each anti-
inflammatory treatment was able to reduce the levels of
proinflammatory cytokines, none performed as well as
BMT (Luzi et al., 2009).

Antioxidant Therapy

Because of the high oxidative stress seen in cells
exposed to psychosine, antioxidant treatments have also
been explored. Paintlia et al. (2015) hypothesized that
psychosine accumulation could be altering vitamin D
homeostasis, contributing to the demyelination seen in
GLD patients and animal models. Therefore, heterozy-
gous mothers and weaned Twitcher mice were fed a
high-vitamin-D diet for the duration of their lives. The
high-vitamin-D diet significantly extended life span to a
mean of 50 days, and onset of tremor was delayed to
PND35 (Paintlia et al., 2015). Treated mice had a slower
rate of psychosine accumulation and reduced levels of
demyelination compared with untreated animals (Paintlia
et al., 2015).

N-acetylcysteine (NAC) is a reactive oxygen species
scavenger. It was hypothesized to reduce the oxidative
stress in Twitcher mice and to ameliorate disease pheno-
type. Hawkins-Salsbury et al., (2012) treated Twitcher
mice with NAC orally for the duration of their life span
and gave IP injections of NAC beginning on PND5.
Treated animals had a significant decrease in protein car-
bonyls in the brain, an indicator of oxidative stress.

However, NAC treatment did not increase life span or
improve performance on motor function tests compared
with untreated Twitcher mice (Hawkins-Salsbury et al.,
2012).

Oligodendrocyte Transplantation

The rapid death of oligodendrocytes and other mye-
linating cells is a hallmark of GLD, and maintaining the
myelinating cell population has been the target of several
therapies. Kuai et al. (2015) used mouse embryonic stem
cells and induced them to differentiate into oligodendro-
cyte precursor cells. On PND10, Twitcher mice were
injected in the forebrain with cells positive for oligoden-
drocyte markers. It was hypothesized that these cells
would be able to supply active GALC to the CNS and
replace the endogenous cells with those of donor origin.
Twenty days after injection, the level of myelin was mea-
sured, as was the distribution of implanted donor cells.
There was no increase in the level of myelin basic protein
in treated mice, and the donor cells remained localized to
the injection site (Kuai el al., 2015). In addition, there
was no improvement in behavioral assays measuring stride
length or twitching severity, and life span of treated mice
was not significantly different from that of untreated mice
or those injected with saline (Kuai et al., 2015).

Neuronal and Mesenchymal Stem Cell
Transplantation

The transplantation of stem cells able to differentiate
into neural cells has been explored as a treatment for
GLD. NTera2 (NT2) cells are a pluripotent cell line capa-
ble of differentiating into neuron-like cells (Croitoru-
Lamoury et al., 2006). Mesenchymal stromal cells (MSCs)
are derived from either bone marrow or adipose tissue
and are able to develop along the neuronal lineage,
among others (Safford et al., 2002). Because of their
developmental diversity, it was hypothesized that these
cells could be used to ameliorate the demyelination phe-
notype seen in the Twitcher model (Croitoru-Lamoury
et al., 2006). Twitcher mice received intracerebral injec-
tions of either MSCs or NT2 cells at 24 hr after birth,
and, although transplantation resulted in successful
engraftment of each cell type, there was no extension in
life span (Croitoru-Lamoury et al., 2006). However, both
NT2 cells and MSCs were able to differentiate into neu-
rons, oligodendrocytes, and astrocytes by 35 days post-
transplantation (Croitoru-Lamoury et al., 2006).

Further studies using MSCs led to the hypothesis
that these cells could be used as a treatment to replace
dead oligodendrocytes, provide GALC activity, and
reduce the inflammatory response associated with GLD
(Wicks et al., 2011). Because of the immunosuppressive
capabilities of MSCs, it was thought that there may be less
neuroinflammation associated with MSC administration,
making them a potentially safer therapeutic than BMT.
ICV injection of MSCs into mice at PND3–4 did not
greatly improve life span. Twitcher mice treated with
MSCs survived a mean of approximately 38 days,
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compared with untreated Twitcher mean survival of
approximately 33 days (Ripoll et al., 2011). Despite the
minor increase in life span, these treated mice performed
better than untreated Twitcher mice in several behavioral
assays (Ripoll et al., 2011). A reduction in inflammatory
cytokines and globoid cells was also seen; however, there
was no increase in myelin basic protein staining, and
GALC activity was not significantly different from that in
untreated Twitcher mice (Ripoll et al., 2011). A similar
study by Wicks et al., (2011) investigated the effect of
MSC administration into the striatum in an effort to
increase their effect on motor function. MSC treatment
did not significantly reduce disease phenotypes or extend
life span (Wicks el al. 2011). Miranda et al., (2011) used
IV injections of MSCs to determine whether signs of dis-
ease in the PNS could be ameliorated. As in previous
studies, the increase in life span was minimal, but there
was an increase in the number of axons and Schwann cell
precursors (Miranda et al., 2011).

Neural Stem Cell Gene Therapy

There has been limited success using neural stem
cell gene therapy. Strazza et al. (2009) developed a CNS-
derived cell line suitable for injection into Twitcher mice.
After transducing with a g-retroviral gene transfer vector
containing the GALC cDNA, the cells were injected into
the brains of Twitcher mice at PND2–3 (Strazza et al.,
2009). Because the cell line expressed markers for oligo-
dendrocyte progenitors, it was hypothesized that these
cells could increase myelination. Treated mice showed a
significant reduction in astrocyte gliosis and globoid cells
as wells as an increase in normal-looking oligodendrocytes
in close proximity to the injection site. Despite these
promising histological results, there was only a minor
increase in life span, with treated mice living an average
of 45 days (Strazza et al., 2009). As with any stem cell-
mediated therapy, efficient and stable engraftment must
be achieved. In the case of neuronal stem cell-mediated
therapy, it would also be beneficial for the donor cells to
replace dead or dying neurons and make the proper neu-
ronal connections.

MULTIMODALITY THERAPIES

Several single-treatment methods resulted in minimal to
moderate reductions in the severity of the disease in the
Twitcher mouse. Although GLD is a monogenic disease,
it has a very complex biochemical, histological, and clini-
cal phenotype. It is likely that the enzymatic deficiency
leads to multiple different pathogenic mechanisms that
cannot be treated through a single therapy. Therefore, it
is not surprising that a single-therapy approach is not
curative (Table I). Combining treatment strategies to tar-
get multiple pathogenic mechanisms/pathways has been
more successful in preclinical testing (see Table II). Com-
bination therapies that target the underlying symptoms, as
well as those that supply the deficient enzyme, have been
the focus for several years. Because HSCT is the standard

of care, all of the combination treatments discussed here
were performed in conjunction with HSCT.

Substrate Reduction Therapy 1 BMT

Initial studies with L-cycloserine resulted in a
minor extension in life span and a reduction in astrocy-
tosis (LeVine et al., 2000). It was hypothesized that sub-
strate reduction therapy would decrease psychosine
synthesis, and, if combined with HSCT, the GALC sup-
plied from donor cells could effectively remove any
remaining psychosine (Biswas and LeVine, 2002).
Therefore, Twitcher mice were treated with L-
cycloserine from PND3 and received BMT at PND10.
Combination-treated mice lived an average of 112 days,
and there was a reduction in globoid cells and gliosis;
however, there was no reduction in demyelination (Bis-
was and LeVine, 2002). This combination therapy regi-
men produced the greatest increase in Twitcher life
span that had been described at the time.

VEGF 1 BMT

The endothelial cell growth factor VEGF was also
considered as a candidate for combination therapy with
BMT. Because of VEGF’s ability to increase microvascu-
lar permeability, it was hypothesized that adding VEGF to
BMT would enhance the ability of donor-derived cells to
cross the blood–brain barrier; increasing GALC activity in
the CNS. IV delivery of VEGF at PND1, followed by
BMT, increased the Twitcher life span to a median of 49
days (Young et al., 2004). Although treatment with
VEGF resulted in only minor improvements, it provided
insights into specific aspects of blood–brain barrier
permeability.

N-Acetylcysteine 1 BMT

Although N-acetylcysteine alone decreased oxida-
tive stress in treated animals, it resulted in essentially no
clinical improvement. However, it was hypothesized
that, combined with BMT, NAC treatment would have
a greater effect (Hawkins-Salsbury et al., 2012). Hetero-
zygous mothers received NAC in their water during
pregnancy, and after birth Twitcher mice continued to
receive NAC through both their water supply and IP
injections thrice weekly (Hawkins-Salsbury et al., 2012).
Animals treated with NAC alone had a significant
reduction in carbonyls in the brain compared with
untreated Twitchers, but there was no decrease in the
NAC 1 BMT treatment group. There was also no
improvement in myelination or globoid cell infiltration
in the combined therapy group compared with animals
receiving BMT alone (Hawkins-Salsbury et al., 2012).
Finally, there was no increase in life span and very little
reduction in reactive oxygen species in the brains of
treated animals. This could be due to the additional oxi-
dative damage conferred by the conditioning irradiation
necessary for BMT.
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ERT 1 BMT

Both ERT and BMT alone are able to prolong life
in Twitcher mice and reduce some signs of disease. It was
hypothesized by Qin et al. (2012) that combining these
treatments would compound their effects; ERT would
provide high levels of GALC activity shortly after birth,
and BMT would provide a lower level but persistent

source of the enzyme. GALC was delivered by both
intrathecal (IT) and ICV injections within the first 3 days
after birth, and BMT was performed on the following day
(Qin et al., 2012). Although the GALC levels shortly after
treatment were significantly greater than WT levels, at
PND36 there was no difference in activity between
untreated and treated Twitcher mice (Qin et al., 2012).
Despite this, histological signs of disease, including

TABLE I. Single Modality Therapies

Therapy Therapeutic mechanism Life span increase (days)* Reference

BMT Cross-correction 40 Yeager et al., 1984

Immunomodulation 25 Hoogerbrugge et al., 1988

Enzyme replacement therapy Short-term replacement of GALC

activity

7 Lee et al., 2005

5.5 Lee et al., 2007

11 Qin et al., 2012

Viral-mediated gene therapy Long-term replacement of GALC

activity

�12 Rafi et al., 2005

14 Lin et al., 2005

30 Reddy et al., 2011

IV:15, ICV1IC:41,

ICV1IC1IV:63

Rafi et al., 2012

�23 Rafi et al., 2015b

Substrate reduction therapy

(L-cycloserine)

Reduce psychosine accumulation 13 LeVine et al., 2000

17.5 Hawkins-Salsbury et al., 2015

Ibudilast Anti-inflammatory None Kagitani-Shimono et al., 2005

Indomethacin Anti-inflammatory �10–12 Luzi et al., 2009

Ibuprofen Anti-inflammatory �10–12 Luzi et al., 2009

Minocycline Anti-inflammatory, neuroprotective �10–12 Luzi et al., 2009

Vitamin D Antioxidant 16 Paintlia et al., 2015

N-acetylcysteine (NAC) Antioxidant None Hawkins-Salsbury et al., 2012

Neural stem cell gene therapy Enzyme expression 7 Strazza et al., 2009

Oligodendrocyte transplant Enzyme expression, myelination None Kuai et al., 2015

Neuronal stem cell transplant,

Mesenchymal stromal cells

Enzyme activity, anti-inflammatory,

myelin loss

None Croitoru-Lamoury et al., 2006

5 Ripoll et al., 2011

None Wicks el al. 2011

2 Miranda et al., 2011

*Life span increase was calculated as the difference in life span of treated mice and untreated mice, specific to each study. If mean or median life span

was not reported in reference text, median lifespan was estimated from Kaplan-Meier curve.

TABLE II. Multimodality Therapies

Therapy Therapeutic mechanism Life span increase (days)* Reference

Substrate reduction therapy 1 BMT Reduce psychosine accumulation,

cross-correction,

immunomodulation

75 Biswas and LeVine, 2002

VGEF 1 BMT Cross-correction,

immunomodulation

8.5 Young et al., 2004

NAC 1 BMT Anti-inflammatory, cross-correction,

immunomodulation

1.5 Hawkins-Salsbury et al., 2012

Enzyme replacement therapy 1

BMT

Short-term replacement of GALC

activity, immunomodulation

19 Qin et al., 2012

Viral-mediated gene therapy 1 BMT Long-term replacement of GALC

activity, immunomodulation

�34 Galbiati et al., 2009

65 Lin et al., 2007

82 Reddy et al., 2011

NR Rafi et al., 2015a

Viral-mediated gene therapy 1 Sub-

strate reduction therapy 1 BMT

Long-term replacement of GALC

activity, reduce psychosine accu-

mulation, immunomodulation

259 Hawkins-Salsbury et al., 2015

*Life span increase was calculated as the difference in life span of treated mice and untreated mice, specific to each study. If mean or median life span

was not reported in reference text, median life span was estimated from Kaplan-Meier curve.
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activated astrocytes and microglia/macrophages and
demyelination, were reduced. Levels of psychosine were
also reduced in ERT 1 BMT-treated animals when mea-
sured at PND36. ERT 1 BMT treated mice had a medi-
an life span of 59 days (Qin et al., 2012).

Gene Therapy 1 BMT

A combination therapy study using HSCT and a
lentiviral vector was performed in the Twitcher mouse.
Bone marrow stem cells and a lentiviral vector expressing
GALC were injected IV in neonatal Twitcher mice with-
out prior conditioning (Galbiati et al., 2009). This combi-
nation approach significantly increased life span,
improved motor function, and improved myelination.
However, axonal degeneration was comparable to that of
untreated Twitcher mice, suggesting that GALC deficien-
cy may also mediate direct neurotoxicity (Galbiati et al.,
2009).

Although administration of AAV2/5-GALC
resulted in severalfold greater-than-normal levels of
GALC activity, AAV2/5-GALC by itself resulted in min-
imal to modest clinical improvements (Lin et al., 2005).
However, using AAV2/5-mediated gene therapy in com-
bination with BMT, Lin et al. (2007) were able to extend
the Twitcher life span to a mean of 104 days. This treat-
ment regimen included IC injections of AAV2/5-GALC
on PND3 followed by BMT (Lin et al., 2007).
Combination-treated mice had nearly 300% of WT levels
of brain GALC activity (Lin et al., 2007). In addition,
combination-treated animals had fewer globoid cells and
performed better on behavioral tests than those receiving
either single therapy alone (Lin et al., 2007).

In a followup study, Reddy et al. (2011) added an
IT injection to the treatment regimen, in addition to
using AAV2/5-GALC IC injections and BMT. GALC
activity in the brain was approximately five times greater
than WT levels in both AAV2/5-GALC and
combination-treatment groups, indicating that the major-
ity of GALC activity is being provided through gene
therapy, not BMT (Reddy et al., 2011). Levels of psycho-
sine were significantly reduced in the combination-
treated animals, and a reduction in globoid cells was also
seen (Reddy et al., 2011). Life span of combination-
treated animals was also extended to a median of 123 days
(Fig. 1; Reddy et al., 2011). Interestingly, there was a
decrease in activated astrocytes and microglia/macro-
phages in the brain and spinal cord of Twitcher mice
receiving gene therapy and BMT. There was a decrease
in CD4 and CD8 T cells in the brains of AAV2/5-GALC
1 BMT-treated animals, which was not observed in the
brains of mice treated with AAV2/5-GALC alone, sug-
gesting that BMT may be playing an immunomodulatory
role (Reddy et al., 2011). These data suggest that AAV2/
5-GALC increases GALC activity and that BMT
decreases neuroinflammation, resulting in a synergistic
effect between these treatments.

More recently, Rafi et al. (2015a) showed similar
results, using BMT at PND9–10 and IV AAVrh10-

GALC injections 1 day later. Although median life span
was not reported, the combination-treated animals lived
much longer than those receiving BMT or gene therapy
alone (Rafi et al., 2015a). In addition, the appearance of
myelin in combination-treated animals is similar to that in
WT mice, and the brain of a 150-day-old treated animal
had only small numbers of globoid cells (Rafi et al.,
2015a).

Gene Therapy 1 SRT 1 BMT

Based on the synergy observed with AAV2/5-
GALC gene therapy in combination with BMT,
Hawkins-Salsbury et al. (2015) hypothesized that target-
ing an additional pathway might provide even greater
therapeutic efficacy. By combining AAV2/5-mediated
gene therapy, BMT, and SRT using L-cycloserine, the
life span of Twitcher mice was significantly increased to a
median of �300 days (Fig. 1; Hawkins-Salsbury et al.,
2015). GALC activity in triple-treated mice at 36 days is
over three times that of WT mice and decreases only
minimally as the animals age (Hawkins-Salsbury et al.,
2015). At 160 days, levels of psychosine in triple-treated
animals were not significantly different from levels mea-
sured in WT animals, and these levels remained low at
terminal time points (Hawkins-Salsbury et al., 2015). The
number of globoid cells, intensity of GFAP staining, and
levels of proinflammatory cytokines were all at WT levels
when triple-treated animals were 36 days old. Interesting-
ly, globoid cells and astrocyte activation increased with
age, but cytokine levels remained low (Hawkins-Salsbury
et al., 2015). The profound improvement in disease phe-
notypes is likely attributed to the multiple pathways tar-
geted by the treatments. Gene therapy provides GALC
activity to the CNS and PNS, particularly targeting neu-
rons, which can cross-correct oligodendrocytes and other
cell types that are not effectively targeted by AAV vectors.
L-cycloserine reduces the synthesis of psychosine in

Fig. 1. Kaplan-Meier curve of Twitcher and wild-type mouse life
span. Twitcher mice treated with a multimodality therapy survived
significantly longer than those treated with a single-modality therapy
(Reddy et al., 2011; Hawkins-Salsbury et al., 2015). The median life
spans of untreated, BMT-treated, AAV2/5-treated, and L-cycloserine-
treated Twitcher mice are 39.5, 40.5, 71, and 58 days, respectively.
The median life span for Twitcher mice treated with AAV2/5 1
BMT and AAV2/5 1 BMT 1 L-cycloserine are 123 and 298.5 days,
respectively.
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oligodendrocytes, and BMT reduces neuroinflammation
through immunomodulation. Because GLD is a complex,
multifaceted disease, the most effective therapies will like-
ly be those that target both the enzymatic deficiency and
the secondary pathogenic mechanisms of disease.

CONCLUSIONS

Because of the complexity of disease presentation and
pathogenesis, single-modality therapies have thus far been
only minimally effective for treating KD. Targeting mul-
tiple pathogenic mechanisms has been more successful not
only in prolonging life span but also in reducing failure to
thrive, as measured through behavioral assays. It is likely
that future treatments will target multiple pathogenic
mechanisms. There has been recent interest in using
genome editing in tandem with HSCT; however, this
approach is unlikely to be successful because HSCT by
itself is only minimally effective in treating GLD. Using
other stem cell sources alone also is unlikely to be a viable
therapeutic option because the successful differentiation
and integration seen in murine models were unable to
produce a significant increase in life span. Although some
treatments do seem promising, there are still fundamental
questions about GLD pathogenesis that must be addressed
to develop a truly efficacious treatment.
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1Gene Therapy Center, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina
2Department of Anatomy and Cell Biology, University of Illinois at Chicago, Chicago, Illinois
3Department of Ophthalmology, University of North Carolina at Chapel Hill, Chapel Hill,
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Globoid cell leukodystrophy (GLD), or Krabbe disease, is
an autosomal recessive neurodegenerative disease
caused by the deficiency of the lysosomal enzyme galac-
tocerebrosidase (GALC). Hematopoietic stem cell trans-
plantation (HSCT) provides modest benefit in
presymptomatic patients but is well short of a cure. Gene
transfer experiments using viral vectors have shown
some success in extending the survival in the mouse
model of GLD, twitcher mice. The present study com-
pares three single-stranded (ss) AAV serotypes, two natu-
ral and one engineered (with oligodendrocyte tropism),
and a self-complementary (sc) AAV vector, all packaged
with a codon-optimized murine GALC gene. The vectors
were delivered via a lumbar intrathecal route for global
CNS distribution on PND10–11 at a dose of 2 3 1011 vec-
tor genomes (vg) per mouse. The results showed a similar
significant extension of life span of the twitcher mice for
all three serotypes (AAV9, AAVrh10, and AAV-Olig001) as
well as the scAAV9 vector, compared to control cohorts.
The rAAV gene transfer facilitated GALC biodistribution
and detectable enzymatic activity throughout the CNS as
well as in sciatic nerve and liver. When combined with
BMT from syngeneic wild-type mice, there was significant
improvement in survival for ssAAV9. Histopathological
analysis of brain, spinal cord, and sciatic nerve showed
significant improvement in preservation of myelin, with
ssAAV9 providing the greatest benefit. In summary, we
demonstrate that lumbar intrathecal delivery of rAAV/
mGALCopt can significantly enhance the life span
of twitcher mice treated at PND10–11 and that BMT
synergizes with this treatment to improve the survival
further. VC 2016 Wiley Periodicals, Inc.

Key words: AAV; Krabbe disease; globoid cell leukodys-
trophy; GALC; gene therapy; intrathecal

Krabbe disease or globoid cell leukodystrophy (GLD)
is a severe neurodegenerative disease resulting from the
deficiency of the lysosomal enzyme galactocerebrosidase

(GALC; Suzuki and Suzuki, 1970). It is inherited in an
autosomal recessive manner and is characterized by rapid
and progressive demyelination along with the presence of
large, multinucleated globoid cells. Deficiency of GALC
leads to defective catabolism and subsequent accumulation
of psychosine, a toxic metabolite causing apoptosis of
myelin-forming cells (Nagara et al., 1986; Tanaka et al.,
1993; Taniike et al., 1999). Additionally, inefficient
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degradation of another substrate of GALC, galactosylcer-
amide, is believed to attract macrophages capable of
phagocytizing it and being transformed into the large
globoid cells. In the acute infantile form of GLD, clinical
symptoms start at approximately 6 months of age, pro-
gressing very rapidly to death at approximately 2 years of
age (Wenger et al., 1997). Later-onset Krabbe disease
exhibits highly variable clinical phenotypes depending on
the levels of residual GALC activity. The only available
standard-of-care treatment for this disease is hematopoi-
etic stem cell transplantation (HSCT), which has been
shown to slow down the disease progression in presymp-
tomatic infants and in some later-onset patients (Krivit
et al., 1998; Escolar et al., 2005; Duffner et al., 2009).

Several naturally occurring animal models of Krabbe
disease have been identified. This includes the most com-
monly used twitcher mouse (Duchen et al., 1980; Koba-
yashi et al., 1980), terrier dogs (Fankhauser et al., 1963;
Fletcher et al., 1966; Suzuki et al., 1970), and the rhesus
monkeys (Baskin et al., 1989). These animal models,
especially the twitcher mice, have helped researchers to
understand the pathology of the disease better as well as
to test different therapeutic interventions.

Gene transfer using viral vectors to deliver the cor-
rect copy of the defective gene is becoming an attractive
approach for treating several lysosomal storage diseases,
including Krabbe disease. Recent studies using recombi-
nant adeno-associated virus (AAV) have shown some
success in treating twitcher mice. Wild-type AAV has a
4.7-kb single-stranded (ss) DNA genome and belongs to
the parvovirus family (McCarty et al., 2004; Gonclaves,
2005). Although AAV infects humans, it is nonpatho-
genic and is classified as a dependovirus because it is
unable to execute a lytic infection without coinfection
with a helper virus such as adenovirus or herpesvirus
(McCarty et al., 2004; Gonclaves, 2005). Important for
CNS gene therapy applications, AAV can transduce non-
dividing cells and has the ability to confer long-term sta-
ble gene expression without associated inflammation or
toxicity (Haberman et al., 2003; Bessis et al., 2004; Gon-
claves, 2005). Recombinant AAV vectors contain no
AAV coding sequences, and they package any DNA cas-
sette within its size constraints as long as the DNA is
flanked by �145-bp inverted terminal repeats (ITRs).
An alternative form of the AAV genome is the self-
complementary (sc) genome design, which uses a mutat-
ed version of one of the ITRs. sc AAV vectors have
ten- to 100-fold higher transduction efficiency than tra-
ditional ss AAV vectors (McCarty et al., 2001, 2003;
Gray et al., 2011b), facilitating applications designed for
global delivery of the virus particles, such as via intrave-
nous (IV) or intracerebrospinal fluid (CSF) injection.
However, a potential drawback of sc AAV vectors for
some genes is that the packaging capacity is cut in half,
to approximately 2.3 kb of foreign DNA. The character-
istics of AAV make it an attractive vector in therapeutic
strategies for Krabbe disease.

The ability of AAV serotype 9 (AAV9) to transduce
neurons and glia in the CNS after an IV injection has

raised new possibilities for global CNS delivery of thera-
peutic transgenes in rodents, cats, and nonhuman primates
(Duque et al., 2009; Foust et al., 2009; Gray et al.,
2011b). However, the lack of target specificity, high doses
of vector required, high prevalence of anti-AAV9 neutral-
izing antibodies in the human population, and high loads
of vector that are delivered to peripheral organs create
challenges for translating this approach to humans. More
recently, several laboratories have demonstrated the possi-
bility of achieving widespread gene transfer throughout
the CNS following injection of AAV into the CSF. In
pigs this resulted in 50–100% transduction of spinal cord
motor neurons along with transduction of neurons and
glia in the brain at a dose of 1.7 3 1011 vector genome
(vg)/kg (Federici et al., 2012). In cats, dogs, and nonhu-
man primates, widespread CNS gene transfer could be
achieved after a single intra-CSF injection of AAV9 vec-
tors (Samaranch et al., 2012, 2013; Haurigot et al., 2013;
Bucher et al., 2013; Gray et al., 2013; Passini et al.,
2014). AAVrh10 is an alternative capsid that has been
described as being capable of crossing the blood–brain
barrier and may be amenable to widespread transduction
after intrathecal administration (Hu et al., 2010; Zhang
et al., 2011; Yang et al., 2014).

AAV gene therapy for treating GLD has used differ-
ent serotypes, different routes of administration, and dif-
ferent ages for the initiation of therapy. Direct
administration of AAV1 packaged with mouse GALC
gene into the brains of neonatal twitcher mice extended
their life span from 42 days to up to 66 days along with
sustained GALC activity, improved myelination, and
attenuated symptoms (Rafi et al., 2005). An AAV5 vector
expressing GALC was reported to increase the life expec-
tancy of twitcher from 38 days to 52 days when injected
intracranially on day 3 of age (Lin et al., 2005). Lin et al.
also reported an increase in GALC activity and improve-
ment in the performance on behavioral tests. Rafi and
coworkers (2012) showed that a combination of intracer-
ebroventricular, intracerebellar, and IV injections of
AAVrh10 vectors with mGALC in neonatal mice
increased the average life span of twitcher to 104 days. In
the same study, addition of another IV injection at PND7
further improved the survival to an average of 120 days.
The authors observed only a modest increase in life span
with only the IV approach at this age; but from a follow-
up study they reported that twitcher mice receiving a sin-
gle IV injection of AAVrh10 on PND10 had an average
life span of approximately 20–25 days longer than the
untreated twitcher mice (Rafi et al., 2014).

The synergistic effect of bone marrow transplant
(BMT) on AAV gene therapy was first reported by Lin
and coworkers in 2007. In that study animals that had
received intracranial injections of AAV5/mGALC and
BMT following myeloreductive radiation treatment at the
neonatal stage had an average life span of 104 6 7 days
compared with an AAV-only treatment with 49 6 1 days
and BMT-only treatment with 44 6 1 days. In another
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report from the same group, CNS-directed gene therapy
consisting of intrathecal and intracranial AAV5-GALC
injections in neonatal twitcher, combined with BMT,
increased the median life span of twitcher to 123 days
(Reddy et al., 2011). In a more recent report, Rafi et al.
(2015) showed that a combination of BMT and a single
IV injection of AAVrh10-GALC delivered at PND9–10,
greatly extended the life span and normal behavior of
twitcher, with improved CNS and PNS pathology. These
studies provided compelling evidence that a combination
approach is capable of treating different aspects of GLD
and producing a significantly better therapeutic outcome
than any single treatment.

The present study used intra-CSF AAV delivery via
the lumbar puncture route in 10–11-day-old twitcher
mice. We compared three different AAV serotypes, pack-
aging a codon-optimized mouse GALC construct along
with an sc design packaged into AAV9 capsid. We
designed two constructs for packaging GALC into ssAAV
and scAAV vectors for delivery into twitcher mice. The
expression cassette for ssAAV vectors had a chicken b-
actin (CBA-CAGGS) promoter and SV40 polyadenyla-
tion site (poly-A) driving the expression of a codon-
optimized murine GALC (mGALCopt). This construct
was packaged into three AAV serotypes, AAV9,
AAVrh10, and AAVOlig001. A minimal JeT promoter
and a short synthetic poly-A along with a truncated
mouse GALCopt was used in the design for scAAV. The
purpose of this experiment was to test whether the best
scAAV/GALC design could afford a better rescue than
the widely used ssAAV/GALC construct. Our hypothesis
was that, even though the net expression of GALC
afforded by this design would be weaker, the increased
distribution to more cells might provide a greater overall
rescue.

There was significant extension of life span with all
the AAV vectors tested, and they all produced similar sur-
vival benefit. We also tested the combination of two sero-
types individually with BMT after chemical conditioning
with busulfan. As reported earlier by other researchers, a
synergistic effect of BMT on AAV gene transfer in terms
of survival and pathological improvement was observed.
The therapeutic efficacy of all the treatments were evalu-
ated on the basis of survival and CNS and peripheral
nerve histopathology.

MATERIALS AND METHODS

Plasmid Design and Vector Preparation

For the purposes of this study, we designed two con-
structs to be packaged into ss- and scAAV vectors (Fig. 1A). A
codon-optimized and myc-tagged mouse GALC (mGALCopt-
myc) was cloned under a CBA-CAGGS promoter along with
an SV40 poly-A tail for packaging into a traditional ssAAV.
The codon-optimized mouse GALC was a kind gift from Dr.
Tal Kafri at the University of North Carolina at Chapel Hill.
This expression cassette was packaged into three AAV sero-
types, AAV9, AAVrh10, and AAVOlig001. The Olig001 capsid
was developed by Dr. Steven Gray and Dr. Thomas McCown

at the University of North Carolina at Chapel Hill and found
to transduce mostly oligodendrocytes after intracranial adminis-
tration into mice and rats (data not shown). A minimal JeT pro-
moter (Tornøe et al., 2002) combined with a short synthetic
poly-A was used to drive the expression of a truncated
mGALCopt-myc (sequence starts with the second start codon)
in the construct design for scAAV.

Recombinant AAV vectors were generated using propri-
etary methods developed at the UNC Gene Therapy Center
Vector Core facility (Chapel Hill, NC; Gray et al., 2011a;
Grieger et al., 2016). The AAV vectors produced for this
study included ssAAV9/mGALCopt, ssAAVrh10/mGALCopt,
ssAAVOlig001/mGALCopt, and scAAV9/mGALCopt. Vec-
tors were dialyzed in phosphate-buffered saline (PBS) contain-
ing 5% D-sorbitol and 350 mM NaCl. Viral titers were
determined by qPCR as described by Gray et al. (2011a).

Mouse Studies

All the experiments involving the use of animals
described in this report were approved by the University of
North Carolina at Chapel Hill Institutional Animal Care and
Use Committee. The naturally occurring mouse model for
Krabbe disease, the twitcher mouse (strain B6.CE-Galctwi/J),
was originally sourced from Jackson Laboratory (Bar Harbor,
ME) but provided by Dr. Mark Sands (Washington University,
St. Louis), and the colony was maintained at the University of
North Carolina at Chapel Hill.

The timeline of therapeutic interventions in twitcher
mice for the purposes of this study is depicted in Figure 1B.
The intrathecal delivery of vehicle control and AAV vectors
(2 3 1011 vg/mouse) was performed on PND10–11 in twitcher
mice. Concentrated AAV stocks were used to keep the injec-
tion volume typically between 5 and 10 ll, although some ini-
tial studies used injection volumes as high as 18 ll. The mice
that received BMT on PND9–10 were chemically conditioned

Fig. 1. AAV construct designs and outline of the study. A: The
expression cassette for the traditional single-stranded-AAV included a
codon-optimized and myc-tagged mouse GALC gene under a CBA-
CAGGS promoter along with an SV40 poly-A signal. For the scAAV
design, a reduced mGALCopt-myc gene starting with the second start
codon is cloned under a minimal JeT promoter with a short synthetic
poly-A. B: Timeline for the interventions in the twitcher mice in
these experiments.
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by intraperitoneal injection of busulfan (35 mg/kg body weight)
on PND8–9. These mice were given neomycin-containing
water (0.5 g/liter) for 50 days following the treatment. The
bone marrow cells were collected from the femur and tibia
of 8–10-week-old syngeneic WT C57Bl6 or B6 mice hetero-
zygous for enhanced green fluorescent protein (eGFP; Okabe
et al., 1997). The eGFP-positive mice were kindly provided by
Dr. Mark Sands. The bone marrow cells were injected intraper-
itoneally into twitcher mice on PND9–10 at the rate of 40 mil-
lion live cells per mouse. One set of the control and treated
mice was monitored for survival and euthanized at a humane
endpoint. Tissue samples were collected for analyzing GALC
activity, psychosine levels, and vector biodistribution. A sepa-
rate set of control and treated mice was euthanized on PND35
for performing histopathological examination. At sacrifice,
these mice were transcardially perfused first with PBS contain-
ing 1U/ml heparin, followed by 4% paraformaldehyde (PFA) in
PBS. The brain and spinal cord tissues were preserved in neutral
buffered formalin (NBF). They were processed, embedded in
paraffin, and used for histological analysis. The sciatic nerves
from these mice were postfixed in 0.15 M Karlsson and Schultz
phosphate buffer containing 2.5% glutaraldehyde and 2% PFA.
They were processed and resin embedded to be used for down-
stream analysis.

GALC Enzymatic Activity Assay

Samples were lysed in double-distilled and deionized
water (ddH2O), and tissue homogenates (20 lg) were incubated
with synthetic fluorescent GALC substrate (6-hexadecanoyla-
mino-4-methylumbelliferyl-beta-D-galactoside; Moscerdam
Substrates) for 17 hr at 37 8C. After incubation, the reaction was
stopped, and fluorescence was measured with a Beckmann
Coulter DTX 880 multimode detector using excitation/emis-
sion wavelengths of 385 nm and 450 nm, respectively.

Quantitative PCR Analysis of Vector Genomes

Analysis of vector biodistribution was by quantitative
PCR (qPCR). Tissue DNA was purified and quantified as
described by Gray et al. (2011a). The quantification was specific
for the codon-optimized mouse GALC. The primer sequences
are as follows: mGALCopt F 50-CACCATCAACAGCAA
CGTGG-30, mGALCopt R 50-GTTCCTCGTAGTAGC
TGGCC-30. Data are reported as the number of
double-stranded GALC molecules per two double-stranded
copies of the murine LaminB2 locus or, in other words, the
number of vector DNA copies per diploid mouse genome.

Immunohistochemistry

The hematoxylin-eosin (H&E) staining for brain and spi-
nal cord sections used an autostainer XL from Leica Biosystems
by the Translational Pathology Laboratory and the Animal His-
topathology Core at UNC, respectively. The processing and
staining of sciatic nerve samples were carried out by the
Microscopy Services Laboratory in the Department of Patholo-
gy and Laboratory Medicine, UNC, as per their standardized
protocol. Nerve samples (3-mm segments) were postfixed in
1% osmium tetroxide/0.15 M sodium phosphate buffer for

90 min at 4 8C, rinsed in deionized water, and dehydrated
through increasing concentrations of ethanol and finally with
propylene oxide. Tissue samples were infiltrated with a 1:1
mixture of propylene oxide:Polybed 812 epoxy resin (1A:2B
formulation; Polysciences,Warrington, PA) for 3 hr, followed
by an overnight infiltration in 100% resin. The nerve segments
were embedded in fresh epoxy resin and polymerized for 24 hr
at 60 8C. One-micrometer cross-sections of the nerve were cut
with a diamond knife, mounted on glass slides, and stained with
1% toluidine blue O in 1% sodium borate. Slides were mounted
with a No. 1.5 coverslip and DPX mountant (Sigma-Aldrich,
St. Louis, MO).

Luxol fast blue (LFB) staining for brain and spinal cord was
performed in the Animal Histopathology Core at UNC. Briefly,
the brain and spinal cord sections were immersed in 0.05%
LiCO3 for color development and then decolorized with 70%
ethyl alcohol. The sections were oxidized with 1% periodic acid
for 5 min, followed by rinsing with water and dehydration with
ethyl alcohol and xylene. All slides were digitally imaged in the
Aperio ScanScope XT (Leica) using a 3 20 objective. The image
analysis used an Aperio ImageScope (Leica).

Statistical Analysis

GraphPad Prism (GraphPad Software, La Jolla, CA) was
used for the analysis of extension of life span as a result of differ-
ent treatments. Via Kaplan-Meier curve analysis and Mantel-Cox
log-rank test, each treatment was compared individually with the
vehicle injected to determine the significance of the survival ben-
efit. Additionally, comparisons were made between AAV-only
and combination with BMT cohorts. For analysis of vector bio-
distribution and GALC activity data, standard errors of the mean
(SEMs) were calculated, and a two-tailed Student’s t-test was
used when required for comparison between treatments.

RESULTS

General Approach

We designed two constructs for packaging GALC
into ssAAV and scAAV vectors for delivery into twitcher
mice (Fig. 1A). The expression cassette for ssAAV vectors
featured a CBA-CAGGS promoter along with a SV40
poly-A driving the expression of a codon-optimized
murine GALC. Three AAV serotypes, AAV9, AAVrh10,
and AAVOlig001, were used to deliver this cassette. A
truncated mGALCopt-myc (sequence starts with the sec-
ond start codon) cloned under a minimal JeT promoter
combined with a short, synthetic poly-A was included in
the construct design for scAAV. The relative expression
afforded by the ss (CBA) and sc (JeT) constructs was eval-
uated in vitro. Additionally, we used another construct
coding for WT mouse GALC used by a few other
researchers but with slightly different transcription ele-
ments. When AAV9 vectors were used to deliver the
CBA (ss) or JeT (sc) construct, the CBA promoter pro-
duced �40-fold more GALC mRNA (see Supplemental
Methods and Supplemental Table 2). We did not see any
significant difference between the WT and codon-
optimized murine GALC at the mRNA level in this
experiment.
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For the studies detailed here, we treated the twitcher
mice between the ages of 8 and 11 days. For vehicle or
AAV-only treatments, intrathecal delivery was used in
10–11-day-old twitcher via lumbar puncture. Mice
receiving BMT were injected intraperitoneally with
busulfan (35 mg/kg body weight) 24 hr before the trans-
plant. Bone marrow cells were collected from the femur
and tibia of WT eGFP1 mice, and 40 million live cells
were injected IP into 9–10-day-old twitcher mice. All the
treated mice were monitored for weight gain/loss on
alternate days, and survival was recorded as described.

To visualize and quantify the level of engraftment,
we euthanized four twitcher mice transplanted with
GFP1 bone marrow along with two untreated mice (Sup-
plemental Methods, Supplemental Fig. 1, and Supple-
mental Table 1). We included a GFP1 mouse as a
positive control for the assays (data not shown). We
observed an engraftment level of up to 64% in the blood
and up to 3% in the brain. By immunohistochemistry
(IHC), the engraftment looked better in the brain com-
pared with that in spinal cord, and the distribution of
donor cells was not homogeneous in the brain, with
more cells in the upper cerebral cortex and cerebellum.

Vector Distribution and Gene Expression

As an initial comparison of the treatment cohorts,
we assessed the overall distribution of the vector DNA as
well as the distribution of the expressed GALC enzyme.
The biodistribution of each vector in major organs and
target tissues was analyzed at the humane endpoint using
real-time qPCR and expressed as copies of the delivered
mGALCopt genome per two copies of diploid mouse
genome (Fig. 2A). The tissue from vehicle-injected nega-
tive control and BMT-treated twitcher mice did not have
any detectable viral genomes, which was expected
because the codon-optimized transgene had a sequence
distinct from that of the endogenous mouse GALC gene.
The average vector distribution observed for ssAAV9
(n 5 9) and ssAAVrh10 (n 5 9) after intrathecal delivery
was very similar in the peripheral organs, spinal cord, and
sciatic nerve, but we observed a higher distribution trend
in the front (rostral) brain (P 5 0.11) for ssAAV9. The
ssAAVOlig001 vector had greatly reduced distribution to
peripheral organs but was comparable to that of AAV9
and AAVrh10 in hind brain and spinal cord. The sc vec-
tor had a slightly higher mean copy number in the spinal
cord but did not surpass the ssAAV9 vector in the brain
or sciatic nerve. Combining BMT with vector delivery
appeared to improve the vector biodistribution marginally
for both AAV9 and AAVrh10 in the periphery as well as
CNS, but this effect was not significant.

The enzymatic activity of GALC was determined in
twitcher tissues collected at humane endpoint along with
that of a heterozygous (het) littermate collected at
PND40 (Fig. 2B). There was no detectable activity in tis-
sues of vehicle-treated mice. For the liver, ssAAV9- and
ssAAVrh10-treated mice showed higher GALC activity
than the normal het mouse. There was a significant

increase in liver GALC activity when combined with
BMT for ssAAV9 (P 5 0.007), and a trend toward
increase for ssAAVrh10 (P 5 0.15). In the brain, for all
AAV-treated animals, low levels of activity were
observed. The BMT and ssAAV9 combination showed
higher GALC activity in the front brain compared with
all other treatments. Mouse-to-mouse variability was very
high for the GALC enzymatic activity analysis for spinal
cord and nerve samples; an overall increase in GALC
activity was observed for all treatment cohorts compared
with vehicle, but it was unclear whether any treatment
was more effective in these tissues. A general trend
showed higher GALC activities when AAV was com-
bined with BMT. Interestingly, although GALC activities
were above normal physiological levels in the tissues
examined for each treatment, there was still accumulated
psychosine (Supplemental Fig. 2).

Overall, the biodistribution analysis indicates that all
the AAV vectors were able to distribute the GALC trans-
gene throughout the CNS, but the Olig001 capsid had
highly reduced distribution to the sciatic nerve and
peripheral organs. Although superphysiological levels of
GALC were achieved in some tissues, this did not trans-
late to a clear reduction in psychosine.

Survival

The twitcher mice, both control and treated, were
monitored for survival. A 20% weight loss from the
recorded peak weight is considered to be the humane
endpoint for assessing the life span of the mice and was
scored as a death. A Kaplan-Meier curve analysis was used
for the survival proportions plotted in Figure 3. The
median life span for the control mice was 40 days in our
colony. Mice treated with BMT had a median survival of
45.5 days, whereas the AAV-only treatments had median
survivals ranging from 50.5 to 55.5 days. The combined
AAV 1 BMT treatments had further extensions in median
life span to 79 and 57 days for AAV9 and AAVrh10,
respectively. These extensions of life span compared with
vehicle-treated mice were all significant (P< 0.0001 for
ssAAV9, ssAAVrh10, and scAAV9; P 5 0.0003 for ssAA-
VOlig001; P 5 0.0021 for BMT only; P 5 0.0008 for
BMT 1 ssAAV9; and P 5 0.0008 for BMT 1 ssAAVrh10)
when analyzed with a log-rank (Mantel-Cox) test. The
combination treatment of BMT with ssAAV9/mGAL-
Copt significantly (P 5 0.0004) enhanced survival com-
pared with ssAAV9 only. However, the addition of BMT
to the ssAAVrh10 treatment did not lead to a significant
extension in median survival compared with ssAAVrh10
alone. Two mice in the BMT 1 ssAAVrh10 treatment
cohort had survival approaching that seen with the
ssAAV9 1 BMT combination, but overall there was a
high degree of variability in the survival of this cohort.
There was no significant difference between the
AAV9 1 BMT combination and the AAVrh10 1 BMT
combination. Based on the data from these cohorts, in
terms of survival, the BMT treatment provided the least
benefit, and all AAV treatments provided a greater but
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approximately equivalent benefit. It is not clear whether
the addition of BMT to the AAVrh10 treatment con-
ferred a greater benefit, but the addition of BMT to the
AAV9 treatment provided the best survival outcomes
among all of the treatments tested.

Histopathology

To stratify the treatment effects further, a histologi-
cal assessment was conducted on key areas that are
believed to contribute to the disease progression of GLD.
This included the sciatic nerve, lumbar spinal cord,

Fig. 2. Biodistribution (A) and GALC activity (B) in twitcher tissues
after intrathecal delivery of AAV/mGALCopt with or without BMT.
The twitcher mice were injected with vehicle or AAV/mGALCopt
(2 3 1011 vg/mouse) via lumbar puncture on PND10–11. In combi-
nations with BMT, the mice were treated with busulfan (35 mg/kg
body weight) intraperitoneally on PND8–9, followed by intraperito-
neal injection of bone marrow cells from syngeneic WT mice (40
million cells per mouse) 1 day later. The mice were euthanized at the
humane endpoint, and tissues were collected for various analyses. A:
Average number of mGALCopt vector genomes in major organs. The

analyses included a minimum of five mice, except for the combination
treatment of BMT 1 ssAAVrh10-mGALCopt (n 5 2). No detectable
viral genomes were found in control (vehicle) or BMT-only animals.
B: Mean GALC activity in major peripheral organs, CNS tissue, and
sciatic nerve for different treatments. For technical reasons, GALC
activity was not analyzed for the heart, front brain, and cervical cord
from mice treated with ssAAV9/mGALCopt vector. GALC activity
was measured in organs from at least four mice, except for
BMT 1 ssAAVrh10-mGALCopt (n 5 2).
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cervical spinal cord, and cerebellum. Demyelination and
degeneration in these areas is well described as part of the
overall disease progression (Fletcher et al., 1977, 2010;
Hoogerbrugge et al., 1988; Levine and Brown, 1996;
Rafi et al., 2014, 2015).

To evaluate the effect of treatments on peripheral
nerves of twitcher mice, we performed histopathological
analysis of the sciatic nerves of normal het littermates and
affected control and treated mice at PND35. At this
defined endpoint, upon gross examination it was noted
that the control vehicle-treated twitcher mice were much
weaker in appearance and had swollen sciatic nerves com-
pared with all those receiving treatment. To assess the
ultrastructure of the sciatic nerves, the nerves were embed-
ded in resin, and semithin (1mm) sections were stained
with toluidine blue to detect the presence of myelin. Two
nerves from three mice each were analyzed per treatment,
except for BMT 1 ssAAVrh10, for which only two mice
were analyzed, and representative images are shown (Fig.
4). The sciatic nerve from the vehicle-treated twitcher
showed significant loss of myelin and axons with overall
marked degeneration clearly visible. The normal heterozy-
gous mouse had intact myelin and normal distribution of
axons. The BMT 1 ssAAV9-treated twitcher appeared to
have a near-normal sciatic nerve histology with no

detectable myelin loss and near-normal axonal count. Sim-
ilar observations could be made for ssAAV9-only animals,
in which very little demyelination and axonal loss are not-
ed. The ssAAVOlig001, scAAV9, and BMT-only animals
showed only a modest improvement in sciatic nerve
pathology over the control twitcher mice. The mice
receiving ssAAVrh10 alone and in combination with BMT
had an intermediate level of pathology compared with the
vehicle-treated twitcher mice and het controls.

To quantify the differences observed in axonal loss
and demyelination between different treatment cohorts,
we used the HALO platform for axon quantification from
Indica Laboratories to calculate G-ratios (axon diameter/
outer myelin diameter) across the entire sciatic nerve
cross-sections (Supplemental Fig. 3). This quantitative
analysis showed normalization of G-ratios for the treated
animals, to an extent generally consistent with the qualita-
tive representative images depicted in Figure 4.

To assess the treatment effects proximal to and distal
from the injection site, demyelination in the lumbar spinal
cord, cervical spinal cord, and cerebellum was assessed by
LFB staining (Figs. 5–7 and Supplemental Figs. 7–13).
The images are representative of three mice per treat-
ment, except for the BMT 1 ssAAVrh10 treatment
(n 5 2). Similar sections were stained with H&E (Supple-
mental Figs. 4–6), and images were analyzed in parallel to
understand the pathology. The cerebellum images in Fig-
ure 5 are focused on the white matter tracts, where there
is distinct focal destruction of myelinated fibers in the
untreated twitcher mice. Intact myelin was observed in
normal het mice. In the area most distal from the injec-
tion site, the cerebellum, myelin was best preserved by
the ssAAV9 treatment (with or without BMT). Improve-
ment was noted with all other treatments as well. In the
areas more proximal to the injection site, the lumbar and
cervical spinal cord, myelin was relatively well preserved
with the ssAAV9 and ssAAVrh10 treatments and further
improved with the addition of BMT. Minor benefit was
seen with the ssAAVOlig001, scAAV9, and BMT-only
treatments, and in general the treatment effects were
more pronounced in the lumbar spinal cord than in the
cervical spinal cord. As might be expected, for all treat-
ments except for BMT, the greatest rescue occurred clos-
est to the lumbar injection site and the smallest effects
were noted distally, in the cerebellum. BMT had a rela-
tively better therapeutic effect in the cerebellum than
either of the spinal cord regions. This correlates with the
level of engraftment observed in brain and spinal cord
areas (Supplemental Fig. 1). None of the treatments could
completely rescue this pathology, but the
ssAAV9 1 BMT combination had the best preservation of
myelin in the spinal cord and brain of twitcher mice, with
close-to-complete normalization of the white matter near
the injection site (lumbar spinal cord).

DISCUSSION

In addition to the conclusions regarding the treatment of
Krabbe disease, we report the first biodistribution analysis

Fig. 3. Extension of life span after intrathecal delivery of AAV/
mGALCopt vectors alone and in combination with BMT. Twitcher
mice were injected with vehicle or AAV/mGALCopt vectors at a
uniform dose of 2 3 1011 vg/mouse on PND10–11 alone and in
combination with BMT. The mice receiving BMT received an intra-
peritoneal injection of busulfan (35 mg/kg body weight) on PND8–9,
followed by an intraperitoneal injection of 40 million bone marrow
cells from syngeneic WT mice on PND9–10. They were monitored
for weight loss on alternate days, and a 20% loss of weight from the
recorded peak weight was taken as the humane endpoint to record
the survival. All treated mice had significant extension of life span
compared with vehicle-treated mice (P< 0.0001 for ssAAV9,
ssAAVrh10, and scAAV9; P 5 0.0003 for ssAAVOlig001; P 5 0.0021
for BMT only; P 5 0.0008 for BMT 1 ssAAV9; and P 5 0.0008 for
BMT 1 ssAAVrh10) when analyzed via log-rank [Mantel-Cox] test).
BMT 1 ssAAV9/mGALCopt significantly (P 5 0.0004) enhanced sur-
vival compared with ssAAV9 only. The comparisons of ssAAVrh10
with BMT 1 ssAAVrh10 and between the two BMT combinations
were nonsignificant.
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of which we are aware directly comparing AAV9 and
AAVrh10 after intrathecal administration. AAVrh10 has
been characterized in the context of direct intracranial
injection and IV administration, but our data indicate that
it may be a viable vector to support gene transfer by intra-
thecal administration. That said, our results indicate that
greater therapeutic benefit was conferred by AAV9 com-
pared with AAVrh10, at least in the context of Krabbe
disease.

There were clear stratifications among the patholog-
ical outcomes of individual treatments that did not neces-
sarily translate into better survival. According to survival
outcomes, BMT alone provided the least benefit. All the
capsid and vector designs provided an equivalent survival
benefit. Combination with BMT significantly increased

survival with AAV9, but this synergy was only marginal
and was not significant with AAVrh10. All treatments
provided some pathological improvement to the spinal
cord, cerebellum, and sciatic nerve. However, the treat-
ment with AAV9 was particularly striking in the degree
of tissue morphology preservation, and this
“normalization” was increased further with the addition
of BMT. The reason for this improved outcome with
AAV9 is only partially clear. The vector DNA biodistri-
bution is similar among the three capsids, with the excep-
tion of markedly reduced biodistribution of AAV-
Olig001 to the forebrain, sciatic nerve, and peripheral
organs. It makes some sense therefore that, among the
three capsids evaluated, AAVOlig001 provided the least
GALC expression and reduction in pathology to the

Fig. 4. Sciatic nerve histopathology after AAV/mGALCopt gene ther-
apy with and without BMT in twitcher mice. Semithin (1mm) cross-
sections of sciatic nerve stained with toluidine blue from vehicle-
treated, AAV-only, BMT-only, and BMT-AAV combination treat-
ment twitcher mice and normal heterozygous littermate are shown.

All the images are representative of three mice, except for
BMT 1 ssAAVrh10 (n 5 2). Quantitative analysis of mean G-ratios for
different treatments is provided as Supplemental Figure 3. Scale
bar 5 200mm.

Intrathecal AAV Combined With BMT To Treat Krabbe Disease 1145

Journal of Neuroscience Research



Fig. 5. Histological analysis of focal demyelination in the deep white
matter of cerebellum after AAV/mGALCopt gene therapy with and
without BMT in twitcher mice. Sagittal sections of the brain (8–
10 mm) were stained with LFB to detect the level of myelination in
twitcher mice treated with vehicle, AAV only, BMT only, and
BMT-AAV combinations. Higher magnification images are from the

deep white matter of the cerebellar region. Arrows indicate areas
with degenerated myelin. The upper left panel shows the location
from which images were taken. The corresponding H&E-stained
sections are provided in Supplemental Figure 4. Larger areas of
selected treatments are provided as Supplemental Figures 7–9. Scale
bar 5 200 mm.



Fig. 6. Histological analysis of focal demyelination in the cervical spi-
nal cord after AAV/mGALCopt gene therapy with and without BMT
in twitcher mice. Cross-sections of the cervical spinal cord (8–10mm)
were stained with LFB to detect the level of myelination in twitcher
mice treated with vehicle, AAV only, BMT only, and BMT-AAV
combinations. The images are from white matter tracts of ventral

columns of the cord. Arrows indicate areas with degenerated myelin.
The upper left panel shows the location from which images were tak-
en. The corresponding H&E-stained sections are provided in Supple-
mental Figure 5. Larger area images of control and ssAAV9 1 BMT
treatment are provided as Supplemental Figures 12 and 13. Scale
bar 5 200mm.
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Fig. 7. Histological analysis of focal demyelination in the lumbar spinal
cord after AAV/mGALCopt gene therapy with and without BMT in
twitcher mice. Cross-sections of the lumbar spinal cord (8–10mm)
were stained with LFB to detect the level of myelination in twitcher
mice treated with vehicle, AAV only, BMT only, and BMT-AAV
combinations. The images are from white matter tracts of ventral

columns of the cord. Arrows indicate areas with degenerated myelin.
The upper left panel shows the location from which images were tak-
en. The corresponding H&E-stained sections are provided in Supple-
mental Figure 6. Larger area images of control and ssAAV9 1 BMT
treatment are provided as Supplemental Figures 12 and 13. Scale
bar 5 200mm.
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sciatic nerve. Also, previous studies had shown a marked
reduction in oligodendrocyte numbers in twitcher as early
as at 2 weeks of age (Taniike et al., 1999), and this could
have led to a decreased target cell population for this vec-
tor when used in 10–11-day-old twitcher mice. Further-
more, the scAAV9 construct expressed significantly less
GALC than ssAAV9, suggesting that, although scAAV
would be expected to express GALC in more cells, the
weaker JeT promoter was not able to match the net
expression afforded by the CAGGS promoter. We want
to point out that the expression afforded by this scAAV
construct was able to provide a survival benefit statistically
equivalent to that of the ssAAV design but had very mod-
est benefit in improving the overall pathology. Perhaps
most interesting is the observation that all three capsids
provided normalized or superphysiological levels of
GALC across the brain, spinal cord, and sciatic nerve, but
there was still accumulated psychosine that was indistin-
guishable from that in untreated twitcher mice. Possible
explanations for this include uneven distribution of
GALC-expressing cells or populations of cells that are
refractory to uptake of GALC via the mannose-6-
phosphate pathway. Another possibility is that psychosine
accumulation was slowed, but because tissue was collected
at the humane endpoint all the animals showed equal psy-
chosine levels. Overall, we have two major conclusions
from this study. 1) With the intrathecal route of adminis-
tration, AAV9 is the best of the three capsids tested. 2)
BMT clearly synergized with the intrathecal AAV9 treat-
ment, providing a substantial benefit over AAV9 alone.

In comparing our findings with those recently pub-
lished by the Wenger laboratory, several similarities and
differences can be seen. The mice were treated with iden-
tical vector doses (2 3 1011 vg/mouse) at identical treat-
ment ages, but the route of AAV delivery was different,
and only AAVrh10 was investigated IV (Rafi et al., 2014,
2015). The mice receiving intrathecal AAV vector had a
median life span of only 50.5–55.5 days in our study, and
AAVrh10 provides a median life span of approximately 65
days after IV injection (Rafi et al., 2015). Although we
attempted to follow the same BMT regimen as reported
by Rafi et al., our transplanted mice had a median life
span of 45.5 days, short of the 77-day median survival
observed by Rafi et al. The difference in the efficacy of
BMT may explain why a more pronounced extension in
survival was seen when IV AAVrh10 therapy was com-
bined with BMT, resulting in survival of multiple mice
past 300 days. In contrast, we were unable to see the high
level of synergy that they observed with the combination
of BMT and intrathecal delivery of AAVrh10-GALC,
with the combination of intrathecal AAV9 with BMT in
our study resulting in a more modest survival extension to
79 days. Based on the survival data with AAV vectors
alone, the data suggests that the IV and intrathecal
approaches are equivalent in terms of survival outcomes,
but a direct comparison cannot be drawn regarding the
synergy with BMT. Taken together, our studies show
that both AAV9 and AAVrh10 could provide a benefit,
but only AAVrh10 was tested by Rafi et al. We do not

infer from our results that AAV9 might be better with IV
administration, and this remains to be tested.

Our study follows a series of studies that document
the synergy between BMT and AAV-mediated gene ther-
apy in twitcher mice (Lin et al., 2007; Reddy et al., 2011;
Rafi et al., 2015). Our work further strengthens this gen-
eral finding, supplemental the need for a combined treat-
ment, which is now seen with three different AAV-
mediated approaches (neonatal intracranial injection with
AAV5, IV injection with AAVrh10, and intrathecal injec-
tion with AAV9) in three separate and independent
laboratories.

There is a reasonable expectation that the approach
and results from these studies are translatable to humans.
The intrathecal route of administration for AAV9 has
been confirmed in multiple laboratories to confer wide-
spread gene transfer across the CNS, across multiple small
and large animal models, including nonhuman primates
(Samaranch et al., 2012; Haurigot et al., 2013; Gray et al.,
2013; Bucher et al., 2013; Passini et al., 2014). There is
also precedence for AAV9-mediated intrathecal gene
transfer in a human clinical trial, which was pioneered by
our group for giant axonal neuropathy (clinicaltrials.gov
identifier NCT02362438). An IV approach with an
AAVrh10 vector in combination with BMT is also justi-
fied as an alternative approach based on the data of Rafi
et al. (2015). Although there is no precedent for injecting
AAVrh10 vectors IV in humans, there is precedence for
injecting similar doses of AAV9 vectors IV into infants
with spinal muscular atrophy (clinicaltrials.gov identifier
NCT02122952). Either approach is likely to provide sub-
stantial benefit to patients beyond that provided by
HSCT alone, both approaches are feasible for human
translation, and both are supported by studies at a relevant
postnatal age.
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Currently, presymtomatic hematopoietic stem and pro-
genitor cell transplantation (HSPCT) is the only therapeu-
tic modality that alleviates Krabbe’s disease (KD)-induced
central nervous system damage. However, all HSPCT-
treated patients exhibit severe deterioration in peripheral
nervous system function characterized by major motor
and expressive language pathologies. We hypothesize
that a combination of several mechanisms contribute to
this phenomenon, including 1) nonoptimal conditioning
protocols with consequent inefficient engraftment and
biodistribution of donor-derived cells and 2) insufficient
uptake of donor cell-secreted galactocerebrosidease
(GALC) secondary to a naturally low expression level of
the cation-independent mannose 6-phosphate-receptor
(CI-MPR). We have characterized the effects of a busulfan
(Bu) based conditioning regimen on the efficacy of
HSPCT in prolonging twi mouse average life span. There
was no correlation between the efficiency of bone mar-
row engraftment of donor cells and twi mouse average
life span. HSPCT prolonged the average life span of twi
mice, which directly correlated with the aggressiveness
of the Bu-mediated conditioning protocols. HSPC trans-
duced with lentiviral vectors carrying the GALC cDNA
under control of cell-specific promoters were efficiently
engrafted in twi mouse bone marrow. To facilitate
HSPCT-mediated correction of GALC deficiency in target
cells expressing low levels of CI-MPR, a novel GALC
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fusion protein including the ApoE1 receptor was devel-
oped. Efficient cellular uptake of the novel fusion protein
was mediated by a mannose-6-phosphate-independent
mechanism. The novel findings described here elucidate
some of the cellular mechanisms that impede the cure of
KD patients by HSPCT and concomitantly open new
directions to enhance the therapeutic efficacy of HSPCT
protocols for KD. VC 2016 The Authors. Journal of Neurosci-

ence Research Published by Wiley Periodicals, Inc.

Key words: busulfan conditioning; Galc-AErbd (ApoE
receptor binding domain); myeloid-specific promoter;
erythroid-specific promoter; AB_313497; AB_10894189;
AB_398535; AB_2034021; AB_10563203; AB_10611731;
IMSR_JAX:002014; IMSR_JAX:000845

Neonatal bone marrow transplantation (BMT) pro-
vides significant (although incomplete) protection for ear-
ly infantile Krabbe’s dieaese (KD) patients’ central
nervous system (CNS), preserves their cognitive function,
and appears to lengthen their survival (mean of 23–25
months without treatment) up to the second decade of
life (Escolar et al., 2005; Duffner et al., 2009, 2011; Was-
serstein et al., 2016). However, BMT cannot effectively
alleviate the motor and sensory deficiencies caused by
peripheral demyelination. This therapeutic approach is
premised on the ability of the donor’s hematopoietic stem
and progenitor cells (HSPC) and their progenies to colo-
nize the host CNS and to secrete functional GALC,
which upon mannose-6-phosphate (M6P)-mediated
uptake compensates for the lack of host GALC function.
Failure to efficiently complete any of these processes
potentially contributes to the mechanism that renders KD
incurable by HPCT. Host conditioning is aimed at gener-
ating space for donor HSPC in host target niches and is
considered critical for efficient engraftment. Although not
applicable for KD patients, total body irradiation (TBI) is
the conditioning method employed in most HSPCT-
based preclinical studies of KD (Lin et al., 2007; Gentner
et al., 2010). Notwithstanding the major impact of the
conditioning protocol on the clinical outcome of HSPCT
in lysosomal storage disorder (LSD) patients, the effects of
the aggressiveness of the conditioning protocol on the
pathologic course of KD have not been evaluated in a
preclinical model. The ability of GALC-deficient host
cells to take up extracellular GALC efficiently is the pre-
mise of the HSPCT-based therapy for KD. Both the
cation-dependent and the cation-independent M6P
receptors (CD-MPR and CI-MPR) mediate intracellular
trafficking of lysosomal enzymes. However, only the CI-
MPR (also known as IGF2R) facilitates uptake of extra-
cellular proteins via the M6P receptor (M6PR) pathway
(Munier-Lehmann et al., 1996; Dahms et al., 2008; Stein
et al., 2010). Several research groups have demonstrated
that expression of IGF2R in rodent and human CNS is
cell type specific (Nissley et al., 1993; Gonzalez-Parra
et al., 2001; Hawkes and Kar, 2003, 2004; Jofre et al.,
2009). Thus, naturally low levels of IGF2R expression in
various cell populations could potentially reduce the

therapeutic efficacy of HSPCT for KD patients. The abil-
ity to mediate cellular uptake of GALC via an M6P-
independent pathway should address this potential weak-
ness. Recent publications described the development of a
fusion protein comprising the ApoE1-receptor binding
domain (AErbd) and the lysosomal protein a-L-
iduronidase (IDUA; Wang et al., 2013; Dai et al., 2014).
This facilitated cellular uptake and transcytosis of the nov-
el fusion protein to the CNS via the low-density lipopro-
tein (LDL) receptor-related protein 1 (LRP-1) pathway,
independently of the M6P pathway. Premised on this
technology, a novel GALC-AErbd fusion protein can
potentially be used to treat cell populations that naturally
do not express sufficient IGF2R.

To date, preclinical trials employing viral vectors for
GALC delivery failed to significantly alter the pathologic
course of KD in the twi mouse model (Lin et al., 2005,
2007; Gentner et al., 2010; Ungari et al., 2015). Notwith-
standing the ongoing growth in the pool of potential
bone marrow (BM) donors, it is still possible that the lack
of a matched allogeneic donor will render KD patients
unsuitable for HSPCT. The ability of lentiviral vectors to
efficiently transduce and maintain long-term transgene
expression in patients’ HSPC and their differentiated
progenies has been employed in human clinical trials to
establish therapeutic autologous HSPC-based gene
replacement protocols for adrenoleukodystrophy (Cartier
et al., 2009), metachromatic leukodystrophy (Biffi et al.,
2013) and Wiscott-Aldrich syndrome (Aiuti et al., 2013)
patients for whom a matched donor could not be identi-
fied. However, cytotoxicity associated with lentiviral
vector-mediated GALC expression in HSPC poses a
potential hurdle in employing the aforementioned thera-
peutic approach for KD patients (Gentner et al., 2010;
Visigalli et al., 2010). By incorporating a tandem of target
sequences of the HSPC-specific micro-RNA mir126
investigators (Gentner et al., 2010; Ungari et al., 2015)
minimized GALC expression in HSPC and efficiently
engrafted human and mouse HSPC that had been trans-
duced with lentiviral vectors from which the human PGK
promoter regulated expression of functional GALC
mRNA. We assert that overexpression of target sequence
of host miRNAs may alter the natural miRNA system
(Ebert and Sharp, 2010). On the other hand, lentiviral
vectors that express functional GALC under the control
of cell-specific promoters would further enhance expres-
sion of GALC in the relevant HSPC progenies (e.g.,
microglia), with minimal GALC expression in HSPC.
This strategy should facilitate therapeutic autologous
HSPCT in KD patients without posing risk/benefit con-
cerns associated with the overexpression of decoy micro-
RNA targets.

MATERIALS AND METHODS

Cells

THP-1 cells were cultured in RPMI1640 (Hyclone,
Logan, UT) with 10% FBS (Atlantic Biologicals, Miami, FL),
2 mM glutamine (Corning Cellgro, Manassas, VA), 100 U/ml
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penicillin, 100 mg/ml streptomycin, and 250 ng/ml amphoteri-
cin B (Corning Cellgro). Murine erythroleukemia (MEL) and
293T cells were maintained in DMEM High-Glucose
(Hyclone) supplemented with 10% FBS, 100 U/ml penicillin,
100 mg/ml streptomycin, and 250 ng/ml amphotericin B. Dur-
ing the differentiation, MEL cells were induced by 5 mM hex-
amethylene bisacetamide (HMBA) and supplemented with 20%
FBS. Lineage-negative cells purified using a mouse lineage cell
depletion kit (Miltenyi Biotechnology, San Diego, CA) were
cultured in Stem Span SFEM medium (Stemcell, Vancouver,
British Columbia, Canada) with 100 ng/ml mouse stem cell
factor (SCF), 100 ng/ml Flt3 ligand, 100 ng/ml IL3, and
100 ng/ml TPO (Sigma, St. Louis, MO).

Plasmids

The lentiviral vector packaging cassette DNRF and the
VSV-G envelope plasmid were described previously (Kafri
et al., 1999). Promoter sequences and codon-optimized GALC
cDNA’s were synthesized by GeneArt (Thermo Fisher). The
relevant DNA fragments were cloned into lentiviral vectors
(pTK134 or pTK208). Vector structures were verified by
restriction enzyme analysis and/or sequencing.

Luciferase Assay

Luciferase expression was measured by the Luciferase
Assay system from Promega (Madison, WI). Briefly, virus-
transduced cells were lysed with lysis buffer and analyzed on
1420 Multilabel Counter Victor 3 (PerkinElmer, Waltham,
MA). Activities were further normalized with protein concen-
tration and viral copy number (VCN) per cell. Protein concen-
tration was determined by the Bradford method.

VCN Quantification

VCN was quantified by multiplex PCR (Suwanmanee
et al., 2013) on an ABI7300 real-time PCR system. NotI794
primer/prober set (left primer 50-taagaccaccgcacagca-30, right
primer 50-cacttctccaattgtccctca-30; No. 25; Roche Universal
Probe Library [UPL]) was used for vectors detection, and paired
with two different reference genes, mouse GAPDH primer/
probe set or human GUSB primer/probe set (Roche, Indianap-
olis, IN). DNA samples were treated with dpn I to minimize
plasmid contamination before PCR analysis.

293T Uptake and Galc Activity Assay

Cells were incubated with medium containing different
GALC variants at 37 8C for 3 hr. After three PBS washes, cells
were lysed with RIPA buffer on ice for 30 min. Cell lysates
were cleared by centrifugation at 12,000 rpm for 5 min at 4 8C
and assayed for GALC activity. For M6P inhibition, 293T cells
were pretreated with or without 1 mM M6P for 30 min, fol-
lowed by incubation of conditioned media with different
GALC proteins.

GALC activity assay was performed as described previ-
ously (Martino et al., 2009). Briefly, cells were lysed in RIPA
buffer supplemented with protease inhibitors (Sigma). Proteins
(10 ml, �5–10mg) were incubated with the artificial fluorogenic
substrate 4-methylumbelliferone-galactopyranoside (1.5 mmol/

liter) resuspended in 100 ml 0.1/0.2 mol/liter citrate/phosphate
buffer, pH 4.0, in the presence of 11 mmol/liter AgNO3 at
37 8C for 30 min, followed by treatment with 0.2 M sodium
carbonate buffer. Fluorescence of liberated 4-MU was mea-
sured on the 1420 Multilabel Counter Victor 3. Free 4-
methylumbelliferone (4-MU; Sigma) was used as a standard to
calibrate b-galactosidase activity. Results were normalized with
protein concentration.

Primary Fibroblast Culture and GALC Activity Assay

Human fibroblasts derived from two patients and two unaf-
fected healthy donors (GM06806, GM04913, GM00041,
GM08333; Coriell Institute) were seeded at a density of 10,000
cells/cm2 in growth medium (DMEM, 15% FBS, 2 mM L-
glutamine, nonessential amino acids, penicillin/streptomycin 100
U/ml; Thermo Scientific, Pleasanton, CA). After 2 days, the
medium was replaced and changed daily with growth medium
supplemented with supernatant derived from cells overexpressing
GALC or GALC-AErdb and from cells transfected with the sole
vector as a control. Sister cultures were also treated with 2.5 mM
M6P. This treatment was carried out in duplicate for 3 days, after
which the cells were washed twice with PBS, collected, pelleted,
and resuspended in distilled H2O for GALC activity analysis. Cell
suspensions were sonicated (three pulses, 3 sec each, 30% intensi-
ty) and used to perform the GALC activity assay, as described by
Wiederschain et al. (1992). Briefly, 10 ll lysate was added to 20ll
of a substrate solution containing 6-hexadecanoylamino-4-
methylumbelliferyl-b-D-galactoside (HMU-b-GAL), mixed,
and incubated for 17 hr at 37 8C. After incubation, the reaction
was terminated with a solution containing 0.2% SDS and Triton
X-100, pH 10.7, and the fluorescence measured (ex. 370 nm, em.
535 nm) by fluorometry. Results were normalized for protein
content.

Animals

Female BoyJ mice (B6.SJL-Ptprca Pepcb/BoyJ; RRI-
D:IMSR_JAX:002014) at age �6–8 weeks were purchased
from the Jackson Laboratory. Heterozygous twitcher (GALC1/

2) mice on a congenic C57BL/6 background (RRID:IMSR_-
JAX:000845) were kindly provided by Dr. Steven J. Gray in
Gene Therapy Center, University of North Carolina at Chapel
Hill (UNC). The mouse colony was maintained under the
supervision of T.K., and all procedures were approved by the
Institutional animal care and use committee of UNC (IACUC
13-195.0). Genotyping was carried out by PCR with clipped
toe DNA’s before postnatal day 8 (date of birth counted as day
0). Briefly, the toes were lyzed in 25 mM NaOH/0.2 mM
EDTA at 98 8C for 90 min, followed by neutralization with
same volume of 40 mM Tris (pH 5.5). PCR (98 8C 3 min, fol-
lowed by 40 repeated cycles of 98 8C 10 sec, 62 8C 15 sec,
72 8C 20 sec) was performed with toe DNA and primer pair
(left primer 50-CACACAACCCAGTTTACTCAACC-30,
right primer 50-GATGGCCCACTGTCTTCAGG-30; Preci-
sion Melt Supermix; Bio-Rad, Hercules, CA). Melting curve
of knockouts, wild type, and heterozygotes was determined by
using a Roche light Cycle480. (The method was developed by
Steven J. Gray in the Gene Therapy Center at UNC.) End-
point reaching animals were euthanized by CO2 asphyxiation
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in accordance with UNC IACUC protocol (13-195.0). End-
point criteria included: weight loss of more than 25% of body
weight, difficulties in drinking, respiratory distress and severe
hind leg paralysis.

Brain Immunohistochemistry of L-Cycloserine-Treated

twi Mice

Animals received 25 mg/kg L-cycloserine (Sigma
Aldrich) subcutaneously three times per week starting at postna-
tal day 6. At postnatal day 21 mice were sacrificed and perfused
with PBS. Brains were isolated, fixed for 24 hr in 10% neutral
buffered formalin, then transferred to 70% ethanol. Further
processes, including tissue embedding, sectioning, HE staining,
immunohistochemistry staining, imaging, and analysis, were
performed in the UNC Translational Pathology Laboratory.
CI-M6PR rabbit monoclonal Ab (1:100; Cell Signaling Tech-
nology, Danvers, MA) was used for immunostaining. Data
were analyzed using the eSlide Manager and Image Scope from
Leica Biosystems (Buffalo Grove, IL).

Bone Marrow Transplantation

Animals in experimental groups were conditioned with
busulfan (Bu; Sigma; injected intraperitoneally [i.p.] (25 mg/kg)
at postnatal day 8. On the next day, fresh donor bone marrow
(BM) cells from BoyJ mouse tibia, femur, and pelvis were iso-
lated, counted and resuspended in PBS. Each conditioned ani-
mal received approximately 5 3 107 total BM cells via i.p.
injection.

For transduced lineage-negative BM cells, total BoyJ
bone marrow were isolated on the same day of mice condition-
ing. Isolated Lin– cells were transduced with lentiviral vectors
(vTK1667 or vTK 1784) at m.o.i. 50 (based on 293T cells) in
culture medium with an additional 10 mg/ml rapamycin (Sigma)
for �14–16 hr. Transduced Lin– cells were washed with PBS
and mixed with fresh isolated total BM cells for transplantation.
Each Bu-conditioned mouse received 1 x 106 Lin– cells trans-
duced with vTK1667, 1 x 106 Lin– cells transduced with
vTK1784, and 1 x 107 fresh isolated total BM cells from BoyJ
mice.

Viral Vector Production, Concentration, and Titration

Lentiviral vector production transient three-plasmid
transfection into 293T cells, and viral concentration were
described by Kafri et al. (Kafri et al., 1999).The following plas-
mid amounts were used: 15 mg transfer cassette, 10 mg DNRF
packaging construct, and 5 mg of the VSV-G envelope plasmid
pMD.G. Viral vectors were concentrated by sucrose gradient
ultracentrifugation. The emergence of replication competent
retroviruses (RCRs) was ruled out by three independent safety
assays (GFP rescue assay, Tat transfer assay, and Gag transfer
assay) as described earlier. Titers of physical vector particles
were determined by p24gag ELISA using the National Institutes
of Health p24 Antigen Capture Assay kit, as previously docu-
mented (Kantor et al., 2009). Infectious unit titers were deter-
mined by measuring VCN following infection on 293T cell.

Flow Cytometry Analysis

To measure BM engraftment, mouse BM cells from
femur/tibia were flushed by PBS and labeled for flow cytome-
try analysis. After Fc receptor block (BD Biosciences, San Jose,
CA), bone marrow cells were stained at 4 8C for 15 min with
the following antibodies (BD Biosciences): V450 mouse-
lineage antibody cocktail, PE-Cy7 rat anti-mouse Sca1, APC
rat anti-mouse cKit, PE mouse anti-mouse CD45.1, and FITC
mouse anti-mouse CD45.2. After fixation with 2% PFA at 4 8C
for 15 min, samples were ready for flow analysis.

To quantify the hematopoietic-derived cells in the CNS,
mice were perfused with 25 ml cold PBS before brain dissec-
tion. CNS-infiltrated lymphocyte isolation was performed as
described by Reddy et al. (2011). Briefly, isolated brains were
treated with collagenase buffer at room temperature for 30 min
after homogenization and passed through a 70-lm cell strainer.
The hematopoietic-derived cells were separated on a Percoll
(Sigma; GE17-0891) gradient. Cells were then blocked with Fc
receptor and stained with the following fluorophore-
conjugated antibodies: PE mouse anti-mouse CD45.1 (BioLe-
gend), FITC mouse anti-mouse CD45.2 (BD Biosciences;
561874), and rat APC anti-mouse CD11b (BD Biosciences;
553312). Fixed brain samples were used for flow analysis. All
the BM and brain data were acquired using CyAn ADP (Beck-
man Coulter) and analyzed with Summit5.2.

Antibody Characterization

See Table I for a list of all antibodies used. The IGF2R
(CD222) antibody detected only the expected protein (�280
kD) on Western blot of mouse brain and liver. The staining
pattern of mouse and human tissues (APT84G1 and APT84E1)
and their cellular distribution were identical to those described
in the human protein atlas (www.proteinatlas.org). The
CD45.1 antibody did not react with mouse cells expressing the
CD45.2 alloantigen (manufacturer’s data sheet). The CD45.2
antibody exclusively detected mouse cells expressing the
CD45.2 alloantigen (manufacturer’s data sheet). FACscan anal-
ysis of BM cells obtained from either C57B6 or Boy.J exhibited
specific staining with CD45.2- and CD45.1-directed anti-
bodies, respectively, without detectable cross-reactivity. Mac1,
Sca-1, cKit (CD117), and lineage antibody cocktails were rou-
tinely tested by FACscan analysis and demonstrated population-
specific staining (manufacturer’s data sheet).

Statistical Analysis

All statistical analysis was performed via Student’s t-test in
Microsoft Excel.

RESULTS

Novel lentiviral vectors carrying myeloid- and ery-
throid/megakaryocytic-specific promoters facilitate
efficient GALC delivery to and engraftment of
hematopoietic stem cells in the twitcher (twi)
mouse model of KD.

More than 2,000 therapeutic BMTs in human
patients suffering from rare genetic disorders (Boelens
et al., 2014) attest to BMT as the cornerstone of all
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therapeutic regimens for LSD. This reality renders KD
patients for whom an HSPC donor could not be identi-
fied practically untreatable. The ability of lentiviral vec-
tors to efficiently deliver functional cDNAs to patients’
HSPC and to maintain therapeutic levels of transgene
products in their progenitors opens a promising thera-
peutic avenue that can circumvent the need for a match-
ing donor. However, recent studies focusing on
lentiviral vector-mediated GALC delivery to HSPC
indicated that GALC overexpression is toxic to HSPC
and inhibits the engraftment in hematopoietic tissues
(Gentner et al., 2010; Visigalli et al., 2010). We hypoth-
esized that novel lentiviral vectors from which functional
GALC cDNA is expressed under control of either mye-
loid or erythroid/megakaryocytic promoters would min-
imize toxic GALC expression in HSPC and would
facilitate efficient engraftment of vector-transduced
HSPC in hematopoietic tissues. To test this hypothesis,
we developed a series of novel vectors from which the
GFP and the firefly luciferase reporter genes, as well a
codon-optimized (CO) human GALC cDNA, were
expressed under control of either a myeloid- or ery-
throid/megakaryocyte-specific promoters. The myeloid
promoter was synthesized based on the nucleotide
sequence of the 146gp91 promoter described earlier (He
et al., 2006; Barde et al., 2011). The erythroid/megakaryo-
cyte promoter IHK was developed and characterized earli-
er (Moreau-Gaudry et al., 2001). Lentiviral vectors
carrying these cDNAs under control of a CMV promoter
served as controls (Fig. 1A). Cell-specific gene expression
from the aforementioned vectors was characterized in rele-
vant cell lines. Specifically, THP-1 and hexamethylene
bisacetamide (HMBA)-induced mouse erythroleukemia
cells (MELs) served as myeloid and erythroid reporter cell
lines, respectively. Vector-transduced 293T cells served as

controls. As shown in Figure 1B–D and Table II, highly
cell-specific gene expression was exhibited for the 146gp91
and the IHK promoters in the relevant THP-1 and
HMBA-induced MEL cells, respectively. Furthermore,
GFP expression under control of the 146gp91 promoter in
BM cells expressing the myeloid marker Mac11 was signif-
icantly higher than the expression levels detected in
vector-transduced Lin–SCA11Kit1 (LSK) HSPC (Fig.
1C). No GFP expression was detected in either total cul-
tured lineage-negative (Lin–) cells or LSK cells following
transduction with lentiviral vectors carrying the IHK pro-
moter. Furthermore, a remarkable increase in GFP and
GALC expression from the IHK promoter was observed
following HMBA-mediated differentiation of MEL cells
(Fig. 1B). On the other hand, efficient GFP expression
from lentiviral vectors carrying the CMV promoter was
detected in total cultured Lin– and LSK cells. In addition,
CMV containing vectors exhibited significantly higher lev-
els of transgene expression in 293T and LSK cells com-
pared with the expression levels detected in THP-1 and
MAC11 cells, respectively. Premised on the cell specificity
of transgene expression exhibited by these vectors in vitro,
we sought to employ lentiviral vectors carrying the cell-
specific promoters as a means to deliver GALC expression
cassettes to donor HSPCs. As described below and in Fig-
ure 3B and Table III, vector-transduced HSPC efficiently
engrafted the host BM following conditioning. Thus, BM
chimerism of donor cells containing one or more vector
genomes expressing the GALC under these cell-specific
promoters was not lower than the chimerism of nontrans-
duced HSPC. These findings indicate that efficient lentivi-
ral vector-mediated delivery of GALC expression cassettes
comprising cell specific promoters can be achieved without
posing biosafety concerns associated with altering the host
miRNA system.

TABLE I. Primary Antibodies Used

Antigen Description of Immunogen

Source, host species, catalog No.,

clone or lot No., RRID Concentration used

Insulin-like growth factor 2

Receptor (IGF2R/

CI-M6PR/CD222)

Synthetic peptide corresponding to residues

surrounding Phe1379 of human

IGF-II receptor

Cell Signaling Technology,

rabbit monoclonal, 15128

1:100 (immunostaining)

1:1,000 (Western blotting)

Leukocyte common antigen

Ly5.1 (CD45.1)

SJL mouse thymocytes and splenocytes Bio Legend, mouse monoclonal,

110708 RRID:AB_313497

2mg/ml/106 cell

(flow cytometry)

Leukocyte common antigen

Ly5.2 (CD45.2)

B10.S mouse thymocytes and splenocytes BD Biosciences, mouse monoclonal,

561874, RRID:AB_10894189

2.5 mg/ml/106 cell

(flow cytometry)

CD11b/Mac-1a Mouse splenic cells CD11b BD Biosciences, rat monoclonal,

553312, clone M1/70,

RRID:AB_398535

2mg/ml/106 cell

(flow cytometry)

Lymphocyte antigen

Ly-6A/E (Sca-1)

IL-2-dependent mouse T cell line CTL-L BD Biosciences, rat monoclonal,

561021, RRID:AB_2034021

2mg/ml/106 cell

(flow cytometry)

SCFR; stem cell factor

receptor CD117 (cKit)

Mouse bone marrow mast cells BD Biosciences, rat monoclonal,

561074, RRID:AB_10563203

2mg/ml/106 cell

(flow cytometry)

Lineage antibody cocktail,

with isotype control

mouse T-cell receptor (CD3e), mouse

splenic cells (target CD11b); mouse

abelson leukemia virus-induced pre-B

tumor cells (target B222); mouse fetal

liver (target Ter119, erythroids marker);

Ly6G/6C

BD Biosciences, hamster antibody

cocktail, 561301,

RRID:AB_10611731

20 ml/100 ml/106 cell

(flow cytometry)
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Fig. 1. Novel lentiviral vectors support erythroid- and myeloid-
specific transgene expression. A: Novel self-inactivating (SIN) vectors
carrying erythroid (IHK)- and myeloid (146gp91)-specific promoters.
ssp, Synthetic secretory signal peptide; psp, parental secretory signal
peptide; co-GALC, codon optimized mouse GALC cDNA; myc,
myc tag; 146gp91, myeloid-specific promoter; IHK, erythroid/mega-
karyocyte-specific promoter; IRES, internal ribosome entry site; WP,
woodchuck hepatitis virus posttranscriptional regulatory element; DU3
LTR, Self-inactivating (SIN) LTR deleted of the parental enhancer
promoter. B: Lentiviral vectors carrying the IHK promoter support
erythroid-specific transgene expression in vitro. FACscan analysis of
GFP expression in mouse erythroleukemia (MEL) cells, human 293T
cells, mouse Lin– cells, and mouse Lin–Sca11Kit1 (LSK) cells follow-
ing transduction with lentiviral vectors carrying either the IHK pro-
moter (pTK1580 and pTK1582) or the CMV promoter (pTK945).
MEL and 293T cells were analyzed either before or after HMBA-
induced erythroid differentiation. Untransduced MEL and 293T cells
served as controls. Percentage of GFP-positive cells is shown. Mean
fluorescence intensity (MFI) presents levels of GFP expression. Note
that GFP expression from IHK-containing lentiviral vectors was
detected only in HMBA-induced MEL cells. C,D: Lentiviral vectors
carrying the 146gp91 promoter support myeloid-specific transgene
expression in vitro. C: Lentiviral vectors carrying the GFP reporter

gene under control of either the myeloid 146gp91 promoter
(pTK1607) or the CMV promoter (pTK945) were employed to trans-
duce human 293T cells, cells of the human THP-1 monocyte cell
line, the above-mentioned mouse LSK cells, and mouse BM cells
expressing the macrophage surface marker Mac11. FACScan analysis
of GFP expression was employed as described for B. Note that high
levels GFP expression from the CMV promoter were detected in all
target cells excluding the Thp1 cells. CMV-regulated expression was
higher in LSK than in Mac11 cells. On the other hand, GFP expres-
sion driven by146gp91 was high in THP1 and very low in 293T cells.
Furthermore GFP expression level in Mac11 cells was significantly
higher than the level of expression detected in LSK cells. D: Lentiviral
vectors carrying the firefly luciferase under control of either a myeloid
promoter (pTK1607) or a CMV promoter (pTK993) transduced
293T and THP-1 cells. Luciferase activity in relative light unit (RLU)
was normalized per milligram protein and VCN per cell. Luciferase
activity generated by each vector in 293T served as a reference base-
line. The ratio or fold expression of luciferase activity from these vec-
tors in THP1 cells relative to luciferase expression in 293T cells was
calculated. Note that CMV expression in THP-1 cell was dramatically
lower than its expression in 293T cells. On the other hand, luciferase
expression per vector genome from the myeloid promoter increased
33-fold relative to its expression in 293T cells.
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L-Cycloserine Enhances IGF2R Expression in Twi
Mouse CNS

The cornerstone of cell- and gene therapy-based
therapeutic protocols for LSDs is the phenomenon of
“cross-correction,” in which donor cell-secreted, M6P-
comprising enzymes are taken up by host enzyme-deficient
cells (either in the periphery or in the CNS). Sufficient
expression of IGF2R, the CI-M6PR in treated cells, is
essential to facilitate this therapeutic pathway. However,
supraphysiological levels of functional GALC following
viral vector-mediated gene delivery (either alone or in
combination with BMT) to twi mouse CNS and PNS
resulted in only moderate prolongation of average mouse
life span (Lin et al., 2007). Similarly, a substrate reduction
approach using L-cycloserine, an inhibitor of sphingolipids
synthesis (which should also decrease accumulation of toxic
undegraded metabolites such as psychosine), failed to pro-
long twi mouse life span (Hawkins-Salsbury et al., 2015).
However, by combining L-cycloserine treatment with
BMT and AAV vector-based GALC delivery, Hawkins-
Salsbury et al. dramatically prolonged the life span of
treated twi mice. Premised on these studies, we theorized
that an L-cycloserine-mediated increase in IGF2R expres-
sion facilitated uptake of functional GALC secreted from
donor HSPC and from AAV vector-transduced cells by
twi cell populations that naturally express insufficient levels
of the M6P receptor. To test this hypothesis, we employed
a semiquantitative immunohistochemistry analysis to char-
acterize IGF2R levels in either L-cycloserine treated or
na€ıve twi mice. As shown in Figure 2A,B, L-cycloserine
treated-mice exhibited significantly higher levels of cellular
IGF2R(Student’s t test, n 5 3, P 5 0.006). These data fur-
ther support the notion that insufficient IGF2R expression
limits the efficacy of BMT and gene therapy-based thera-
peutic protocols to cure KD.

Efficient M6P-Independent Uptake of a Novel
GALC-ApoE1 Receptor Binding Domain (GALC-
AErbd) Fusion Protein

Intrigued by the notion that low levels of IGF2R in
various CNS and PNS cell populations potentially limit

the efficacy of HSPC transplantation and gene therapy
protocols for treating KD, we sought to facilitate cellular
uptake of secreted GALC independently of the M6P
pathway. To this end, we developed a novel fusion pro-
tein comprising the GALC and the AErbd.

This approach was premised on earlier studies in
which fusion of the AErbd to the lysosomal protein a-L-
iduronidase (IDUA) facilitated uptake of the novel pro-
tein by blood–brain barrier (BBB) endothelial cells, trans-
cytosis to the CNS, and delivery to astrocytes and
neurons throughout the cerebral cortex via the LRP-1
pathway (independently of the M6P pathway) (Wang
et al., 2013; Dai et al., 2014; El-Amouri et al., 2014). The
novel GALC-AErbd cDNA was cloned into lentiviral
vectors under control of a CMV, an IHK, or a 146gp91
promoter (Fig. 2C). To characterize the efficiency of
LRP-1-mediated GALC uptake, 293T cells were trans-
duced with lentiviral vectors expressing either GALC or
GALC-AErbd cDNAs. Conditioned media were collect-
ed from vector-transduced cells and applied to 293T cells
and human fibroblasts derived from KD patients, in either
the absence or the presence of M6P. Cellular activity of
GALC (Wiederschain et al., 1992) in conditioned media-
treated cells served as a surrogate marker for cellular
uptake of GALC and GALC-AErbd. Activity of GALC
in untreated healthy and KD human fibroblasts served as
reference controls. As shown in Figure 2D,E the presence
of M6P, a competitive inhibitor of the IGF2R-mediated
protein uptake pathway, efficiently inhibited uptake of
conditioned media GALC by both 293T cells and human
KD fibroblasts. On the other hand, M6P treatment had a
minimal yet measurable effect on cellular uptake of
GALC-AErbd. These data indicate that cellular uptake of
the novel GALC-AErbd fusion protein can be mediated
independently by the IGF2R- and the LRP-1-specific
pathways. This attribute of GALC-AErbd broadens the
spectrum of target cells that can benefit from the “cross-
correction” phenomenon in current and future therapeu-
tic regimens for KD (Polavarapu et al., 2007; Lillis et al.,
2008).
Twi mouse life span following HSPCT correlates
with the aggressiveness of the preconditioning
protocol.

Earlier studies suggested that both host conditioning
with either irradiation or chemotherapy and damage to
the CNS are required for efficient donor HSPC engraft-
ment in rodent brains (Priller et al., 2001; Mildner et al.,
2007; Davoust et al., 2008).

Note that Bu was the major chemotherapy agent
employed in earlier lentiviral/HPCT-based human clini-
cal trials of neurodegenerative diseases (Cartier et al.,
2009; Aiuti et al., 2013) as well as in allogeneic HPCT
for KD (Escolar et al., 2005), yet irradiation-conditioning
protocols have been employed in most HSPCT-based
preclinical trials investigating KD (Lin et al., 2007; Gent-
ner et al., 2010; Hawkins-Salsbury et al., 2015). This lim-
its our ability to accurately interpret the therapeutic
outcomes described in the above-mentioned preclinical
studies. Furthermore, the correlation between the levels

TABLE II. Novel Lentiviral Vectors Carrying the IHK Promoter

Demonstrate Erythroid Specific Expression of GALC in Differen-

tiated MEL Cells*

Galc activity (nmol/hr/mg protein)

Cont pTK1580 pTK1582

Na€ıve MEL ND 6.46 8.47

Differentiated MEL (HMBA) ND 30.70 34.03

*MEL cells were transduced with lentiviral vectors carrying codon-

optimized murine GALC cDNA under control of the erythroid/mega-

karyocyte-specific promoter IHK (pTK1580, pTK1582). Vector-

transduced MEL were induced to undergo erythroid differentiated by

5 mM HMBA. GALC activity in vector-transduced MEL cells prior to

and after differentiation was determined and served as a surrogate marker

for IHK promoter activity. Note the robust increase in IHK activity fol-

lowing HMBA-induced differentiation.
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of donor/host chimerism in the bone marrow and the
therapeutic benefits of HPCT in KD has not been estab-
lished. Thus, it is imperative that we further characterize
the effects of the conditioning protocol and host health
status on the therapeutic outcome of HSPCT in the twi
mouse model of KD. To this end, as shown in Figure 4A
and Table III, healthy donor total BM cells (BoyJ express-
ing CD45.1) were transplanted into host mice (C57B6
expressing CD45.2) including either twi (GALC–/–;

groups A, B, D, and E) or healthy hosts (groups C and F).
Note that the healthy host population comprised hetero-
zygous twi (GALC1/–) and wild type mice (GALC1/1).
Specifically, at postnatal day 8, host mice were condi-
tioned by i.p. injection of either 12.5 (groups A–C) or
25 mg/kg Bu (groups D–H) and 1 day later were given
na€ıve donor total bone marrow cells (5–6 3 107 cells/
mouse, groups A–F) i.p. Mouse body weight was mea-
sured every 2–3 days. To facilitate characterization of

Fig. 2.
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donor cells engraftment in twi host CNS, mice were sac-
rificed at postnatal days 77–90 (groups A and D). All oth-
er twi mice died naturally or were euthanized in
accordance with UNC Institutional Animal Care and Use
Committee (IACUC) protocol. As shown in Figure
3A,B, untreated twi mice maintained close to normal
body weight until week 5, after which dramatic weight
loss followed by death occurred in all mice before postna-
tal day 46. Healthy BMT-treated mice, which were con-
ditioned with Bu 12.5 mg/kg demonstrated a body
weight increase curve that was not significantly different
from the curve of untreated healthy mice. However, con-
ditioning of healthy mice with 25 mg/kg Bu inhibited
gain in mouse body weight for approximately 2 weeks,
after which a continuous increase in body weight was
observed. However, at postnatal day 180, the average
body weight of this group of mice was still significantly
lower than the body weight of untreated or 12.5 mg/kg
Bu-treated mice. For the first 7 weeks of life, the body
weight curve of twi mice treated with 25 mg/kg Bu was
not significantly different from the body weight curve of
their healthy counterparts, which received the same treat-
ment. Interestingly, this group of mice failed to gain
weight after postnatal week 7. The maximal average body
weight of these mice was 12.5 g; however, in contrast to
untreated twi mice, death in this group was not preceded
by body weight loss. Because of the milder conditioning
protocol, twi mice treated with 12.5 mg/kg of Bu dem-
onstrated early gains in body weight, which started to
decline at postnatal week 5 and stabilized within 1 week.
The average body weight at death of this group of mice
was not significantly different from the average body
weight of their twi counterparts that were conditioned

with 25 mg/kg of Bu. On the other hand, a highly signifi-
cant difference was observed in the effects of the two
conditioning protocols on the life span of HSPCT-treated
twi mice. As shown in Figure 3C, the average life span of
twi mice conditioned with 25 mg/kg Bu was significantly
longer than the average life span of those conditioned
with 12.5 mg/kg Bu (Student’s t-test, n 5 4 and 9,
P 5 0.014).
The average life span of twi mice following HSPCT
did not correlate with the level of donor/host chi-
merism in the BM.

Next we sought to investigate whether the longer
life span of twi mice following high-dosage of Bu
(25 mg/kg) conditioning protocol was secondary to a
more efficient engraftment of donor HSPC in the host
BM compartment. To this end mouse pluripotent hema-
topoietic Lin–Sca11Kit1 (LSK) cells isolated from bone
marrow of all mouse groups A–H were FACscan analyzed
for CD45.1 (donor)- and CD45.2 (host)-expressing cells.
As shown in Figure 4A,C and Table III, with the excep-
tion of a single mouse (group C mouse K67L1) all mice
in all treatment groups exhibited high levels of chimerism
(>90%). These data strongly suggest that the levels of BM
chimerism cannot explain the difference in average twi
mouse life span following conditioning with high and
low Bu doses. No difference in chimerism was observed
between wild-type and twi mouse hosts.
The levels of donor/host cell chimerism in twi
mouse hosts CNS were significantly higher than
those found in wild-type hosts’ CNS.

To understand better the mechanism by which the
conditioning protocol affects the life span of BMT-treated
twi mice, we characterized donor/host chimerism in the

Fig. 2. Induction of IGF2R expression in mouse CNS by L-cycloserine
and efficient uptake of a novel GALC-AErbd fusion protein via an
M6P-independent pathway. A,B: Analysis of IFG2R expression in L-
cycloserine (L-cys)-treated and untreated twi mouse CNS. A: Represen-
tative sections from untreated (I–III) and L-cys-treated (IV–VI) twi
mouse diencephalon. Hematoxylin and eosin (HE) staining (I, IV) shows
no significant morphological differences between L-cys-treated and
untreated mice. Immunohistochemical (IHC) staining (II, V) shows
enhanced expression of IGF2R in L-cys treated mouse diencephalon.
To semiquantify expression of IGF2R in treated and untreated twi
brain, the IHC-stained sections were masked by red (3 1 positive),
orange (2 1 positive), yellow (1 1 positive), and blue (no signal; III, VI).
All panels are X20. Scale bar = 100 mm. B: Semiquantification of
IGF2R expression using IHC-stained sagittal brain sections of L-cys
treated and untreated twi mice. Red and orange signals were quantified
as positive cells. The percentage of positive cells between two groups
were compared by two-tailed Student’s t-test, N 5 3 in each group,
P 5 0.006. C: Depiction of the lentiviral vectors used to characterize
uptake of the novel GALC-AErdb and its usage. ssp, Synthetic secretory
signal peptide; psp, parental secretory signal peptide; co-GALC, codon
optimized mouse GALC cDNA; myc, myc tag; AErbd, ApoE receptor
binding domain; 146gp91, myeloid-specific promoter; IHK, erythroid/
megakaryocyte-specific promoter; WP, woodchuck hepatitis virus post-
transcriptional regulatory element; DU3 LTR, SIN LTR deleted of the

parental enhancer promoter. D: Uptake of GALC and GALC-AErbd
by 293T cells via the IGF2R and the LRP-1 pathways. 293T cells were
cultured either in the presence or in the absence of 1mM M6P (a com-
petitive inhibitor of protein uptake via the IGF2R pathway) in condi-
tioned media containing either GALC (generated by pTK1557-
transduced cells) or GALC-AErbd (generated by pTK1664-transduced
cells). The GALC activity in these 293Tcells served as a surrogate mark-
er for GALC uptake. Cellular GALC activity in the absence of M6P
served as a reference value, considered to be 100%. The ratio of cellular
GALC activity in the presence of M6P relative to GALC activity of the
same protein without M6P was calculated. Uptake of GALC
(pTK1557) was efficiently inhibited by the presence of 1 mM M6P,
whereas uptake of the GALC-AErbd fusion protein (pTK1664) was
only slightly affected. E: Uptake of GALC and GALC-AErbd by
healthy and KD human fibroblasts cells via the IGF2R and the LRP-1
pathways. Human fibroblasts isolated from healthy donors (Cont) and
KD patients (Krabbe) were cultured either in the presence or absence of
M6P (a competitive inhibitor of protein uptake via the IGF2R pathway)
in conditioned media containing either GALC (generated by pTK1578-
transduced cells) or the GALC-AErbd (generated by pTK1665-
transduced cells). The levels of GALC activity in na€ıve KD and healthy
human fibroblasts are shown. Note that the presence of 2.5 mM M6P
efficiently inhibited GALC uptake, whereas GALC-AErbd uptake was
not significantly affected in the presence of M6P.

BMT-Lentiviral Vectors Therapy for Krabbe’s Disease 1161

Journal of Neuroscience Research



CNS of treated mouse groups A, C, D, and F. To this
end, either CNS enriched microglia and leukcocytes or
CD11b-gated cells were analyzed by FACscan for
CD45.1(donor) or CD45.2 (host) expression. As shown
in Figure 4B,C and Table III, no significant differences in
the levels of donor/host chimerism in the CNS were
found between low (12.5 mg/kg, group A)- and high
(25 mg/kg, group D)-dose Bu-treated twi mice. On the
other hand, the level of chimerism in twi mouse CNS
was always significantly higher than the chimerism level
in the CNS of their healthy counterparts (Stuendent’s t
test, n 5 4, P 5 0.002 for CNS enriched microglia and
leukocytes and P 5 1.6 3 10-7 for CD11b-gated cells in
low-dose groups; P 5 0.002 for CNS enriched microglia

and leukocytes and P 5 7.3 x 10-7 for CD11b-gated cells
in high-dose groups). These data suggest that KD-
induced pathology may enhance the efficiency of engraft-
ment and colonization of hematopoietic-derived donor
cells in the host CNS.
Transduction of HSPC with lentiviral vectors carry-
ing the GALC-AErbd cDNA, under the control of
either a myeloid- or an erythroid/megakaryocyte-
specific promoter, does not reduce engraftment
efficiency in host BM.

To increase the efficacy of BMT for KD, we sought
to overexpress the novel GALC-AErbd protein in
HSPC-derived cells. We expected that high levels of
donor cell-secreted GALC-AErbd, whose uptake by

Fig. 3. Effects of Bu-based conditioning protocols on clinical parame-
ters following HSPCT in the twi mouse model of KD. A: Weight
gain curves of healthy littermates (control) and twi mice following
conditioning protocols that were premised on i.p. injection of either
12.5 mg/kg or 25 mg/kg Bu at postnatal day 8. At postnatal day 9, all
conditioned mice were given 5–6 3 107 total BM cells. Mouse weight
was measured every 2–3 days. Untreated healthy and twi mice served
as controls. B: Weight gain curves of healthy littermates (control) and
twi mice following a conditioning protocol in which 25 mg/kg Bu
was administered by i.p injection at postnatal day 8. At postnatal day
9, one group of either conditioned healthy mice (controls) or condi-
tioned twi mice was given via i.p. injection 1 3 106 pTK1667-
transduced Lin– cells, 1 3 106 pTK1784-transduced Lin– cells, and
1 3 107 total bone marrow cells. In addition, one group of either con-
ditioned healthy mice or conditioned twi mice received 5–6 3 107

total BM cells. A group of untreated twi mice served as a control.
Mouse weight was measured every 2–3 days. C: Life span of three
groups of twi mice (groups I–III) following different conditioning and
HSPCT protocols. Mice in group I were conditioned with a low
dose (12.5 mg/kg) of Bu and received 5–6 3 107 total BM cells. Mice
in group II were conditioned with a high dose (25 mg/kg) of Bu and
received 5–6 3 107 total BM cells. Mice in group III were condi-
tioned with a high dose (25 mg/kg) of Bu and received 1 3 106

pTK1667-transduced Lin– cells, 1 3 106 pTK1784-transduced Lin–

cells, and 1 3 107 total BM cells. Student’s t-test demonstrated a sig-
nificant increase (n 5 4 and 9, P 5 0.014) in mouse life span following
conditioning with high-dose Bu compared with the life span of mice
conditioned with low-dose (12.5 mg/kg) Bu. Asterisk indicates that
the mice were sacrificed for data collection.
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GALC-deficient host cells is mediated by two indepen-
dent pathways (M6P and LRP-1 pathways), would fur-
ther extend the life span of BMT-treated twi mice. To

this end, Lin– cells isolated from donor BoyJ (CD45.1)
mice were transduced at an m.o.i. of 50 with lentiviral
vectors from which the GALC-AErbd cDNA is expressed

Fig. 4.
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under control of either the myeloid-specific promoter
146gp91 (pTK1667) or the erythroid/megakaryocyte-
specific promoter IHK (pTK1784). At postnatal day 8,
twi and wild-type control mice were conditioned by i.p.
injection of Bu (25 mg/kg). At postnatal day 9 mice were
injected i.p. with the these vector-transduced cells
(1 3 106 cells/mouse of pTK1667-transduced Lin– cells
and 1 3 106 cells/mouse of pTK1784 vector-transduced
Lin– cells) along with 107 na€ıve total BM cells (Table III,
groups G and H). Wild-type and twi mice receiving na€ıve
total BM cells (5–6 3 107 cells/mouse) served as controls.
Mouse weight was determined every 2–3 days. Mice
were euthanized according to UNC IACUC protocol.
VCN in mouse total BM cells was determined by qPCR.
In addition donor/host chimerism in isolated LSK cells
and in treated mouse CNS were determined by FACScan
analysis as described above. As shown in Figure 3C,
HSPC transduced with lentiviral vectors carrying the
GALC-Arbd did not extend the life span of BMT-treated
twi mice beyond the average life span of these mice fol-
lowing BMT with nontransduced donor HSPC. Similar-
ly, the weight gain curve of either twi or wild-type mice
treated with vector-transduced HSPC was not significant-
ly different from the weight gain curve of their counter-
parts, which received donor nontransduced total BM cells
(Fig. 3B). These data indicated that, under the conditions
described above, lentiviral vector delivery of GALC-
AErbd to donor HSPC did not increase the therapeutic
benefits of BMT to twi mice. To evaluate the efficiency
of lentiviral vector transduction and engraftment of
vector-transduced HSPC, we characterized donor/host
chimerism and VCN in the BM of wild-type and twi

mice. As shown in Table III, the efficiency of engraftment
and colonization of HSPC transduced with lentiviral vec-
tors from which the GALC-AErbd is expressed under the
control of erythroid- and myeloid-specific promoters is
similar to that of BM engraftment of nontransduced
HSPC. VCN in BM of twi mice (ranging between 0.46
and 1.24) was higher than the VCN in BM of wild-type
mice (ranging between 0.02 and 0.82). Altogether these
data indicated that HSPC transduced with lentiviral vec-
tors carrying GALC under control of cell-specific pro-
moters could colonize the BM compartment in wild-type
and twi mice. Note that in earlier studies significantly
higher VCN (five to eight copies) in host mouse BM was
required to moderately prolong the life span of GALC
deficient mice (Gentner et al., 2010; Ungari et al., 2015).
Clearly, additional studies using higher m.o.i. to achieve
higher VCN in host BM are required to accurately evalu-
ate the therapeutic potential of the GALC-AErbd fusion
protein.

DISCUSSION

Allogeneic HSPCT with HLA-matched healthy donor
HSPC has been the standard therapeutic approach for a
plethora of rare metabolic genetic disorders (such as
LSDs, including KD). Since the early 1980s more than
2,000 HSPCTs were performed to treat genetic disorders
(Boelens et al., 2014). The degree of success of this
approach is mainly disease specific. With regard to LSDs,
the spectrum of endpoint therapeutic benefits ranges
between largely inefficient even in animal models (Hel-
dermon et al., 2013) to highly beneficial in human
patients (Boelens et al., 2013). However, even in the

Fig. 4. Engraftment efficiency in control and twi mouse BM and
CNS following BMT with Bu-based conditioning protocols. A:
Engraftment efficiency of BoyJ donor cells (expressing the CD45.1
marker) in healthy and twi mouse BM following BMT and condi-
tioning protocols, using either 12.5 or 25 mg/kg Bu. Percentage of
donor cells in LSK cell populations isolated from these treated mice
was determined by FACscan analysis with antibody staining directed
to the donor-specific CD45.1 marker. Note that no significant differ-
ences were observed among the different treatment groups. LSK cells
isolated from either untreated BoyJ donor (CD45.1) and untreated
healthy host (CD45.2) mice served as positive and negative controls.
B: Engraftment efficiency of BoyJ donor cells (expressing the CD45.1
marker) in healthy and twi mouse CNS following BMT and condi-
tioning protocols with either 12.5 or 25 mg/kg Bu. Percentage of
donor cells in either microglia- or leukocyte-enriched cell populations
or CD11b1 cells from treated mouse CNS was determined by FACs-
can analysis with antibody staining directed to the donor-specific
CD45.1 marker. Note that significant differences in engraftment of
donor cells (CD45.1) in treated mouse CNS were observed among
the different treatment groups (in contrast to the lack of differences in
engraftment efficiency of donor cells in host BM). CNS cells isolated
from either untreated BoyJ donors (CD45.1) or untreated healthy host
(CD45.2) mice served as positive and negative controls. Student’s tests
were performed between indicated groups, n 5 4 for all groups, P val-
ues are listed in the figure. C: FACscan analysis of donor/host chime-
rism in host BM and CNS following low- and high-dose Bu

conditioning and HSPCT in either healthy control (ctl) or twi mice.
All host mice (healthy control and twi) expressed the CD45.2 marker.
All donor cells derived from BoyJ mice expressd the CD45.1 marker.
Top row shows FACscan analysis of CD45.1 (donor) and CD45.2
(host) protein expression in Lin–Sca11Kit1 (LSK) cells isolated from
either healthy (ctl) or twi host mice following conditioning with
either low-dose (12.5 mg/kg) or high-dose (25 mg/kg) Bu. Untreated
BoyJ CD45.1 and the host control (CD45.2) served as references to
CD45.1 and CD45.2 expressing cells, respectively. Note highly effi-
cient engraftment in healthy and twi hosts receiving either low- or
high-dose Bu-based conditioning. Middle row shows FACscan analy-
sis of CD45.1 (donor) and CD45.2 (host) protein expression in CNS
enriched with microglia and leukocytes isolated from either healthy
(ctl) or twi host mice following conditioning with either low-dose
(12.5 mg/kg) or high-dose (25 mg/kg) Bu. Untreated BoyJ CD45.1
and the host control (CD45.2) served as references to CD45.1 and
CD45.2 expressing cells, respectively. Note that a higher level of chi-
merism was obtained in twi host mice. High-dose Bu-based condi-
tioning appears to increase chimerism in twi mouse. Bottom row
shows FACscan analysis of CD45.1 (donor) and CD45.2 (host) pro-
tein expression in CD11b1 expressing cells isolated from either
healthy (ctl) or twi host mice following conditioning with either low-
dose (12.5 mg/kg) or high-dose (25 mg/kg) Bu. Untreated BoyJ
CD45.1 and the host control (CD45.2) served as references to
CD11b1 gated cells expressing only CD45.1 and CD45.2,
respectively.
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most successful scenario—HSPCT applied to MPS-IH
(Hurler disease) patients—a complete cure is far from
being achieved (Aldenhoven et al., 2015). Treating pre-
symptomatic KD patients with HSPCT preserves most of
their cognitive function. However, progressive deteriora-
tion of the patients’ PNS severely affects gross motor
function and expressive language (Escolar et al., 2005;
Duffner et al., 2009). We assert that the limited efficacy
of the current HSPCT protocols fior curing KD is linked
to the basic biological processes on which the HSPCT
therapeutic approach for KD is premised. These include
the ability of donor HSPC to efficiently colonize the host
in proximity to cell populations that are vulnerable to
GALC deficiency. Furthermore, the therapeutic effects of
HSPCT are heavily dependent on the “cross-correction”
phenomenon, so it is imperative that these host target
populations express sufficient levels of IGF2R to facilitate
efficient uptake of donor-derived GALC. Overall, this
study was premised on the notion that two independent
mechanisms potentially limit the efficacy of current
HSPCT protocols at curing KD. Specifically, we hypoth-
esized that both inefficient conditioning protocols (which
limit the number and biodistribution of donor-derived
microglia in host CNS) and inefficient host cell uptake of
donor cell-secreted GALC (resulting from lack of suffi-
cient IGF2R) should be addressed to maximize the thera-
peutic benefits of HSPCT protocols for KD patients.

In addition, we have characterized some of the
obstacles and potential solutions associated with the strate-
gy of combining lentiviral vector delivery of GALC with
HSPCT-based therapy for KD. The ability of lentiviral
vectors to deliver and maintain long-term transgene
expression in HSPC and their progenies opens new direc-
tions in HSPCT-based therapy for genetic disorders in
general and for KD in particular (Miyoshi et al., 1999;
Cartier et al., 2009; Aiuti et al., 2013; Biffi et al., 2013).
Specifically, lentiviral vectors carrying functional GALC
to autologous HSPC circumvent the need to identify an
HLA-matched donor. In addition, overexpression of
GALC in vector-transduced cells should in theory broad-
en the spectrum of target cells that can benefit from the
phenomenon of cross-correction. However, in recent
preclinical studies using mouse models of KD, lentiviral
vector-mediated GALC delivery to HSPC revealed
potential limitations in this approach. Overall only a very
mild effect on GALC-deficient mice life span could be
achieved, and only in mice showing very high VCN in
engrafted donor cells (Gentner et al., 2010; Ungari et al.,
2015). Furthermore, GALC cytotoxicity, which inhibited
engraftment of vector-transduced HSPC, necessitated
incorporation of an HSPC-specific miRNA target
sequence to minimize GALC expression in and to facili-
tate efficient engraftment of vector-transduced HSPC.
Notably, a heterogeneous cell population with an average
VCN of 8 usually contains cells with VCN higher than
25. The combination of very high VCN and vector
design comprising the target sequence to host miRNA
raises biosafety concerns. These include the possibility of
inadvertently altering the host miRNA system via the

“sponge effect” described earlier in which high levels of
exogenous miRNA target sequence served as a competi-
tive inhibitor decoy that suppressed specific miRNA
function (Ebert and Sharp, 2010). We assert that weak-
nesses in the lentiviral vector system should be addressed
by further vector development rather than by manipulat-
ing host biological pathways. To this end, we developed
novel lentiviral vectors from which the reporter genes
GFP and firefly luciferase (as well as the GALC and the
GALC-AErbd fusion protein) were expressed under con-
trol of either an erythroid/megakaryocyte (IHK)- or a
myeloid (146gp91)-specific promoter (Moreau-Gaudry
et al., 2001; He et al., 2006; Barde et al., 2011). The nov-
el vectors demonstrated cell-specific expression in vitro
and facilitated efficient GALC-AErbd delivery to and
engraftment of vector-transduced HSPC. Donor/host
chimerism in host BM following transplantation with
vector-transduced cells was equivalent to the chimerism
achieved following engraftment of untransduced HSPC.
VCN of the novel vectors in twi mouse BM ranged from
0.46 to 1.24. Because, in addition to the vector-
transduced Lin– cells, the transplanted donor cell popula-
tion included 107 total BM cells, we speculate that VCN
in engrafted transduced cells was higher than that
described above.

The mild effect of high lentiviral VCN on the aver-
age life span of HSPCT-treated GALC-deficient mice
(Gentner et al., 2010; Ungari et al., 2015) suggested that
high levels of vector/donor cell-derived functional
GALC would not cure KD patients. This phenomenon
was in line with similar studies in which supraphysiologi-
cal levels of AAV vector-delivered GALC failed to signifi-
cantly alter the life span of twi mice (Lin et al., 2007). We
theorized that lack or insufficient levels of IGF2R in
GALC-deficient host cells rendered the cross-correction
phenomenon inefficient. This notion is supported by sev-
eral studies showing that expression of IGF2R is develop-
mental age and gender dependent (Nissley et al., 1993;
Gonzalez-Parra et al., 2001; Hawkes and Kar, 2003,
2004; Romano et al., 2005; Jofre et al., 2009). Further-
more, analysis of IGF2R expression in healthy and Alz-
heimer’s disease human brains demonstrated regional and
cell type specificity (Kar et al., 2006). GALC was shown
to express primarily in neurons and not on other cell types
in the CNS (astrocytes, oligodendrocytes) that can benefit
from the cross-correction phenomenon. The fact that
IGF2R is biallelically expressed in human tissues (Kal-
scheuer et al., 1993) and is genomically imprinted in mice
(Barlow et al., 1991) limits the ability to interpret some of
the results obtained in mouse models. Here we demon-
strated for the first time an L-cycloserine-mediated
increase of IGF2R. These findings support our notion
that the dramatic prolongation in twi mouse life span
upon combining L-cycloserine treatment with HSPCT
and AAV vector-mediated GALC delivery is secondary to
an L-cycloserine-induced increase in IGF2R (Hawkins-
Salsbury et al., 2015). Additional characterization of this
phenomenon with identification of novel small molecules
that enhance IGF2R expression may improve current
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therapeutic protocols for KD. Intrigued by these findings,
we sought to circumvent the need to increase IGF2R
expression by directing GALC uptake via an IGF2R-
independent pathway. To this end, we developed the
GALC-AErbd fusion protein, whose uptake by GALC-
deficient cells is mediated by two independent pathways,
namely, the IGF2R and the LRP-1 pathways. Our
approach was premised on an earlier study demonstrating
efficient LRP-1-mediated uptake of erythrocyte/mega-
karyocyte-secreted IDUA-AErbd by neurons and astro-
cytes throughout the cerebral cortex (Wang et al., 2013).
Indeed, here we demonstrate the ability of 293T and
human GALC-deficient fibroblasts to take up the GALC-
AErbd independently of the IGF2R pathway efficiently.
We expected that the novel GALC-AErbd would broad-
en the spectrum of host cells that benefit from the phe-
nomenon of cross-correction. The fact that the life span
of twi mice engrafted with HSPC transduced with
GALC-AErbd-expressing vectors was not significantly
different from the life span of their counterparts, which
received nontransduced total BM cells, was not highly
surprising, especially because VCN in these treated mice
BM was not higher than 1.24. Note that, in earlier stud-
ies, in which lentiviral vectors were employed to deliver
GALC to HSPC, relatively high VCN (6–10) in host BM
was required to achieve merely mild prolongation in the
life span of GALC-deficient mice (Gentner et al., 2010;
Ungari et al., 2015). Facilitating cellular uptake of donor-
cell secreted GALC-AErbd via an M6PR-independent
pathway and inducing overexpression of IGF2R by L-
cycloserine are two independent strategies to allow effi-
cient HPCT-mediated cross-correction of GALC defi-
ciency in twi mouse CNS cells expressing low levels of
IGF2R. The GALC-AErbd approach does not require
significant modifications to current HPCT-based proto-
cols and if successful provides major long-term therapeu-
tic benefits to HPCT-treated patients. However, the
efficacy of this approach, which is dependent on the level
of LRP-1 in KD patients’ CNS, has not been established.
Furthermore, employing this approach to treat other
LSDs requires the development of different AErbd-fusion
proteins. The ability of an L-cycloserine/gene therapy
combination to treat twi mice efficiently has opened a
new direction in KD therapy. However, the broad spec-
trum of L-cycloserine activity and its inherent cytotoxici-
ty render this small molecule unsuitable for human
clinical trials. Clearly, less toxic small molecules that upre-
gulate IGF2R expression in vivo have to be identified,
and their ability to synergize with gene and cell therapy
protocols in curing KD has to be established. Further-
more, this approach necessitates life-long treatment.
Thus, we assert that additional studies are needed to char-
acterize the therapeutic mechanism of this approach and
to establish its efficacy (either separately or in combina-
tion) for treating LSDs prior to considering their usage in
clinical applications.

However, we also realize that a suboptimal condi-
tioning protocol might negatively affect the efficacy of
HSPCT for correcting GALC deficiency in preclinical

models. Because Bu is the major chemotherapy agent
employed in human clinical trials of neurodegenerative
diseases (Cartier et al., 2009; Aiuti et al., 2013) as well as
in allogeneic HPCT for KD (Escolar et al., 2005), we
sought to characterize the dose effects of Bu on the effica-
cy of HSPCT in the twi mouse model. Overall, the aver-
age life span of HSPCT treated twi mice in this study was
considerably longer than the average life span of twi mice
conditioned by irradiation (Lin et al., 2005, 2007; Gent-
ner et al., 2010; Ungari et al., 2015). This limits our abili-
ty to evaluate the efficacy of different therapeutic
measures that were tested in irradiated twi mice. The
results of this study clearly demonstrate direct correlation
between the dose of Bu and the capacity of HSPCT pro-
tocols to prolong the average life span of twi mice. Fur-
thermore, colonization of donor cells in twi mouse CNS
was significantly more efficient than the engraftment of
the same donor cells in healthy mouse CNS. These find-
ing are in line with several earlier studies concluding that
both effective conditioning protocols and host CNS
pathology are required for optimal colonization of the
host CNS with donor hematopoietic progenies (Priller
et al., 2001; Mildner et al., 2007; Davoust et al., 2008).
This notion raises the possibility that various regions in
twi mouse CNS that are relatively healthy at the time of
HSPCT are not efficiently colonized with donor cells.

Clearly, further optimization of the conditioning/
HSPCT protocols is needed to maximize the clinical out-
come of HSPCT in the twi model of KD. We anticipate
that the results of this study will pave the way for the
development of new GALC fusion proteins with a broad-
ened spectrum of target cells in the CNS.
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Leukodystrophies (LDs) are rare, often devastating
genetic disorders with neurologic symptoms. There are
currently no disease-specific therapeutic approaches for
these diseases. In this review we use metachromatic leu-
kodystrophy as an example to outline in the brief the ther-
apeutic approaches to MLD that have been tested in
animal models and in clinical trials, such as enzyme-
replacement therapy, bone marrow/umbilical cord blood
transplants, ex vivo transplantation of genetically modi-
fied hematopoietic stem cells, and gene therapy. These
studies suggest that to be successful the ideal therapy
for MLD must provide persistent and high level expres-
sion of the deficient gene, arylsulfatase A in the CNS.
Gene therapy using adeno-associated viruses is therefore
the ideal choice for clinical development as it provides
the best balance of potential for efficacy with reduced
safety risk. Here we have summarized the published pre-
clinical data from our group and from others that support
the use of a gene therapy with AAVrh.10 serotype for clin-
ical development as a treatment for MLD, and as an
example of the potential of gene therapy for LDs espe-
cially for Krabbe disease, which is the focus of this spe-
cial issue. VC 2016 Wiley Periodicals, Inc.

Key words: clinical development; clinical translation;
gene therapy; adeno-associated virus; metachromatic
leukodystrophy

Leukodystrophies (LDs) are a group of >30 hetero-
geneous genetic disorders affecting the white matter of
the central (CNS) and/or the peripheral (PNS) nervous
system and include, among many others, the more com-
mon metachromatic leukodystrophy (MLD) and globoid
cell leukodystrophy (Krabbe’s disease; Parikh et al., 2015;
Vanderver et al., 2015). Most LDs, especially in the pedi-
atric population, lead to motor deficits that often domi-
nate the clinical presentation (Parikh et al., 2015). The
LDs have variable clinical manifestations that include
walking difficulties, spasticity and/or ataxia, and behav-
ioral and cognitive decline with different degrees of pene-
tration even for the same genetic defect (Gordon et al.,
2014; Parikh et al., 2015). Based on an understanding of

the pathogenesis of the LDs, a variety of approaches
toward therapy has been tried, including enzyme replace-
ment therapy, bone marrow and umbilical cord stem cell
transplantation, and gene therapy (Helman et al., 2015;
Aubourg, 2016; Choudhury et al., 2016). As an example
of the strategy for development of therapy for the LDs,
we review the use of in vivo adeno-associated virus
(AAV)-mediated CNS gene therapy for MLD, one of the
most common LDs. We conclude this Review by sum-
marizing how these findings relate to the work being
done in developing treatments for Krabbe’s disease.

MLD

MLD is an autosomal recessive lysosomal lipid storage disor-
der caused by deficiency of the lysosomal arylsulfatase A
(ARSA) enzyme (von Figura et al., 2001; Aubourg et al.,
2011; Batzios and Zafeiriou, 2012) or, more rarely, a
deficiency of its activator protein saposin B (SAP-B;
Holtschmidt et al., 1991). The estimated incidence of MLD
ranges from 1.4 to 1.8/100,000 live births (Gieselmann and
Krageloh-Mann, 2010; Aubourg et al., 2011). Most subjects
with MLD are of caucasian origin (Cesani et al., 2016). The
arylsulfatase A gene is located on chromosome 22q13.33
(Narahara et al., 1992) and is alternatively spliced with eight
or nine exons combining to produce three different mRNA
species (Kreysing et al., 1990). These encode two isoforms
of the same protein, an aryl sulfatase involved in the lysoso-
mal degradation of sphingolipid cerebroside 3-sulfate
(“sulfatide”; Kreysing et al., 1990; von Figura et al., 2001).
In subjects inheriting two mutant ARSA genes, sulfatides
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accumulate in microglia, oligodendrocytes, and Schwann
cells, resulting in widespread demyelination in the CNS and
PNS (Gieselmann, 2003; Molander-Melin et al., 2004;
Takahashi and Suzuki, 2012; Patil and Maegawa, 2013). Sul-
fatides also accumulate in CNS neurons, contributing to addi-
tional neuronal dysfunction and degeneration (Gieselmann
et al., 1998; Gieselmann, 2003; Molander-Melin et al., 2004;
Wittke et al., 2004; Sevin et al., 2007a). At the cellular level,
MLD is characterized by progressive loss of glia and neurons
(von Figura et al., 2001; Molander-Melin et al., 2004; Wittke
et al., 2004). Undigested sulfatides accumulate in other tissues,
but this does not contribute significantly to the patho-
genesis of MLD (Gieselmann, 2003). As a major com-
ponent of the myelin membrane, sulfatides are essential
to its structure and function. Excess sulfatide triggers an
inflammatory response, including microglial activation,
astrogliosis, recruitment of peripheral macrophages, and
secretion of proinflammatory cytokines, leading to apo-
ptosis of glia and neurons (Sevin et al., 2007a; Patil and
Maegawa, 2013).

The definitive diagnosis of MLD requires a compre-
hensive evaluation based on a wide set of diagnostic pro-
cedures, including biochemical and molecular tests and
neuroradiological (gray matter volume loss, abnormalities
in white matter) and neurophysiological evaluations. The
disease is typically classified according to the age of onset
(von Figura et al., 2001; Sevin et al., 2007a). The late-
infantile form, which is the most frequent (approximately
50%; Cesani et al., 2016), usually manifests in the second
year of life. The juvenile variant, with an onset between
age 4 and 12 years, is further subdivided into early-
juvenile and late-juvenile forms depending on whether
the onset is before or after 6 years of age. The term adult
MLD refers to patients with onset of neurological symp-
toms after the age of 12 years (von Figura et al., 2001).
These different forms of MLD are dependent on the
inherited mutation and the resultant levels of ARSA
activity.

CLINICAL MANIFESTATIONS

Clinically, signs and symptoms caused by the involvement
of CNS and PNS characterize the various forms of MLD.
Age of MLD onset varies from 18 months to adulthood,
and in the majority of cases the prognosis is severe, lead-
ing to a vegetative stage or death within a few years of
diagnosis (von Figura et al., 2001; Aubourg et al., 2011).
The natural history of clinical disease progression for all
forms of MLD has not yet been defined. However, the
neurologic symptoms of patients with classical late-
infantile or early-juvenile forms of MLD are well known,
with little variation in the age of onset of symptoms
(Sevin et al., 2007a; Groeschel et al., 2011). Nearly all
patients with the most severe form of late-infantile MLD
are tetraplegic and in a vegetative stage before the end of
the second year (Gieselmann and Krageloh-Mann, 2010).
Similarly, most patients with early-juvenile form of MLD
are tetraplegic and in a vegetative stage 12–18 months
after the onset of the first symptoms (Gieselmann and

Krageloh-Mann, 2010). Among these symptoms, the
most common form of MLD involves late-infantile pre-
sentation, with muscle wasting, weakness, muscle rigidity,
developmental delays, and progressive loss of vision, seiz-
ures, impaired swallowing, paralysis, and dementia (Biffi
et al., 2008; Gieselmann and Krageloh-Mann, 2010).
Motor deterioration (loss of acquired motor skills) may
present itself as early as 12 months in late-infantile MLD
cases, beginning with a slowing in the development of
motor skills in infants. Death occurs in early childhood.

GENETICS

In addition to the age of onset and symptoms, genotype is
also a predictor of the phenotype and the severity of dis-
ease, particularly in the late-infantile forms (Cesani et al.,
2016). More than 150 ARSA mutations have been
described to date according to the Human Gene Muta-
tion Database (HGMD; http://www.hgmd.cf.ac.uk/ac/
index.php). In addition, rare mutations in the activator
protein saposin B have also been described, which also
cause MLD (Rafi et al., 1990; Zhang et al., 1990;
Holtschmidt et al., 1991; Cesani et al., 2016). For
late-infantile MLD, the most common mutation is an
ARSA splicing defect, c.465 1 1G > A, and for adult-
onset MLD the most common is c.1283C > T; together
these mutations account for almost 33% of MLD alleles
(Cesani et al., 2016). Although data on genotype/pheno-
type correlations are limited, it is known that, if a subject
is homozygous for mutations that do not make any func-
tional ARSA, then they will have the severe late-infantile
form of the disease. Alternatively, if one of the alleles is
associated with residual enzyme activity, it partially miti-
gates the disease and leads to the juvenile form of the dis-
ease. Finally, if the subject is homozygous for two alleles,
both of which lead to some ARSA activity, then it is
likely that this will lead to a late-juvenile or even adult
form of MLD (Gieselmann and Krageloh-Mann, 2010).
In general, as might be expected, the greater the ARSA
activity, the later the onset of disease. However, there is
significant clinical variability in the late-onset patients
even if they are siblings harboring the same ARSA geno-
type, suggesting that other genetic or epigenetic factors
might influence the course of MLD progression (Berger
et al., 1997; Biffi et al., 2008).

PATHOPHYSIOLOGY

The severe atrophy in the CNS and PNS in MLD corre-
lates with sulfatide accumulation, which appears as dense
granules of accumulated lysosomal storage material (Gie-
selmann, 2003; Molander-Melin et al., 2004; Takahashi
and Suzuki, 2012; Patil and Maegawa, 2013). Sulfatide
accumulation in vitro can trigger inflammatory cytokines,
which in turn are thought to be involved in apoptosis
(Constantin et al., 1994; Laudanna et al., 1994; Sevin
et al., 2007a). In the CNS, there is also a decrease in gal-
actosylceramide in MLD-affected patients (von Figura
et al., 2001; Sevin et al., 2007a). Galactosylceramide and
sulfatide are the two major glycosphingolipids of the
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myelin sheath, accounting for 23% and 6% of total lipids,
respectively (Taylor et al., 2004). Both essential lipids are
associated with the extracellular surface of the myelin
sheath via Ca21-mediated interactions and contribute to
the stability, flexibility, and compaction of myelin (Ohmi
et al., 2003). Aberrant storage granules have also been
observed in the kidney, gallbladder, liver, pancreas, pitui-
tary gland, adrenal cortex, retina, testes, sweat glands, and
rectal tissues (Gieselmann et al., 1998; Biffi et al., 2008;
Patil and Maegawa, 2013). Unlike the CNS, the functions
of most of these tissues (except for the gall bladder, which
also accumulates high levels of sulfatides and whose dys-
function may be an indicator of MLD) are not affected by
sulfatide accumulation, at least during the life of those
with MLD (Gieselmann et al., 1998; von Figura et al.,
2001; Agarwal and Shipman, 2013). A mouse model of
MLD was generated by Hess et al. (1996), in which they
knocked out ARSA gene expression by insertion of a
neomycin cassette in exon 4. Although the mice show all
the hallmarks of the human disease (sulfatides accumula-
tion in neuronal and nonneuronal tissues, axonal size
reduction, astrogliosis, acoustic ganglion neuron loss, and
altered Purkinje cell morphology), they do not have a
shortened life span, nor do they display white matter
defects (Hess et al., 1996). These mice do not express
functional ARSA enzymes, so the model is equivalent to
the late-infantile form of MLD and has been used over
the past 2 decades to search for a cure for MLD.

THERAPEUTIC APPROACHES TO MLD

Various therapeutic approaches to MLD have been tested
in experimental animal models. Among these are several
promising approaches with clinical translation potential
including 1) enzyme replacement therapy (ERT), 2) bone
marrow transplants (BMT), 3) gene therapy by ex vivo
transplantation of genetically modified hematopoietic
stem cells (HSC), and 4) AAV-mediated gene therapy
directly to the CNS. The following sections briefly
describe the first three strategies, followed by a detailed
description of AAV-mediated gene therapy directly to the
CNS.

ERT

ERT has been successful in preventing or reversing
the systemic manifestations of several lysosomal disorders
by taking advantage of the ability of the cell to take up
infused enzyme via the cation-independent mannose-6-
phosphate (M6P) receptors present on the surface of vir-
tually all cells (Funk et al., 1992; Ghosh et al., 2003; Will-
ingham et al., 1981). Intravenous administration of
recombinant ARSA (40 mg/kg) in a mouse model of
MLD reduced the sulfatide storage in peripheral tissues,
including the sciatic nerves (Matzner et al., 2005). This
therapeutic approach might be used to prevent or reverse
demyelination in the peripheral nerves of MLD patients.
ERT also reduced the sulfatide storage in the brain of
MLD mice, an unexpected finding insofar as the blood–
brain barrier prevents direct transfer of ARSA enzyme to

the CNS from the circulation (Matzner et al., 2005). In
an effort to explore the “window of opportunity” for
ERT in a more severe MLD mouse model, Matthes et al.
(2012) developed a double-transgenic ARSA2/2 mouse,
with immunotolerance to human ARSA and supranormal
rates of sulfatide synthesis, and treated the mice at various
ages with weekly injections of recombinant ARSA (20
mg/kg i.v. for 16 weeks). They found improvements in
MLD symptoms (e.g., reduction in sulfatide storage) in
only the mice treated at early time points (4 months) and
not with treatment at later time points (8–12 months),
suggesting that i.v. ERT will likely only be efficacious in
patients treated early. Additional studies by this group
using these double-transgenic MLD mice and ERT
explored continuous intrathecal infusion of recombinant
ARSA (average of 4.3 lg/day for 4 weeks) using mini-
pumps to evaluate bypassing the blood–brain barrier for
ERT (Stroobants et al., 2011). This study showed com-
plete reversal of sulfatide storage in the infused hemi-
sphere and correction of various measures of CNS
dysfunction, suggesting that continuous infusion of a low
dose of ARSA may be efficacious for the treatment of
MLD. However, the extent of metabolic correction with
ERT unlikely will be sufficient and in time to arrest the
rapid cerebral demyelinating process that occurs in aggres-
sive and devastating forms of infantile and early-juvenile
MLD. Furthermore, because the blood–brain barrier
restricts access to the CNS of most large proteins in the
blood compartment, it is unlikely that ERT will work
unless delivered directly to the CNS (Abbott, 2013; Mul-
doon et al., 2013). Given that the half-life of ARSA is
approximately 4 days (Matzner et al., 2005), frequent,
repeated delivery of the therapeutic protein to the CNS is
required. Current ERT clinical trials are aimed at increas-
ing the dosage and frequency to overcome the short-half
life of the ARSA enzyme (Matzner et al., 2005). One
such ongoing trial with ERT for treatment of MLD is the
IDEAMLD phase I/II clinical trial (NCT01510028),
which uses multiple intrathecal infusions with recombi-
nant ARSA (HGT-1110; Shire Human Genetic Thera-
pies) to translate the mouse studies of Stroobants (2011)
into clinical use. No preliminary results are currently
available.

Bone Marrow and Umbilical Cord Blood
Transplantation

One strategy to treat MLD is to transplant cells secret-
ing ARSA. Studies in bone marrow transplantation models
in GFP1 transgenic mice showed that male donor trans-
planted cells (6 3 106 cells/mouse) could be detected in
female recipient brains (Brazelton et al., 2000; Mezey et al.,
2000). Bone marrow transplantation of HSCs (2–3 3 106

cells i.v.) increased the number of donor cells in the wild-
type C57Bl/6J recipient CNS, with evidence that macro-
phages could differentiate into microglia (Eglitis and Mezey,
1997). Furthermore, when GFP-tagged bone marrow cells
were transplanted into wild-type C57Bl/6 mice, HSC-derived
microglia cell engraftment was enhanced by the local
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neuropathology, allowing healthy microglia to replace dam-
aged microglia in up to 25% of the regional population (Priller
et al., 2001). With regard to clinical trials, there have been mul-
tiple reports of MLD patients gradually improving their motor
and behavioral function scores following umbilical cord blood
transplants (UCBT) but mixed results for allogeneic HSCT
(Krivit et al., 1999a; Pierson et al., 2008; Smith et al., 2010;
Cable et al., 2011; de Hosson et al., 2011; Martin et al., 2013;
van Egmond et al., 2013; Chen et al., 2016; Helman et al.,
2015). The early-onset forms of MLD (LI) are problematic for
successful HSCT or UCBT even when the patients are still
presymptomatic because of the rapidity of disease progression
(Bredius, 2007, Martin, 2013). In one long-term study, 60% of
the LI-MLD children treated by UBCT survived to the 5-year
followup; however, only asymptomatic children benefitted,
whereas the children symptomatic at the time of transplant all
died (Martin, 2013). The results with UCBT in later/
less-severe forms of MLD are more promising. One recent
report of a patient with juvenile MLD, who underwent an allo-
geneic cord blood transplant with 100% donor cell engraft-
ment, had subsequent MRI scans showing clear improvement
of white matter abnormalities 18 months posttransplant (van
Egmond et al., 2013). In one UCBT study, the long-term
progress of three asymptomatic children (aged 2–5 years) was
compared with that of untreated siblings with symptomatic
early-juvenile MLD. In followup examinations after transplan-
tation (at 6 and 14 years), the transplant procedure appeared to
slow the progression of the disease significantly (Chen et al.,
2016).

BMT of Genetically Modified Autologous HSC

A therapeutic strategy that could make stem cell
therapy a more viable option for MLD combines HSC
transplants with gene therapy (Biffi et al., 2013). Specifi-
cally, this strategy involves transplantation of autologous
HSC genetically corrected by retrovirus or lentivirus to
express ARSA. Studies with HSC modified with a
murine retrovirus vector (1.5 3 106 cells i.v. in 5–6-
week-old mice) showed increased sulfatide reduction but
no effects on the disease progression in MLD mice
(Matzner et al., 2000, 2002). Matzner et al. hypothesized
that very high levels of ARSA enzyme might be required
for correction of the lysosomal defect in the CNS of
MLD mice, and, because g-retroviruses do not transduce
nondividing cells, larger number of cells would have to
be transduced to obtain these high levels of ARSA
expression. In contrast, studies with a lentiviral vector to
modify the HSC had significant impact on the MLD
mice (1 3 106 cells i.v in 6-week mice; Biffi et al., 2004,
2006). There was extensive repopulation of CNS micro-
glia and PNS macrophages by the transgene-expressing
cells, and the recruitment of these HSC-derived cells was
rapid and robust (Biffi et al., 2004). Importantly, there
was overexpression of ARSA enzyme in bone marrow-
derived brain microglia (Biffi et al., 2006). In clinical
studies, this ex vivo gene therapy approach uses the read-
ministration of a patient’s genetically corrected bone mar-
row stem cells. In recent clinical trials, autologous

CD341 HSCs transduced with a human-ARSA encoding
lentiviral vector, underwent rounds of selection to isolate
and expand the most viable clones, which were readminis-
tered (2 3 106 cells/kg i.v.) in presymptomatic late-infantile
MLD and pre- or early symptomatic early-juvenile
MLD patients (NCT01560182; ClinicalTrials.gov). This
“TIGET-MLD” trial in Italy (phase I/II) was started several
years ago and is in the posttherapy monitoring phase, with
the primary completion date in April, 2018. In a recent
published report, this lentiviral-based approach for MLD
gene therapy has demonstrated efficacy in the first three
patients who were treated in the presymptomatic phase
(Biffi et al., 2013; Aubourg, 2016). These patients have sus-
tained, above-normal ARSA activity in cerebrospinal fluid
samples, and the natural history of MLD disease progression
appears to be halted (Biffi et al., 2013). This is a promising
therapy for subjects who were identified at a presympto-
matic stage from families with a prior family history of
MLD (such as an affected sibling), but it has not been shown
to be efficacious when the disease has already clinically
manifested. Unfortunately, a large majority of the new
MLD cases are from families with no prior family history of
MLD, and genetic screening for MLD is not included in the
newborn genetic screening tests (Ombrone et al., 2016).
Hence, most children with severe forms of MLD would not
be diagnosed at the presymptomatic phase of the disease,
making it unlikely for this therapeutic option to be effective
for many MLD patients.

Overview of AAV-Mediated CNS Gene Therapy

A method by which the genetic message for ARSA
gene could be delivered directly to the CNS to provide
long-term, sustained, and persistent correction without dis-
ruption of endogenous genes would be an ideal alternative
to treat MLD. AAV-based gene therapy uniquely meets
these requirements. First, the therapeutic agent can be
delivered directly into the CNS via intraparenchymal,
intracerebroventricular, and intracisternal routes and
thereby express the ARSA protein locally on a persistent,
permanent basis, following a one-time administration. Sec-
ond, comparisons of genotype and phenotype suggests that
only 5–10% of normal enzyme activity is sufficient to pre-
vent disease symptoms (von Figura et al., 2001; Rauschka
et al., 2006), levels that are likely achievable by AAV-
mediated gene expression of ARSA (Rosenberg et al.,
2014; Golebiowski et al., 2015). Third, the ARSA protein
is secreted and is capable of cross-correcting neighboring
cells. Thus, it is not necessary to transfer the normal ARSA
cDNA to all of the cells in the CNS; corrected cells will
secrete ARSA protein, which is then endocytosed via the
M6P receptor pathway (Matzner and Gieselmann, 2005)
by neighboring cells for therapeutic correction. Therefore
AAV-based gene therapy, which would unlikely transduce
every cell with the normal therapeutic gene, could be the
source of corrective enzymes for even the noninfected
neighboring cells and thus provide a greater potential for
success of the therapy. This is of particular importance for
oligodendrocytes, which cannot be transduced in vivo by
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most gene therapy vectors, including most serotypes of
AAV (Cearley et al., 2008; Lawlor et al., 2009). In addi-
tion, axonal connections provide extension to the range of
cells receiving the ARSA protein, well beyond the site of
vector administration (Luca et al., 2005; Sevin et al., 2006).
These concepts, together with the knowledge that AAV
vectors have low immunogenicity and low oncogenic
potential via insertional mutagenesis and the availability of
methods to manufacture the amounts of vector needed for
dosing needs for large clinical studies make them ideal for
this application.

The early studies with AAV vectors utilized AAV2,
a human-derived AAV serotype that mediates persistent
but low-level expression with relatively slow onset (Xiao
et al., 1997; Lo et al., 1999; Tenenbaum et al., 2004). As
additional human-derived AAV vectors were developed,
including serotypes 1, 5, and 6, it became apparent that
different AAV capsid serotypes differed with respect to
target specificity and cell tropism, rate of onset of expres-
sion, extent of expression, and ability to circumvent pre-
existing anti-AAV immunity (Vite et al., 2003; Burger
et al., 2004; Taymans et al., 2007; Calcedo et al., 2009;
Ciron et al., 2009; Boutin et al., 2010; Asokan et al.,
2012; Calcedo and Wilson, 2013). The spectrum of AAV
serotypes was further expanded with the discovery of
nonhuman primate AAV serotypes, including AAVs 8, 9,
and rh.10 (Gao et al., 2005). Our initial studies with
AAV-mediated gene therapy for MLD were conducted
with AAV5, and then, with the discovery of the nonhu-
man primate derived serotypes, our second-generation
studies were carried out with AAVrh.10 (Sondhi et al.,
2007, 2008; Piguet et al., 2012; Sondhi et al., 2012;
Rosenberg et al., 2014). Our choice of AAVrh.10 was
based on the successful use of this vector for treatment of
the mouse model of late-infantile neuronal ceroid lipofus-
cinosis (LINCL), another lysosomal storage disease, and
the translation of these studies to a clinical study (Sondhi
et al., 2007, 2008, 2012). Below we describe the initial
studies with AAV5 and the rationale for and the followup
studies with AAVrh.10.

AAV5-Mediated Gene Therapy for MLD

In 2006, Sevin et al. demonstrated that intraparen-
chymal administration of an AAV5 vector expressing the
human ARSA gene (3 3 109 particles/mouse) to the
CNS (cerebellar vermis and internal capsule) of the MLD
mouse model at 3 months of age (presymptomatic) led to
rapid, widely distributed, and persistent expression of the
functional ARSA protein throughout the brain to at least
15 months postinjection (Sevin et al., 2006). Analysis of
the vector genome and ARSA distribution gave evidence
for in vivo cross-correction of many neurons and astro-
cytes not directly transduced by the vector, demonstrating
that the widespread ARSA expression was mostly a result
of the dispersal of the enzyme. Importantly, ARSA deliv-
ery reversed sulfatide storage, a hallmark of the disease,
and prevented neuropathological abnormalities (including
glycolipid storage, microglial activation and gliosis, neuro-

nal degeneration) and neuromotor impairment associated
with the disease. The mouse model of MLD does not
recapitulate the severity of human symptoms, so there are
no early deaths from the ARSA deficiency in MLD mice;
therefore, no survival studies were performed to assess the
impact of AAV5-ARSA administration on this. Subse-
quent studies, utilizing the same vector, dosage (3 3 109

particles), and intraparenchymal sites, demonstrated that
direct administration of the AAV5 vector into the brain
of the MLD mouse model at a symptomatic stage (6
months) results in sustained expression of ARSA and pre-
vention of sulfatide storage and neuropathological abnor-
malities, but, despite these significant corrections, the
treated mice continue to develop neuromotor disability
(Sevin et al., 2007b). The results of this study emphasize
the concept that treatment for MLD has to be initiated at
the earliest age possible.

In a followup study, the safety and efficacy of direct
CNS administration of an AAV5 vector expressing the
ARSA gene were assessed in a nonhuman primate (NHP;
Macaca fascicularis; Colle et al., 2010). The number and
location of vector administration sites were chosen to max-
imize the breadth of coverage in the CNS to facilitate
translation to human clinical evaluation. The administra-
tions were either into three selected areas of the centrum
semiovale white matter or into the deep gray matter nuclei
(caudate nucleus, putamen, and thalamus) of six NHPs.
AAV5 vector expressing ARSA was administered at two
doses (3.8 3 1011 or 1.9 3 1012 genome copies). The
administration sites differed from those previously used in
mice to evaluate whether vector injections into the white
matter could be dispersed in an anisotropic manner along
neuronal tracts to transduce distant neurons in the white
matter tracts (Krauze et al., 2005; Hadaczek et al., 2009).
Additional target sites in the striatum and thalamus were
targeted in a single NHP in an effort to test whether axonal
transport and distribution through well-connected afferent
regions could amplify the spread of AAV vectors and/or
ARSA enzyme into distal regions of the CNS. Vector dis-
tribution and expression and activity of human ARSA
were evaluated. The procedure was well tolerated, without
any signs of adverse effects. There were no significant
changes in neurobehavioral examination postvector admin-
istration. AAV vector was detected in a brain volume that
corresponded to 37–46% of the injected hemisphere.
ARSA enzyme was expressed in multiple interconnected
brain areas, and ARSA activity was increased by 12–38%
in a brain volume that corresponded to 50–65% of the
injected hemisphere. Importantly, this was above back-
ground endogenous levels, so the increased ARSA detected
was much higher than that required for therapeutic benefit
(5–10%). These data provide evidence of expression and
spread of ARSA that could translate into potential benefits
of CNS gene therapy in patients with MLD.

AAVrh.10-Mediated Gene Therapy for CLN2

Prior to the discussion of the use of AAVrh.10 sero-
type for treatment of MLD, we briefly outline our
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experience with AAV gene therapy treatment of another
CNS disorder, LINCL, to highlight the lessons learned in
selection of AAV serotypes for long-term efficacy and
safety. Our group has had a longstanding program in the
development of gene therapy for LINCL (CLN2 disease),
a lysosomal storage disorder caused by mutations in the
CLN2 gene and the resulting deficiency of tripeptidyl
peptidase I (TPP-I). In studies with AAV serotype 2- or
5-mediated transfer of the CLN2 cDNA (1.2 3 109

genome copies [gc] intraparenchymally) to the CNS of 6-
week-old CLN22/2 mice, we demonstrated expression
of the gene product TPP-I and clearance of CNS storage
granules, but there was no improvement in the disease
phenotypes or survival (Passini et al., 2006). This was fol-
lowed by studies in wild-type rats, in which AAV sero-
types 2, 5, 8, rh.10, each with an identical CLN2
expression cassette, were compared (2.5 3 109 gc/sero-
type/rat, left striatum; Sondhi et al., 2007). AAVrh.10
provided the highest TPP-I level and maximal spread
beyond the site of injection (Sondhi et al., 2007). The
AAVrh.10-based vector functioned equally well in naive
rats and in rats previously immunized against human sero-
types of AAV (Sondhi et al., 2007). Next, we demon-
strated that administration of AAVrh.10hCLN2 (1.6 3
1011 gc) bilaterally in four locations per hemisphere of the
CNS of CLN22/2 mice (7 weeks old, mildly sympto-
matic) led to widespread TPP-I activity greater than 1-log
levels compared with that seen in wild-type mice (Sondhi
et al., 2007). Importantly, the AAVrh.10hCLN2-treated
CLN22/2 mice had significant reduction in CNS storage
granules and demonstrated improvement in gait, nest-
making abilities, seizures, balance beam function, and grip
strength as well as having a survival advantage (Sondhi
et al., 2007). Based on the success of these initial studies,
we assessed the hypothesis that early administration of
AAVrh.10hCLN2 would impact therapeutic outcome.
To test this, AAVrh.10hCLN2 vector was administered
to the CNS of CLN22/2 mice at 2 days (1.1 3 1011 gc
at three sites per hemisphere) or at 3 or 7 weeks of age
(1.6 3 1011 gc, divided equally among four locations in
each hemisphere; Sondhi et al., 2008). Although all treat-
ment groups showed a significant increase (>1-log) in
total TPP-I activity over wild-type mice, mice treated as
neonates had higher levels of TPP-I activity throughout
the brain, even at 1 year after administration. Using
behavioral markers, the 2-day-treated mice demonstrated
a marked improvement over mice treated at 3 or 7 weeks
or over the untreated mice. Finally, neonatal administra-
tion of AAVrh.10hCLN2 was associated with a large
improvement in survival, with a median time of death of
376 days, whereas it was 277 days for 3-week-old treated
mice, 168 days for 7-week-old treated mice, and 121 days
for untreated mice (3.1-fold, 2.3-fold, and 1.4-fold,
respectively, greater survival than the untreated CLN22/2

mice; Sondhi et al., 2008). The conclusion from this study
is that early detection and treatment are essential for maxi-
mal benefits of gene therapy which likely i also applicable
to other lysosomal storage diseases such as MLD.

We next evaluated the safety of direct CNS admin-
istration of AAVrh.10hCLN2 for a potential clinical study
for the treatment of CLN2 disease (Sondhi et al., 2012).
Rats and NHPs administered doses that were scalable to
humans and delivered to clinically relevant sites had an
acceptable safety profile in addition to mediating an
acceptable level of CLN2 expression in the CNS. A dose
of 1011 gc was administered bilaterally to the striatum of
rats with sacrifice at 7 (to assess acute effects) and 90 (to
assess longer-term effects) days. There were no significant
adverse effects except for mild vector-related histopatho-
logical changes at the site of vector administration. Next,
AAVrh.10hCLN2 was administered to the CNS of eight
NHPs (African green monkeys, total dose of 1.8 3 1012

gc). Postvector administration, these animals did not differ
from controls in any safety parameter except for mild to
moderate white matter edema and inflammation localized
to the administration sites of the vector. There were no
clinical sequelae (in-life assessment of general safety
parameters, complete blood count, serum chemistries, and
detailed behavioral testing) to these localized histopatho-
logic findings. TPP-I activity was >2 standard deviations
over normal background levels in >30% of the brain of
these monkeys at 90 days postvector administration
(Sondhi et al., 2012). Together these findings establish the
dose and safety profile for human clinical studies for the
treatment of LINCL with AAVrh.10hCLN2 and lay the
groundwork for a clinical study (NCT01414985,
NCT01161576; ClinicalTrials.gov) that is currently
ongoing and also for the use of this AAV serotype for
treatment of other such diseases, such as MLD.

AAVrh.10-Mediated Gene Therapy for MLD

Based on the successful use of AAVrh.10-mediated
gene transfer for the treatment of the mouse model of
LINCL, studies were carried out to evaluate the impact of
AAVrh.10 vector expressing the ARSA gene (AAVrh.10-
hARSA) in the MLD mouse model in direct comparison
with the AAV5 vector (Piguet et al., 2012). In the Piguet
et al. study, both AAV serotype vectors were administered
to MLD mice at 2.3 3 109 vg via an intraparenchymal
route to the right striatum. The primary findings were
that 1) AAVrh.10 transduced more neurons both at sites
proximal to administration site and distal brain loci than
AAV5, 2) AAVrh.10 expressing GFP (a nonsecreted pro-
tein) was used as a control to demonstrate that the
secreted ARSA mediates significant retro- and antero-
grade transport of ARSA protein expression beyond the
GFP-labeled cells, 3) there were AAVrh.10-mediated
greater ARSA levels and broader spread of vector and
ARSA activity in the brain than with AAV5, and 4)
AAVrh.10hARSA mediated correction of sulfatide accu-
mulation in oligodendrocytes, even at a very advanced
stage of disease. These results strongly supported the use
of AAVrh.10hARSA vector for CNS gene therapy in
rapidly progressing early-onset forms of MLD.

As a next step toward clinical translation, an NHP
study was carried out focused on establishing the best
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method of vector delivery to obtain the maximal distribu-
tion of transgene product. We compared the vector
administration protocol for the LINCL clinical study
(Worgall et al., 2008; Souweidane et al., 2010) with four
alternate protocols focusing on maximal ARSA distribu-
tion evaluated by morphological and molecular methods,
including 1) delivery to deep gray matter with overlaying
white matter deposits, 2) deep gray matter with
convection-enhanced delivery, 3) intraventricular deliv-
ery, and 4) intra-arterial delivery with mannitol-mediated
opening of the blood–brain barrier (Rosenberg et al.,
2014). In each mode of delivery, a total dose of 1.5 3
1012 gc of AAVrh.10hARSA-FLAG (the vector was
tagged with the FLAG epitope to aid in detection of
vector-derived human ARSA against the wild-type mon-
key ARSA background) was delivered. After 13 weeks,
the distribution of ARSA activity was assessed in the
NHPs by measuring the levels of functional ARSA activ-
ity in the CNS by subsectioning the brain into 1-cm3

cubes. ARSA activity in each of the three direct intrapar-
enchymal administration routes (white matter and gray
matter) was significantly higher than in controls that
received PBS, but administration by the intraventricular
and intra-arterial routes failed to demonstrate measurable
levels above control. These enzymatic assay results were
corroborated by immunohistochemical analysis. Among
the five routes studied, administration to the white matter
alone generated the broadest distribution of ARSA across
the CNS, with 80% of the brain displaying more than a
therapeutic (10%) increase in ARSA activity above that of
PBS controls. We did not observe any significant toxicity
with any delivery route (in-life assessment of general
safety parameters, complete blood count, serum chemis-
tries, and detailed behavioral testing), other than inflam-
matory changes that were seen by histopathology at or
close to sites of administration. From these findings we
concluded that AAVrh.10-mediated delivery of ARSA,
delivered in the same fashion as AAVrh.10hCLN2, is safe,
yields wide distribution of ARSA, and is a suitable route
of vector delivery.

Two toxicology studies were carried out in NHPs
to assess the safety of direct administration of AAVrh.10-
hARSA into the CNS. The results of the first study have
been published and are summarized below, and a second
study was recently completed, with data being analyzed
for a final report and publication. In the first study, NHPs
received either 1.1 3 1011 gc/hemisphere (unilateral or
bilateral injection) or a 5-fold higher dose (5.5 3 1011 gc/
hemisphere, bilateral injection; Zerah et al., 2015). NHPs
were subjected to various in-life assessments, including
MRI brain imaging, and were sacrificed at 7 or 90 days
after administration to assess acute and longer-term
effects. No evidence of toxicity was observed in any clini-
cal or biological parameters. In addition, no treatment-
related adverse findings were seen in any of the organs
assessed. In NHPs that received the 5-fold higher dose,
MRI T2 hypersignals suggested a region of edema that
correlated with histopathological findings observed in the
brain 90 days after administration. This finding was mini-

mal or completely absent in the MRI scans of the lower-
dose cohort. After administration of the lower dose,
AAVrh.10hARSA was detected in a large part of the
injected hemisphere and ARSA activity exceeded the
normal endogenous activity level by 14–31%. From these
data, we conclude that the human dose equivalent to the
lower dose (1.1 3 1011 gc/hemisphere) will likely be safe
when tested in the human setting. We recently completed
another toxicology study in NHPs, which assessed two
additional doses of AAVrh.10hARSA (2.85 3 1010 and
1.5 3 1012 gc/brain), bracketing the lower dose tested in
our study described above, and included two controls
(PBS and an AAVrh.10Null vector, which has an expres-
sion cassette with a nontranslatable sequence, to act as a
control for the vector). The results of this study are being
analyzed, but the preliminary data are consistent with the
prior study.

LESSONS LEARNED AND PATH FORWARD

Among the gene transfer viral vectors, AAVs have a
promising clinical track record with regard to both safety
and efficacy. There is a growing list of neurological disor-
ders currently being treated with AAV vectors in clinical
trials, including Canavan disease, late-infantile neuronal
ceroid lipofuscinosis, MPS IIIA, Alzheimer’s disease, and
Parkinson’s disease (Janson et al., 2002; Tuszynski and
Blesch, 2004; McPhee et al., 2006; Kaplitt et al., 2007;
Worgall et al., 2008; Mandel, 2010; Souweidane et al.,
2010; Kells et al., 2012; Tardieu et al., 2014). Our data
and those of others has shown that CNS-targeted AAV
gene therapy vectors have become a promising modality
for treating leukodystrophies. The strategy to deliver the
therapeutic gene directly to the CNS offers a permanent,
lifelong correction of the mutated/missing enzymes. In
contrast to ERT, gene therapy applied directly to the
CNS is not limited by the blood–brain barrier or by the
need for repeated lifelong treatment because of the half-
life of the therapeutic protein. It does not have the risk of
myeloablative chemotherapy or graft rejection as with
BMT and ex vivo HSC transplantation.

With this rationale, a phase 1/2, open-labeled,
monocentric clinical trial (NCT01801709; ClinicalTrials.
gov) has begun in France to assess the safety and efficacy
of AAVrh.10hARSA for treatment of early-onset forms
of MLD by gene therapy (Aubourg, 2016). Similar to our
current clinical trial for CLN2 disease (LINCL), the MLD
trial in France is using direct CNS administration of
AAVrh.10hARSA at 12 sites, through six image-guided
tracks with two deposits per track, into the white matter
of both brain hemispheres. A low dose (1 3 1012 gc) was
administered to the first two patients, whereas the last
three received a 4-fold higher dose (4 3 1012 gc). Safety
and efficacy are being evaluated based on clinical, neuro-
psychological, radiological, electrophysiological, and bio-
logical parameters. We are also planning a submission of
an investigational new drug application for initiating test-
ing of this therapy for MLD in the United States.
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As we have outlined in this Review, the findings
from the CLN2 and MLD studies have direct applications
for other LDs, including globoid cell leukodystrophy
(GCL, Krabbe’s disease). Similarly to MLD, HSCT has
been shown to be efficacious in Krabbe’s disease but only
in patients with later onset of disease or in presympto-
matic infants (Krivit et al., 1999b; Helman et al., 2015).
Similarly, in studies of UCBT in infants with infantile
Krabbe’s disease, there is a marked difference in survival
rates and neurologic outcomes when UCBT is performed
in younger asymptomatic children/infants (Escolar, 2005).
Rafi et al. (2005) have demonstrated that Krabbe’s disease
can be successfully treated in animal models by AAV-
mediated gene therapy. As shown in their earlier studies,
administration of AAV1 serotype encoding the mouse
GALC gene (AAV1-mGALC, 3 3 1010 viral particles,
intracerebroventricularly and intraparenchymally) in neo-
natal “twitcher” mice (a naturally occurring mouse GCL
defect) resulted in dramatic improvements in neurological
condition of the affected mice and led to an increase in
GALC activity across the CNS. In a more recent study,
based on the success of AAVrh.10 for the treatment of
CNS-related manifestations of various neurodegenerative
diseases, Rafi et al. (2012) treated 2-day-old neonatal
twitcher mice with the AAVrh.10 serotype encoding the
mouse GALC gene (AAVrh.10-mGALC, 7.6 3 109 viral
particles) via three separate and combined routes, intrace-
rebroventricular, intravenous, and intraparenchymal
routes. They found that survival was maximized when
the AAV vectors were administered in a combination of
all three routes. The use of AAVrh.10 and other AAV
serotypes for the treatment of Krabbe’s disease may pave
the way forward for new clinical trials and successful
long-term treatment modalities for patients afflicted with
this LD or other LDs. Toxicology studies have already
demonstrated that direct administration of AAVrh.10 into
the CNS is safe and efficacious, and clinical trials are
ongoing for other indications, which should allow a faster
translation of AAVrh.10 gene therapy for Krabbe’s disease
to clinical use.
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Cellular Transplant Therapies for Globoid
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Globoid cell leukodystrophy (GLD) is a progressive neuro-
degenerative disorder caused by the deficiency of galac-
tocerebrosidase (GALC), resulting in accumulation of
toxic metabolites in neural tissues. Clinically variable
based on age of onset, infantile GLD is generally a rapidly
fatal syndrome of progressive neurologic and cognitive
decline, whereas later-onset GLD has a more indolent,
protracted clinical course. Animal models, particularly the
twitcher mouse, have allowed investigation of both the
pathophysiology of and the potential treatment modalities
for GLD. Cellular therapy for GLD, notably hematopoietic
cell transplantation (HCT; transplantation of bone marrow,
peripheral blood stem cells, or umbilical cord blood cells)
from a normal related or unrelated allogeneic donor pro-
vides a self-renewing source of GALC in donor-derived
cells. The only currently available treatment option in
human GLD, allogeneic HCT, can slow the progression of
the disease and improve survival, especially when per-
formed in presymptomatic infants. Because persistent
neurologic dysfunction still occurs after HCT in GLD, pre-
clinical studies are evaluating combinations of HCT with
other treatment modalities. VC 2016 Wiley Periodicals, Inc.

Key words: globoid cell leukodystrophy; Krabbe’s dis-
ease; galactocerebrosidase; GALC; hematopoietic cell
transplantation

Globoid cell leukodystrophy (GLD), an autosomal
recessive condition also known as Krabbe’s disease in its
infantile form, results from a deficiency of galactocerebro-
sidase (GALC). This enzyme, which is essential for the
normal myelination process, catalyzes the hydrolysis of
galactosylceramide and other sphingolipids such as psy-
chosine (Wenger et al., 2000). In the absence of GALC,
central and peripheral demyelination occurs because of
the accumulation of psychosine and other toxic metabo-
lites, leading to the death of oligodendrocytes and
Schwann cells required for maintenance of myelin
sheaths. The globoid cells for which the disease is named
are reactive macrophages with periodic acid-Schiff (PAS)-

positive inclusions that are composed of degraded myelin
products. The biochemical diagnosis of GLD is made by
demonstrating deficient GALC activity (typically 0–5% of
normal). Asymptomatic individuals are sometimes diag-
nosed prenatally via chorionic villus sampling (Wenger
et al., 2000) or shortly after birth when testing is
prompted because of family history.

Clinically, GLD has variable presentations and can
be broadly divided into early- and late-onset types. The
early-onset type (Krabbe’s disease) typically presents in
early infancy and is characterized by rapid neurologic
deterioration, including seizures, spasticity, cognitive
decline, and death. The late-onset type has a more insidi-
ous onset, can manifest from age 6 months to adulthood,
and may or may not affect cognition. With the exception
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of the G270D mutation, which is associated with a more
protracted clinical course and juvenile or adult onset, nei-
ther specific changes in the GALC gene nor residual
GALC levels are correlated with disease severity or prog-
nosis (Wenger et al., 2000). Because the late-onset type
tends to have a much more variable clinical course, lack
of prognostic markers in this group can further complicate
treatment decisions.

The treatment of human GLD has been largely lim-
ited to supportive care and symptom management. Allo-
geneic hematopoietic cell transplantation (HCT;
transplantation of bone marrow, peripheral blood stem
cells, or placental/umbilical cord blood cells) from healthy
donors has been used since the late 1960s to treat patients
with leukemia, blood disorders, and cellular immunodefi-
ciencies. By providing a self-renewing cellular source of
the deficient enzyme, HCT is a potential therapy for
GLD. This Review addresses preclinical and clinical
results of HCT for GLD and considers combined-
modality treatment strategies to augment the beneficial
effects of HCT.

RATIONALE FOR HCT

The concept of enzymatic replacement by HCT as a
potentially curative approach to various leukodystrophies,
including GLD, has been in development since the early
1980s, initially in studies of bone marrow transplantation
(BMT) from healthy related or unrelated allogeneic
human leukocyte antigen (HLA)-compatible donors.
After HCT, donor-derived cells replace not only hemato-
poietic and immune cells such as erythrocytes, granulo-
cytes, platelets, and lymphocytes but also the entire
reticuloendothelial system, including pulmonary alveolar
macrophages, osteoclasts, Kupffer and Ito cells in the
liver, cutaneous Langerhans cells, and mononuclear cells
(microglia) in the CNS (Yeager, 1988). The spleen is the
first organ outside of the bone marrow to demonstrate
these donor-derived cells, followed by other sites such as
lung, kidney, liver, and CNS (Wu et al., 2000). Repopu-
lation of mononuclear cells in the CNS with enzymati-
cally normal donor-derived cells is crucial to the
treatment of Krabbe’s disease by HCT (Yeager, 1990;
Yeager et al., 1991). It has been conclusively shown in
murine HCT models that donor-derived enzyme and/or
hematopoietic cells can be found in the CNS (Hooger-
brugge et al., 1988b; Yeager et al., 1991; Wu et al., 2000;
Galbiati et al., 2009), and this finding has been confirmed
in postmortem studies of human recipients of gender-
mismatched allogeneic HCT (Unger et al., 1993). How-
ever, repopulation of CNS mononuclear cells is a gradual
process that occurs over several months after HCT. The
progressive demyelination in the CNS that occurs before
complete posttransplant replacement by enzymatically
normal donor-derived cells may be one of the most sub-
stantial challenges for improving clinical outcomes of
HCT for human GLD.

ANIMAL MODELS OF GLD

Animal models for the study of human GLD have existed
since the 1960s and include canine, primate, and murine
models. In 1963, the Cairn terrier was the first animal
model of GLD to be described; in 1970, it was confirmed
that affected canines had deficiency of GALC, thus con-
firming this model as a biochemical as well as a neuro-
pathological correlate for human GLD (Suzuki et al.,
1970). Other canine breeds with GALC deficiency have
since been identified (Wenger, 2000). As reviewed by
Wenger (2000), GLD was identified in rhesus monkeys in
1989; just as with humans, affected monkeys had the
characteristic globoid PAS-positive macrophages in the
CNS. Use of primate and canine models to evaluate treat-
ments for GLD has been limited by the relatively small
numbers of animals available for study, bioethical consid-
erations, and challenges and costs of maintaining breeding
colonies (Duffner et al., 2009).

The twitcher mouse, first discovered at The Jackson
Laboratory in 1976 and described in 1980 (Duchen et al.,
1980; Kobayashi et al., 1980; Suzuki and Suzuki, 1983), is
perhaps the best animal model of human GLD to date.
Homozygous twitcher mice (twi/twi) are indistinguishable
from heterozygous carriers (1/twi) or homozygous wild-
type (WT;1/1) littermates at birth and for approxi-
mately the first 3 weeks of life. The first neurologic signs
begin about postnatal day 20 and include tremor (hence
the term twitcher, especially involving head and trunk),
limb incoordination, and decreased activity; diminished
weight gain compared with normal mice can be seen a
few days before neurologic symptoms (Duchen et al.,
1980; Suzuki and Suzuki, 1983). Feeding difficulty is
noted early in the course of disease because of cranial
nerve involvement (Suzuki and Suzuki, 1983). These
progressive deficits lead to paralysis and wasting, and the
average life span of a twitcher mouse is approximately 45
days; in contrast, the median life span of a normal mouse
is 600–700 days. Autopsy studies reveal white matter
changes, with demyelination in brainstem, spinal cord,
and peripheral nerves and with appearance of abnormal
multinucleated PAS-positive globoid cells, which are
macrophages that contain products of myelin degradation
(Duchen et al., 1980). Kobayashi et al. (1980) confirmed
that the manifestations noted in twitcher mice, as in
human GLD, were due to deficiency of GALC. One
important difference in the clinical manifestations experi-
enced by twitcher mice and humans is that the peripheral
nervous system is much more involved in the former
(Duchen et al., 1980; Kobayashi et al., 1980).

CELLULAR TRANSPLANTATION IN ANIMAL
MODELS OF GLD

The availability of a robust murine model of GLD has
made comprehensive preclinical studies of HCT possible.
Yeager et al. (1984) first reported the beneficial effects of
HCT in the twitcher mouse. Twitcher mice (in which
GALC deficiency was confirmed by assays of tail-tip tis-
sue in presymptomatic mice) underwent congenic HCT

Cellular Therapy for GLD 1181

Journal of Neuroscience Research



by intraperitoneal injection of bone marrow and spleen
cells from healthy mice with normal GALC activity after
a preparative regimen of 9 Gy (900 rad) total body irradi-
ation (TBI). Complete donor hematopoiesis occurred
approximately 6–7 weeks after transplantation. The mean
life span was 80 days (range 56–108 days) in twitcher
mice that underwent HCT compared with 40 days (range
28–47 days) in untreated twitcher mice (P< 0.001).
Treated twitcher mice in this study demonstrated patchy
areas of remyelination 30–50 days after transplantation
and extensive remyelination by day 80. Behaviors such as
gait and foraging were qualitatively improved in trans-
planted twitcher mice, whereas truncal tremor (a manifes-
tation of CNS involvement) was unchanged (Yeager
et al., 1984). Likewise, there were no improvements in
other CNS signs and symptoms, and globoid cells contin-
ued to increase in number after transplantation. Trans-
planted twitcher mice nevertheless died with progressive
CNS neurodegeneration (Yeager et al., 1984).

Since that time, these findings have been corrobo-
rated by other laboratories, although occasionally with
differences in certain measures of disease that might reflect
differences in BMT conditioning regimens (discussed in
further detail below) or study design. Hoogerbrugge et al.
(1988a) also performed myeloablative BMT with 9-Gy
TBI as a conditioning regimen and demonstrated a rise in
GALC activity in the CNS of 15% of that observed in
normal controls. These investigators also showed a
median survival of almost 100 days in transplanted
twitcher mice when animals that had died early from
post-BMT complications were excluded from analysis.
Toyoshima et al. (1986) studied nerve conduction in
transplanted twitcher mice and found that, in addition to
the pathologic improvement in myelination as seen by
Yeager et al. (1984), there was also a clinical improve-
ment in motor nerve conduction velocity (MCV). Tibial-
nerve MCV was measured throughout the life span of
transplanted and control twitcher mice as well as control
healthy mice. A decrease in MCV was noted as early as
day 15, before overt motor symptoms, in twitcher mice
and progressed throughout the life span of affected mice.
After HCT, MCV in twitcher mice was slower than in
normal controls but, in contrast to nontransplanted
twitcher mice, did not worsen over time. Although trans-
planted twitcher mice had truncal tremor, they did not
develop hindlimb paralysis and remained active. Slowed
weight gain, which has been observed by other research-
ers, was noted in this study as well; life span was not
reported (Toyoshima et al., 1986).

Relative lack of improvement in the CNS despite
(albeit incomplete) improvement in pathologic and clini-
cal markers of disease in the peripheral nervous system in
twitcher mice treated with BMT was initially attributed
largely to the impermeability of the blood–brain barrier
to donor-derived GALC after HCT. This was examined
further in several investigations (Ichioka et al., 1987;
Hoogerbrugge et al., 1988a; Yeager et al., 1988). GALC
activity and psychosine levels were measured in the brains
and other tissues of both transplanted and untransplanted

twitcher mice. Psychosine levels in the brains and sciatic
nerves of untreated twitcher mice were up to 70- and 40-
fold higher, respectively, than psychosine levels of control
mice. GALC activity in the brains of transplanted twitcher
mice reached normal levels by 90 days post-HCT
(Ichioka et al., 1987). Similarly, levels of GALC in hema-
topoietic sites (bone marrow and spleen) were similar to
those of controls, although levels were lower in other
organs, including brain, liver, heart, lung, and kidney
(Hoogerbrugge et al., 1988a). Importantly, a definite rise
in GALC levels in the CNS continued posttransplant,
even in the absence of treatments to disrupt or modify the
blood–brain barrier. Brain psychosine levels remained sig-
nificantly lower in transplanted twitcher mice compared
with control twitcher mice, and these levels were rela-
tively stable until day 90 (at which point a slight increase
was noted). However, psychosine levels in the brains of
twitcher mice remained higher than psychosine levels of
normal mice throughout the posttransplant period. The
observation of significant GALC activity and decreased
psychosine levels in the CNS of transplanted twitcher
mice provided evidence of enzyme replacement by
donor-derived cells. These studies also indicated that sim-
ple impermeability of the blood–brain barrier to either
donor-derived cells or peripherally produced enzyme is
not the primary factor limiting the use of HCT for treat-
ment of murine GLD because GALC levels increased and
levels of toxic metabolites levels decreased posttransplant.
In contrast, the relatively prolonged period without nor-
mal levels of GALC during the prenatal, neonatal, trans-
plant, and engraftment processes along with other as yet
unidentified factors may allow for irreversible and pro-
gressive neurologic damage. Hoogerbrugge et al. (1988b)
demonstrated that, over time after transplant, the number
of pathognomonic globoid cells decreased and the num-
ber of foamy macrophages increased in the CNS, most
notably in areas most affected by the disease (including
cerebellum and spinal cord). The foamy macrophages did
not have galactosylceramide inclusions, indicating the
presence of GALC and metabolism of this substrate.
Moreover, immunohistochemical studies demonstrated
that those macrophages were of donor origin. Alterations
in levels of globoid cells and donor-derived macrophages
in the CNS were not appreciated until at least 100 days
after transplant (Hoogerbrugge et al., 1988b), and, as
noted earlier, this delay in GALC replacement is highly
relevant to the clinical application of HCT for GLD,
especially the early-onset infantile form.

Deficiency of sphingolipid activator protein-A
(SAP-A) in mice is a model of late-onset GLD, with
affected animals exhibiting a clinical course similar to that
of the human disorder (Yagi et al., 2005). Although SAP-
A is essential for proper GALC activity, some residual
enzymatic activity is still present in SAP-A-deficient
mice, which may account for the protracted clinical
course compared with the fulminant neurodegeneration
in twitcher mice, in which levels of SAP-A are normal
(Shigematsu et al., 1990). After performing HCT, Yagi
et al. (2005) were able to demonstrate donor-derived cells
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in the peripheral and central nervous systems as early as
postnatal day 90 (approximately 82–83 days posttrans-
plant). Compared with untransplanted affected mice,
transplanted SAP-A-deficient mice had decreased psycho-
sine levels, increased life span, and improvement in CNS
pathology. The different posttransplant clinical courses in
these two instructive murine models have clinical impli-
cations for cellular therapies of human infantile-onset vs.
late-onset GLD.

CELLULAR TRANSPLANTATION IN THE
TWITCHER MOUSE: EFFECTS OF

CONDITIONING REGIMEN

Although there is guarded enthusiasm for the use of HCT
as a potential treatment option for GLD, there have been
longstanding concerns about potential toxic effects of the
pretransplant conditioning regimens, especially in young
infants. An appropriate conditioning regimen is crucial to
a successful transplant because it allows for ablation of the
host bone marrow and, thus, subsequent engraftment of
donor-derived cells. An inadequate preparative regimen
may lead to rejection or incomplete engraftment of allo-
geneic donor hematopoietic cells. Once again, the
twitcher preclinical model allows evaluation of various
effects of conditioning regimens.

The earliest studies of HCT for murine GLD used
TBI, which is both myeloablative and immunosuppres-
sive, as the conditioning regimen. Since then, chemother-
apy with busulfan (BU), an alkylating agent that is
myeloablative but not immunosuppressive, has also been
proved effective. In a proof-of-concept experiment,
Yeager et al. (1991) used high-dose BU (100 mg/kg) as a
conditioning regimen and showed that treated twitcher
mice lived longer, had improved gait, and did not develop
hindlimb paralysis. At 100 days post-HCT, sciatic nerves
had decreased edema with only rare globoid cells, and
levels of GALC were increased in the liver, spleen, and
central and peripheral nervous systems. The effects of pre-
transplant conditioning with graded doses of BU on sur-
vival, clinical manifestations, and enzymatic replacement
in neural and other tissues were compared with outcomes
of HCT after TBI (9 Gy; Yeager et al., 1993). Survival in
twitcher mice that had undergone HCT after a low dose
of BU (10 mg/kg) was similar to that of untreated
twitcher mice because that preparative regimen was inad-
equate for engraftment of donor cells. Survival was pro-
longed, and gait, foraging, and grooming behaviors were
all improved in twitcher mice that received HCT after
higher doses of BU (35–50 mg/kg). Donor chimerism
(the percentage of lymphohematopoietic cells derived
from donor stem cells) was negligible in mice treated with
10 mg/kg BU but improved to approximately 88% by 90
days post-HCT in mice that received 35–50 mg/kg BU.
In those treated with TBI, donor-derived cells were ini-
tially higher (days 30–60) in the peripheral blood and
spleen and lower in the bone marrow compared with
mice conditioned with optimal doses of BU, but these
differences were no longer noted at day 90. Increased

GALC activity was observed after HCT with both BU
and TBI conditioning regimens, even with relatively
modest doses of BU. These findings showed that pretrans-
plant conditioning with BU led to sustained donor
engraftment, biochemical improvement, and prolonged
survival in murine GLD. Importantly, donor-derived
GALC was detected in the CNS after either BU or TBI.
A caveat of these studies is that the HCT was from con-
genic (same strain, same H-2 type, and same minor histo-
compatibility antigens) donors, a transplant system that
requires myeloablation but does not require immunosup-
pression. In clinical transplantation, in which the donors
are allogeneic (HLA-compatible, but likely mismatched at
minor histocompatibility antigens), immunosuppression is
an essential component of the preparative regimen to pre-
vent graft rejection (host-vs.-graft reaction) and facilitate
engraftment.

Although successful conditioning regimens have
been described, concern remains that these regimens
themselves may be neurotoxic and thus responsible for
some of the neurologic changes noted in transplanted
mice. Galbiati et al. (2007) examined the proliferation,
migration, and differentiation of neural cells in twitcher
mice that had undergone BMT after TBI and found that
the irradiated mice had smaller brains, increased markers
of neuroinflammation, and decreased neural precursor
cells. Reddy et al. (2012) studied pretransplant condition-
ing with TBI in 3- or 4-day-old twitcher and WT mice
at day 3 or 4 and quantitatively evaluated tremor post-
HCT. Although transplanted twitcher mice had more
tremor (measured by peak power and frequency of peak
power) and decreased movements than WT HCT recipi-
ents, WT mice that had undergone HCT after TBI con-
ditioning also were noted to have decreased movement
posttransplant compared with untransplanted age-
matched WT mice. The possible detrimental effect of
TBI even in normal healthy mice undergoing HCT high-
lights concern for neurotoxicity of conditioning regimens
that may have an impact in clinical HCT as well.

CELLULAR TRANSPLANTATION
IN HUMAN GLD

To date, over 500 patients have received HCTs for lyso-
somal and peroxisomal metabolic disorders; among these
are a number with GLD, including both late- and early-
onset forms (Krivit, 2004). Currently, only allogeneic
HCTs have been explored, with both bone marrow and
umbilical cord blood (UCB) as the source of donor
hematopoietic cells. The use of UCB may be particularly
attractive for HCT in human GLD; the extensive, readily
available source of transplantable cells in cord-blood banks
worldwide potentially decreases the time required to
identify a suitable allogeneic donor and to proceed
promptly with HCT (Kurtzberg, 2009). It is important to
consider that, without respect to the source of donor cells,
allogeneic HCT carries with it substantial risks of morbid-
ity and mortality (Wingard et al., 2011). Pretransplant
conditioning regimens can have both immediate and
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long-term sequelae, including risks of growth retardation
and secondary malignancies as well as possible neurotoxic-
ity (as indicated in the preclinical studies described above;
Duffner et al., 2009; Majhail et al., 2011). Graft-vs.-host
disease (GVHD), which can be acute or chronic, occurs
when donor-derived immune cells attack healthy recipi-
ent cells, tissues, and organs. Even with HLA-matched
related or unrelated HCT, GVHD can occur and can
range in severity from relatively self-limited to fatal
(Pidala, 2011). Infectious complications are common both
during the neutropenia in the immediate posttransplant
course and in the weeks to months after as a consequence
of the immunosuppressive effects of treatments for acute
or chronic GVHD. Although TBI has been used exten-
sively in murine models of HCT, as described earlier, this
modality has many early and late associated complications;
thus, preparative regimens that use moderate- to high-
dose chemotherapy are often preferred in clinical HCT,
especially for young patients (Gyurkocza and Sandmaier,
2014).

The first human allogeneic BMTs for GLD were
reported by Krivit et al. (1998). In this series of five
patients, four had late-onset GLD; from disease biology,
these individuals would be expected to have a milder
phenotype and a more protracted course compared with
the infantile-onset form of the disease. The age at HCT
ranged from 2 months to 11 years. Four patients received
BMTs from HLA-matched siblings, and one received an
unrelated HLA-antigen D-related mismatched UCB
transplant. All received a myeloablative conditioning regi-
men of BU and cyclophosphamide, with addition of TBI
for the UCB transplant. Cyclosporine was used posttrans-
plant for prevention of acute GVHD. Technical aspects of
the transplant were well tolerated; neutrophil engraftment
was prompt, and, when observed, acute GVHD was stage
II (moderate) or less. All patients had improvement in or
stabilization of neurophysiologic and/or neurocognitive
parameters, albeit not all to the same clinical extent. This
study demonstrated both the feasibility of HCT as a treat-
ment for human GLD and substantial clinical improve-
ment post-HCT, especially in those with late-onset GLD
who were either asymptomatic or only mildly sympto-
matic at the time of HCT. Kurtzberg et al. (2002)
reported similar findings for a group of six infants trans-
planted in the neonatal period with UCB (five patients)
or bone marrow (one patient). All had been diagnosed
with GLD early on the basis of having a sibling who had
the disease. All recipients had successful engraftment and
complete donor chimerism; at a median followup of 2.5
years posttransplant, all patients had longer survival com-
pared with that of their previously affected siblings.
Improvement in clinical parameters such as neurocogni-
tive functioning was noted as well as improvement in
myelination and nerve conduction velocities (Kurtzberg
et al., 2002). Posttransplant nerve conduction studies to
assess improvement in the functional status of the periph-
eral nervous system have also shown largely positive find-
ings, with the caveat that, as previously observed in
murine GLD transplant models, those who received

HCTs earlier postdiagnosis had better outcomes than
those transplanted later (Siddiqi et al., 2006). Further-
more, although early clinical improvement may occur, it
is not always sustained.

A long-term review of 16 asymptomatic infants
with GLD who underwent UCB transplants at Duke
University Medical Centers described improvements in
neurologic and cognitive functions but persistent and sig-
nificant motor dysfunctions in the 14 evaluable patients
(two patients died in the immediate posttransplant period;
Escolar et al., 2005). Another multicenter report of HCT
in six asymptomatic children with GLD indicated neuro-
developmental delay in the five evaluable patients (one
patient died in the immediate posttransplant period; Duff-
ner et al., 2009). In both groups, patients had very low
heights and weights for age; it is not known whether this
growth retardation is related to the underlying GLD, to
the pretransplant conditioning regimen, or to other fac-
tors (Escolar et al., 2005; Duffner et al., 2009).

Outcomes of HCT in symptomatic patients with
infantile GLD are not as encouraging as are those in
asymptomatic patients with the infantile form or in
patients with late-onset GLD. Escolar et al. (2005) per-
formed unrelated UCB transplants in 11 asymptomatic
newborns and 14 symptomatic infants with GLD. The
asymptomatic individuals were diagnosed prenatally or at
birth on the basis of an affected sibling; the symptomatic
individuals ranged in age from 4 to 9 months. The condi-
tioning regimen included BU and cyclophosphamide as
well as antithymocyte globulin to reduce the risks of
GVHD, and cyclosporine was used for GVHD prophy-
laxis. Sustained and complete donor chimerism was
observed in 16 of the 17 surviving patients. Two of the
seventeen patients developed severe GVHD, which was
fatal in one of those patients. This study underscored the
findings that asymptomatic newborns with GLD but not
symptomatic infants have a significant survival advantage
when treated with HCT. In addition to survival advant-
age, the asymptomatic cohort did not develop seizures;
improvement in gross motor function was observed in
many of these patients, although nerve condition veloc-
ities improved in a minority. In contrast, neurologic out-
comes for the symptomatic group were poor, with
evidence of disease progression by MRI evaluation in
most of these patients from 3 months to 5 years after
HCT, development or worsening of seizure activity, and
lack of improvement in neurodevelopmental status. A
report of related HLA-matched allogeneic HCT in a 4-
month-old infant with symptomatic GLD showed simi-
larly poor results; despite adequate engraftment and
improvement in GALC levels, the patient died of pro-
gressive neurodegeneration 180 days after transplant
(Caniglia et al., 2002). Altogether, this clinical experience
supports the use of related or unrelated HCT in asymp-
tomatic patients with GLD because both life span and
quality of life are improved with treatment. However,
these benefits are much less likely after HCT in patients
already showing neurological manifestations of infantile
GLD.
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In utero cellular transplantation of fetal liver cells
and hematopoietic cells has been evaluated in a number
of hematologic, immunologic, and metabolic disorders
for which antenatal diagnosis is feasible (Touraine et al.,
1992; Flake and Zanjani, 1997). Prenatal cellular therapy
is especially appealing in GLD because this method
would, in theory, decrease the time for which neurologic
tissue is subject to toxic metabolites and, because the fetus
is in an immune-tolerant state, would eliminate the
requirement for a potentially toxic conditioning regimen.
The earliest report of in utero cellular transplantation for
GLD demonstrated successful engraftment of haploidenti-
cal paternal bone marrow (Bambach et al., 1997). The
fetus was diagnosed with GLD at 10 weeks of gestation
and received an intraperitoneal injection of 5 3 109

CD341 cells/kg at approximately 13 weeks of gestation.
Although normal fetal heart tones and growth patterns
were documented through 18 weeks of gestation, fetal
death occurred at 20 weeks of gestation. Postmortem
evaluation showed that the liver (the primary hematopoi-
etic organ at this gestational age) was largely of donor ori-
gin, confirming donor cell engraftment. In this case, fetal
death might have resulted from leukostasis and dysregu-
lated hematopoiesis following the exceptionally large dose
of donor hematopoietic cells (about 3 log greater than
that given in conventional allogeneic HCT; Bambach
et al., 1997). This group performed a second in utero
HCT at approximately 13 weeks of gestation using hap-
loidentical paternal bone marrow and an intraperitoneal
cell dose of 4.2 3 108 CD341 cells/kg. This infant was
born at 37 weeks and appeared normal; however, blood
samples showed only 2% donor cells and undetectable
GALC activity, indicating failure of engraftment. At age 6
months, this infant underwent successful unrelated alloge-
neic HCT, which led to sustained donor cell engraftment
(Blakemore et al., 1999). To the best of our knowledge,
in utero transplantation has not yet been successful in
human GLD.

Decreasing transplant-related morbidity and mortal-
ity is of great concern if HCT is to be a viable treatment
option for GLD. In a retrospective review of HCT for
lysosomal storage diseases, transplant-related mortality was
about 10% in recipients of HLA-matched grafts from sib-
lings and was 20–25% in recipients of HLA-mismatched
grafts; approximately 24% of patients had acute GVHD
(Hoogerbrugge et al., 1995). Thus, improvements in both
conditioning regimen-related toxicities and the preven-
tion and treatment of GVHD are crucial. Reduced-
intensity preparative regimens have recently gained favor
for a variety of HCT indications and have been used suc-
cessfully in late-onset GLD (Lim et al., 2008). Depletion
of donor T cells to prevent GVHD has been explored in
a variety of metabolic conditions. In nine children who
underwent HCT with T-cell-depleted grafts for meta-
bolic disorders (including three with GLD), none devel-
oped GVHD, and all had successful engraftment (Corti
et al., 2005). All three patients with GLD had complete
donor chimerism at day 100 posttransplant and were alive
at day 1,022 to day 1,659 posttransplant (Corti et al.,

2005). However, lymphocyte depletion of allogeneic
HCTs delays posttransplant immune recovery and
increases the risks of infectious complications.

PRECLINICAL EXPLORATION OF FUTURE
TREATMENTS: CELLULAR TRANSPLANT
COMBINED WITH OTHER TREATMENT

MODALITIES

Despite the improvements observed in preclinical models
and clinical settings, HCT is clearly far from curative in
GLD. One major obstacle (discussed above) is the amount
of time required for donor-derived cells to repopulate the
mononuclear cells in the CNS and provide a source of
GALC, given that GLD is quite rapidly progressive. Pre-
vious studies of both gene therapy and enzyme replace-
ment therapies in murine models have demonstrated
benefit (Weinberg, 2005; Neri et al., 2011; Lattanzi et al.,
2014). Investigations that combine these techniques with
HCT are ongoing (Weinberg, 2005; Reddy et al., 2011;
Ricca et al., 2015), and several have been evaluated in the
preclinical setting. In theory, direct enzyme replacement
therapy (ERT) into the CNS would rapidly increase
GALC activity while patients await migration of donor-
derived cells and repopulation of CNS mononuclear cells
to provide a self-renewing source of GALC. Qin et al.
(2012) treated twitcher mice with both intrathecal and
bilateral intracerebroventricular ERT injections on days 2
and 3 of life, followed by TBI and BMT 1 day later. As
expected, ERT dramatically increased GALC activity to
supraphysiologic levels in treated mice, but the effect was
transient; several weeks later, GALC levels were similar in
treated and untreated twitcher groups. Psychosine levels,
however, remained lower in treated mice and were lower
in the group that received both ERT and BMT than in
the ERT-alone group. Moreover, the recipients of both
ERT and BMT had decreased markers of neuroinflam-
mation, increased life span, and improvement in neurobe-
havioral function. Mice that underwent both ERT and
BMT had decreases in some neurophysiologic and neuro-
behavioral measures of peripheral nervous system and cer-
ebellar function (e.g., the wire hang test), possibly as a
consequence of neurotoxicity of the TBI conditioning
regimen (Qin et al., 2012).

Several preclinical studies have evaluated the combi-
nation of HCT and GALC gene transfer (Lin et al., 2007;
Galbiati et al., 2009; Reddy et al. 2011; Rafi et al., 2015).
Using a nonmyeloablative preparative regimen (4-Gy
TBI), BMT, and six intracerebral injections of the
GALC-expressing AAV2/5 vector, Lin et al. (2007)
showed significantly increased life spans of treated
twitcher mice (average 104 6 7 days, range 38–151 days).
Mice that received both BMT and AAV2/5-GALC treat-
ment had greater body weight at 35 days of age and
improved behavioral measures at 40 days of age and
beyond compared with untreated twitcher mice or
twitcher mice treated with either modality alone. Com-
bining infusion of bone marrow cells without a prepara-
tive regimen along with an intravenous injection of a
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GALC-lentiviral vector into neonatal twitcher mice, Gal-
biati and colleagues (2009) demonstrated that recipients of
combination treatment lived longer (maximum 126 days)
than those given either treatment modality alone.
Although mice that had been given both marrow infusion
and GALC-lentiviral vector injection had more myelina-
tion and improved neurologic symptoms initially, they
too died with progressive neurodegeneration. Similarly,
Reddy et al. (2011) reported increased efficacy of BMT
in murine GLD when combined with CNS-directed
gene therapy with a viral vector (AAV) to the forebrain,
cerebellum, and spinal cord. The investigators postulated
that the potential synergy of these two treatment modal-
ities might be related to decreased CNS inflammation
provided by BMT. Donor-derived mononuclear cells
were first noted in the CNS just over 30 days posttrans-
plant, substantially earlier than observed in other studies
with HCT only. Nevertheless, levels of psychosine
decreased only in recipients of both AAV and BMT.
Ricca et al. (2015) observed improved outcomes with a
combination of BMT and either intracerebral gene ther-
apy or transplantation of GALC-overexpressing neural
stem cells. In this study, twitcher mice that received com-
bination therapy had significantly prolonged life spans and
improved neurologic functions, including less twitching
and improved gait.

Recently, Rafi et al. (2015) investigated combined
BMT (at postnatal day 9 or 10) with a single intravenous
injection of AAVrh-10-GALC vector 1 day later and
demonstrated remarkable results. Sixteen animals were
included in the combined treatment arm, and 10 were still
living at the time of analysis, including one mouse over
340 days old. Importantly, these twitcher mice did not
exhibit abnormal behaviors after receiving combined
treatment. Two mice that died, one at postnatal day 218
and the other at postnatal day 334, did not demonstrate
neurologic deterioration or weight loss prior to death.
One mouse that died at 178 days had increasing tremors
before death. Moreover, GALC levels in the CNS of
combination-treated mice were comparable to those
found in WT mice; sciatic nerves had above-normal levels
of GALC activity. These researchers postulated that syn-
ergy between the two treatment modalities contributed to
these impressive results; BMT may have decreased some
of the inflammatory mediators that contribute to disease
progression, and gene therapy given at day 10 supplied
critical enzyme activity. Moreover, AAVrh-10-GALC
provided enzymatic activity to the peripheral nervous sys-
tem as well, an important consideration in clinical thera-
peutics for human Krabbe’s disease. However, although
these results are strikingly positive compared with previous
work, challenges remain; characteristic PAS-positive mac-
rophages were still seen in some tissues, suggesting that the
strategy is not curative.

With the understanding that GLD is a complex dis-
ease and that its hallmark neurodegeneration is likely multi-
factorial and influenced by GALC deficiency, dysregulation
of inflammation, and other factors, Hawkins-Salsbury et al.
(2015) attempted a “triple therapy” approach in the

twitcher mouse model, combining AAV2/5-GALC and
BMT (as evaluated by Galbiati et al., 2009) with substrate
reduction by thrice-weekly subcutaneous injections of L-
cycloserine, which decreases psychosine production.
Recipients of this triple treatment had a median life span of
298 days, with the oldest mouse living to 454 days, arguably
the longest twitcher mouse life span reported to date. Addi-
tionally, GALC activity in the brains of treated mice was
greater than that in the brains of WT mice, and psychosine
levels in the brains of treated mice were not statistically dif-
ferent from those in normal mouse brains. Weight gain was
still less than in WT mice; likewise, performance on certain
motor tests (rotarod and inverted wire hang tests), although
much improved from that of untreated twitcher mice and
even late into the life span of treated twitcher mice, was
worse than in WT mice. Moreover, pathologic changes in
peripheral nerves were still noted after triple therapy.

Although combined therapies for GLD have not yet
been tested in the human setting, these encouraging pre-
clinical investigations suggest both safety and increased
efficacy of such approaches and justify additional studies
to evaluate clinical utility.

SUMMARY

GLD remains a fatal progressive neurodegenerative disor-
der without ideal, definitive treatment options. Although
HCT is able to ameliorate some of the clinical sequelae,
this approach is not curative and is associated with
procedure-related morbidity and mortality. However, for
select individuals with GLD, especially asymptomatic
infants and those with later-onset GLD, HCT is the only
currently available approach to ameliorate the clinical
manifestations and the course of the disorder. From the
observation that the best outcomes of HCT occur in
asymptomatic infants, early identification of affected indi-
viduals may be considered. Several states have neonatal
screening programs for GLD; however, one may debate
the utility of screening for GLD and other rare diseases
for which current treatment options are limited and not
curative (Lantos, 2011). Ongoing preclinical work to
examine combining cellular transplant techniques with
other therapies may help to improve the current outlook
for this otherwise devastating disease.
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Krabbe’s disease (KD) is a severe neurodegenerative dis-
order affecting white matter in the brain and peripheral
nerves. Transplantation of hematopoietic stem cells
(HSCT), although not curative, has been shown to extend
survival and alleviate neurodevelopmental symptoms
when treatment precedes the onset of symptoms. Exist-
ing evidence, although not tested statistically, seems
clearly to show that postsymptomatic transplantation
does not improve neurodevelopmental outcomes. The
impact of postsymptomatic HSCT treatment on survival,
however, is an open question. This study uses a KD regis-
try to examine the effect of HSCT on survival of sympto-
matic KD patients. Sixteen transplanted patients were
matched by age of onset to 68 nontransplanted patients.
The potential confounding effect of age of onset was,
therefore, avoided. To quantify the effect of HSCT over
time, we used Cox regression analysis, and we observed
a sustained and nearly 2.2-fold risk of death from KD in
patients who were not transplanted relative to those who
were transplanted (one-tailed P 5 0.0365; 95% lower
bound 5 1.07). The improvement of survival resulting from
HSCT did not appear to depend on the age of symptom
onset. Thus, these results establish a long-term, quantita-
tive benefit of HSCT even in patients who are already
experiencing symptoms. They also provide a benchmark
for improved survival that can be used for potential new
treatments for KD. VC 2016 Wiley Periodicals, Inc.

Key words: newborn screening; leukodystrophies; neu-
rodegenerative diseases; early diagnosis

Krabbe’s disease (KD), also known as globoid cell leu-
kodystrophy (OM IM No. 245200), is a rare but devastat-
ing illness that causes degeneration of white matter in the
brain and also in peripheral nerves (Hagberg et al., 1963;
Wenger and Luzi, 2014.). It is caused in autosomal reces-
sive fashion by deficiency of the enzyme galactocerebrosi-
dase (GALC; Suzuki and Suzuki, 1970; Suzuki, 1984).
KD is characterized pathologically by widespread demye-

lination, dysmyelination, and inflammation (Suzuki and
Suzuki, 1970; Wenger and Luzi, 2014). In the most fre-
quent early-onset variant of the disease, infants are
afflicted before 6 months of life with irritability, fisting of
the hands, and progressive and often marked spasticity.
These infants eventually develop seizures, visual loss, and
significant medical problems that result in death by about
2 years of age (Hagberg et al., 1963; Duffner et al., 2011;
Wenger and Luzi, 2014).

However, KD is clinically pleomorphic. In addition
to this early-infantile form (EIKD), some infants develop
progressive symptoms between 6 and 12 months of age
and are therefore considered to have late-infantile KD
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(LIKD; Lyon et al., 1991; Duffner et al., 2012). Later-
onset KD (LOKD) comprises a heterogeneous group of
clinical syndromes that can manifest in later childhood,
adolescence, or even adulthood. The symptoms of
LOKD include spastic paraparesis, optic atrophy, ataxia,
and cognitive decline (Lyon et al., 1991; Bajaj et al.,
2002). Although the progression of LOKD certainly is
more indolent than EIKD or LIKD, KD is, in every
instance, considered to be a progressive degenerative dis-
order variably affecting the white matter of the brain, the
spinal cord, and the peripheral nerves (Suzuki and Suzuki,
1970; Suzuki,1984; Wenger and Luzi, 2014). Several spe-
cific mutations of the GALC gene have been reported for
KD; however, with the exception of a single homozygous
deletion that is associated with EIKD (Wenger et al.,
1997), genotype/phenotype correlations are not well
established in the various clinical forms of this disorder
(Rafi et al., 1995; Wenger et al., 2014).

Transplantation of hematopoietic stem cells (HSCT)
has been used for several leukodystrophies. HSCT is pre-
sumably effective because cells from the graft enter the
CNS and produce deficient enzymes (Krivit et al., 1998;
Shapiro et al., 2000; Martin et al., 2006). Allogenic trans-
plantation of cells from banked cord blood has been estab-
lished as a therapy for those conditions that respond to
HSCT (Escolar et al., 2005; Martin et al., 2006). Treat-
ment of infants who are predicted to develop EIKD or
who have later-onset symptoms has been achieved by use
of HSCT (Krivit et al., 1998; Escolar et al., 2005). Avail-
ability of a partially effective treatment resulted in the
inception of newborn screening (NBS) for KD in New
York State in 2006 (Duffner et al., 2009a,b; Orsini et al.,
2009). However, in the ensuing 10 years, screening has
become established in only two additional states, Missouri
and Kentucky. The U.S. Department of Health and
Human Services Secretary’s Advisory Committee on
Heritable Disorders indeed declined to recommend KD
for NBS, citing concerns about accuracy of the diagnostic
algorithm, phenotypic definition of the condition, and
benefits vs. the potential harms of treatment (Kemper
et al., 2010). The current diagnostic algorithm, in fact, is
not specific and, thus, has many false positives (Duffner
et al., 2009b; Orsini et al., 2009; Jalal et al., 2012; Tur-
geon et al., 2015). Therefore, it cannot be used for clini-
cal decision making, and many of the infants who
eventually manifest as Krabbe’s patients are not trans-
planted prior to symptom onset. There is seemingly com-
pelling evidence (although not statistically confirmed) that
HSCT treatment of presymptomatic patients does not
improve neurodevelopmental outcomes. Evidence for or
against a survival benefit, however, is inconclusive (Esco-
lar et al., 2005). Thus, although additional treatments that
at least improve the quality of life are required, they also
must exceed a survival benchmark that is determined by
survival outcome for HSCT. Additional study of survival
outcome in symptomatic patients treated with HSCT is
required. HSCT has significant morbidity and mortality,
and, although it improved survival and development in
presymptomatic children, improvement was not statisti-

cally significant in children transplanted after onset of
symptoms compared with patients who were not trans-
planted (Escolar et al., 2005; Musolino et al., 2014). The
latter result, however, was based on a small sample, with
presumably low power and without controlling for age at
onset of symptoms. Thus, new information about the
effect of postsymptomatic transplant therapy may arise
from further study with a larger sample or a different sta-
tistical approach that allows one to control for covariates.
The current investigation reassesses the efficacy of HSCT
in symptomatic KD patients with increased power com-
pared with previous studies. Because KD is rare, we have
established a database, the World-Wide Registry for
Krabbe’s Disease (WWR), to facilitate research on this
condition (Duffner et al., 2009a, 2011, 2012). The cur-
rent study presents results of a population-based analysis
of the long-term benefits of HSCT. We focus on children
from our data registry who were transplanted after the
onset of symptoms.

MATERIALS AND METHODS

Identification of Research Subjects

The WWR contains detailed phenotypic information
with respect to 180 infants affected by KD. (Duffner et al.,
2009a, 2011). From this database, we were able to identify
patients who received therapeutic transplantation after the onset
of symptoms. These symptoms consisted mainly of irritability
or slight motor signs, such as fisting of the hands (Duffner et al.,
2011). We also identified controls, who were matched to the
transplanted subjects. Controls were matched to subjects by age
of symptom onset, with multiple matches allowed. The oppor-
tunity to control precisely for age of onset of symptoms elimi-
nates its potential confounding effect, which exists because
survival time varies with age at onset (Duffner et al., 2009a; Jalal
et al., 2012), as may the likelihood of a KD patient being
transplanted.

The total sample consisted specifically of 16 transplanted
cases, among whom seven were either EIKD or LIKD and nine
were LOKD cases having adolescent or adult onset. The 68
controls who were not transplanted consisted of 55 EIKD/
LIKD cases and 13 LOKD cases. Thus, the total population
studied comprised 84 symptomatic KD patients.

As part of our broad effort to follow symptomatic KD
patients, a parent or caretaker of each subject in the current
investigation was reached for a telephone interview that was
conducted after the subject had been identified as a participant
in this study. These interviews provided updated information
distinct from that reported previously (Escolar et al., 2005).
Institutional review board approval is in place for this protocol.

Statistical Analysis

The current investigation focused exclusively on duration
of survival after transplant. The preliminary analysis of a survival
indicator variable (alive/dead) defined at the time of final fol-
lowup was performed by v2 analysis. Then, to discern better
the effect of transplant on survival time while accounting for
censoring and controlling for age at onset of symptoms, a Cox
proportional hazards regression analysis was performed with the
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PHREG procedure in SAS (Cary, NC) software. The “age at
transplant” for each control patient was defined as the age at
which each patient’s match was transplanted. A one-tailed test
of the effect of treatment was performed because the alterna-
tives that treatment has no effect or a negative effect would
both lead to the same recommendation not to treat. A post hoc
illustration of the effect of treatment was obtained by employ-
ing Breslow’s estimators of survival functions and direct adjust-
ment for age at onset of symptoms (SAS Institute, Inc., 2008;
Harrell et al., 1984). Most patients in our registry have the
early-infantile phenotype (Duffner et al., 2011). Thus, the
results of the primary analysis of our total sample are dominated
by EIKD patients. The relatively small number of late-infantile
cases or later-onset cases in the study population, however,
allows for an exploratory look at the question, “Is the effect of
transplant dependent on age at onset phenotype?” A second
Cox regression analysis with an age at onset by transplant inter-
action term added to the primary Cox model was performed to
address this question.

RESULTS

We first examined whether a beneficial effect of HSCT
on survival (yes/no) at the time of last followup could be
discerned in this population from our registry. The earlier
research that had established the efficacy of transplantation
indicated that the benefits of this treatment, although
clearly apparent in asymptomatic patients, were, with
regard to survival, not significant in symptomatic patients
(Escolar et al., 2005). In the study population from the
WWR that focused specifically on survival odds, we
found that 59% or 70% of the control group were no lon-
ger living at the time of last followup. In contrast, among
the 16 (31%) transplanted patients, only five were
deceased. This difference was statistically significant (P 5
0.004; see Table I). Consequently, 25 of the controls’ and
11 of the transplanted patients’ survival times were cen-
sored. The date of the final followup interview became

the censoring date for subsequent, more refined propor-
tional hazards regression analyses.

We next performed a formal analysis of hazard ratios
using the Cox proportional hazards regression model. For
this analysis, the null hypothesis to be tested was that
transplantation had no effect or a detrimental effect on
survival. The alternative hypothesis was that transplanta-
tion improved survival. Table II and Figure 1 show results
of the Cox regression analysis. The null hypothesis was
rejected (P 5 0.0365). Transplanted patients had a nearly
2.2-fold increase in their chance of surviving beyond each
time since transplant (Table II), with a 95% lower confi-
dence bound of 1.07. The difference in survival curves is
illustrated in Figure 1 (note that Fig. 1 shows the effect of
treatment in terms of direct adjusted Breslow survival
curve estimates; the plots should not be expected to have
step-down drops at event times as do Kaplan-Meier esti-
mates, and readers should not be concerned by the fact
that they do not).

Although most patients in our registry have the
early-infantile phenotype (Duffner et al., 2011), the regis-
try also contains information about a relatively small num-
ber of late-infantile and later-onset cases (Duffner et al.,
2012). Hence, we next turned to examining whether the
therapeutic effect of transplantation is influenced by age at
onset of KD symptoms. In this analysis, the null hypothe-
sis is that the benefit, if any, of transplantation does not
depend on the age at which symptoms first appear.

The results of our test of the interaction between
the age of onset and the transplant variable on survival
after transplantation showed insufficient evidence to reject
the null hypothesis (P 5 0.71). Therefore, there is not
sufficient evidence to conclude that the enhancement of
survival probability resulting from transplantation depends
on the age which symptoms first become manifest. Thus,
this issue must be addressed in a future study with a larger
sample.

DISCUSSION

KD is an extremely rare disease, with an estimated inci-
dence in the United States of 1:250,000 (Barczykowski
et al., 2012). Consequently, utilization of a data registry
such as the WWR supports research that would be diffi-
cult to conduct from the experience of any single center
or single care giver (Duffner et al., 2009a,b, 2011, 2012;
Barczykowski et al., 2012; Jalal et al., 2012). The current
study took advantage of the capacity to identify specific

TABLE I. Preliminary v2 Analysis

Transplant

Yes No Total

Died 5 54 59

Censored 11 14 25

Total 16 68 84

P 5 0.0004

TABLE II. Cox Proportional Hazard Analysis: Analysis of Maximum Likelihood Estimates

Name of effect* Estimated effect Standard error of estimate v2 Test of significance Pr > v2 Hazard ratio

Transplant 0.77891 0.43443 3.2146 0.0365 2.179

Months symptoms appear† –0.02860 0.01056 7.3315 0.0068 0.972

*Effect of transplantation measures the effect on survival in transplant vs. matched nontransplant patients; it is the estimate of a parameter in the Cox

proportional hazard model from which the hazard ratio relative risk is calculated.
†Effect of “months symptoms appear” measures the effect of a 1-month difference in age at onset of symptoms between two patients who are similar

in other respects; its estimate, in turn, estimates the parameter in the Cox model that is related to the effect of age at onset on survival; the hazard ratio

for the effect of age at onset is calculated from this estimate.
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patients who had undergone HSCT and compared each
of them with matched control patients who were not
transplanted but whose symptoms emerged at the same
age.

Our approach, therefore, differs from and improves
upon the earlier investigation of outcomes of sympto-
matic KD patients (Escolar et al., 2005). The current
study uses a statistical modeling approach (i.e., Cox pro-
portional hazards modeling) that allows us to control for
potential confounding effects. Age at onset of symptoms,
in particular, is likely to have a confounding/biasing
influence on the assessment of treatment effects if not
controlled. Survival time is known to vary with age at
onset of symptoms (Duffner et al., 2009a; Jalal et al.,
2012), and age at onset may also have been associated
with the decision to transplant or not to transplant. Fur-
thermore, controlling for significant covariates increases
the precision with which we measure treatment effects
and, therefore, increases the power of our significance
test. The previous study (Escolar et al., 2005) used
Kaplan-Meier log-rank analysis to determine survival
probability and, thus, did not control for the potential
biasing influence of age at onset of symptoms. The
authors found no statistically significant benefit of HSCT
treatment of postsymptomatic patients. In contrast, when
we used Cox regression analysis, a statistically significant
effect was found (P 5 0.0365), with a long-term and a
nearly 2.2-fold enhancement of survival probability in
patients who were transplanted after symptoms compared
with matched controls. This result, allowed by an
improved statistical approach, represents the primary find-
ing of the current investigation.

Hence, these data not only provide the first statisti-
cally significant evidence of a benefit of transplantation on
survival of symptomatic cases but also yield an impressive,
quantitative, and previously undescribed measure of the
magnitude of this benefit (i.e., a 2.2-fold risk of death at

any time for untransplanted compared with transplanted
patients). This quantified measure of benefit of the only
existing treatment for KD provides a benchmark for
future treatments to achieve.

Our results also support the conclusion that patients
afflicted by the later-onset variants of KD benefit from
transplantation, even if they are symptomatic. However,
in this case, the small numbers of patients having these
later phenotypes do not allow a definite conclusion. It
must be acknowledged that great caution is required in a
statistical analysis applied to a small number of research
subjects that fails to reject the null hypothesis. It is best to
consider the results regarding later-onset variants of KD as
a suggestion from the data that must await recruitment of
more later-onset patients for confirmation.

In contrast, the hazard ratio demonstrated by the
Cox regression analysis allowed a rejection of the null
hypothesis and, therefore, a firm conclusion. In addition,
it should be noted that establishing this enhancement of
survival probability in patients who were symptomatic at
the time of treatment eliminates the potential bias that
would result from treatment of children who would not
have developed KD symptoms.

Concern about the potential biasing effect of treat-
ing children who would otherwise remain free of symp-
toms is not only relevant to statistical analysis but also to
the ethics of treating asymptomatic children after new-
born screening. The experience of the New York State
Krabbe’s Consortium has indeed confirmed that there are
children who fulfill the current criteria for transplantation
for KD but do not subsequently suffer from the disease.
This fact was discovered when some parents of children
who met the criteria for treatment declined treatment and
their children remained free of symptoms at subsequent
followup (Wasserstein et al., 2016). These children would
have been subjected unnecessarily to the potential mor-
bidity and mortality of HSCT had they been transplanted.

In addition, it must be emphasized that there is
compelling evidence that afflicted children improve sub-
stantially if treated presymptomatically, although the evi-
dence for a benefit from postsymptomatic treatment
compared with no treatment is inconclusive (Escolar
et al., 2005; Musolino et al., 2014). The latter question is
still open. WWR data presented here provide conclusive
statistical evidence for a survival benefit in symptomatic
children. This analysis in no way refutes and, indeed, is
not pertinent to the current standard of care, identifica-
tion and treatment of presymptomatic children. We
strongly affirm this standard of care. In addition, because
our analysis is solely statistical, any change of clinical prac-
tice will require additional prospective study of a greater
number of cases.

Furthermore, we do not claim that our result should
dictate the controversial question of whether a postsymp-
tomatic patient should be transplanted or not. It does,
however, provide important additional information to be
considered by those who must make this difficult deci-
sion. It is important that the scientific literature provide as
much relevant information as possible for consideration.

Fig. 1. Survival curves for transplanted patients and matched controls
who were not transplanted. The differences among the levels of these
curves at any given time measure the effect of transplantation at that
time.
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In addition, the finding of a hazard ratio establishing
a decreased risk of death of 45% (100/2.2) after transplan-
tation provides a benchmark for measuring the impact of
new KD therapies that may be emerging. In particular,
small-molecule chaperones that affect folding or localiza-
tion of residual GALC protein are under study for treating
KD-afflicted patients who have missense mutations of the
GALC gene, representing the majority of cases (Helman
et al., 2014; Wegner and Luzi, 2014). Hence, any new
therapies would, presumably, be required either to
improve on the survival ratio established by the current
results or maintain it while improving quality of life. The
use of hazard ratios determined by Cox regression analysis
to provide benchmarks for efficacy of treatment in
improving survival is, in fact, well established, with use in
treatment of illnesses as diverse as coronary artery disease
(Harrell et al., 1984), infections (Spruance et al., 2004),
and cancer (Warwick et al., 2004).

The current study does not examine quality-of-life
outcomes. Earlier studies have established that there is no
improvement in morbidity in patients transplanted after
the emergence of symptoms (Escolar et al., 2005; Muso-
lino et al., 2014), yet the very survival of these children,
despite their significant burden of disability, provided an
opportunity for a new quantitative analysis of the benefit
of transplantation on survival duration. For the first time,
the current results demonstrate a statistically significant
improvement of survival in these afflicted KD patients.
Additional development of new treatments or improve-
ments to the existing treatment is essential for significantly
enhancing quality of life of KD patients. Such studies
will, presumably, develop therapies (Helman et al., 2014;
Wegner and Luzi, 2014) to be compared with the bench-
marks for survival established in the current article and
with neurodevelopmental outcomes established by Esco-
lar et al. (2005).
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Globoid cell leukodystrophy (GLD), or Krabbe disease, is
a devastating demyelinating disease that affects both the
central and peripheral nervous systems. It is caused by
genetic deficiency in the activity of a lysosomal enzyme,
galactocerebrosidase (GALC), which is necessary for the
maintenance of myelin. Hematopoietic stem cell trans-
plantation (HSCT) including umbilical cord stem cell
transplantation is the only effective therapy available to
date. HSCT significantly prolongs the life span of patients
with GLD when performed before disease onset, although
it is not curative. In HSCT, infiltrating donor-derived mac-
rophages are thought to indirectly supply the enzyme
(called “cross-correction”) to the host’s myelinating cells.
Given the limitation in treating GLD, it is hypothesized
that remyelinating demyelinated axons with GALC-
competent myelinating cells by transplantation will result
in more stable myelination than endogenous myelin repair
supported by GALC cross-correction. Transplantation of
myelin-forming cells in a variety of animal models of dys-
myelinating and demyelinating disorders suggests that
this approach is promising in restoring saltatory conduc-
tion and protecting neurons by providing new healthy
myelin. However, GLD is one of the most challenging dis-
eases in terms of the aggressiveness of the disease and
widespread pathology. Experimental transplantation of
myelin-forming cells in the brain of a mouse model of
GLD has been only modestly effective to date. Thus, a
practical strategy for myelin repair in GLD would be to
combine the rapid and widespread cross-correction of
GALC by HSCT with the robust, stable myelination pro-
vided by transplanted GALC-producing myelin-
forming cells. This short review will discuss such possibil-
ities. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe disease; myelin repair; induced plu-
ripotent stem cells; transplantation

INTRODUCTION

Globoid cell leukodystrophy (GLD; also called Krabbe
disease) is a severe demyelinating disease first described by a
Danish physician, Knud Krabbe (Krabbe, 1916). GLD is
caused by a genetic deficiency in the activity of the lyso-
somal enzyme galactocerebrosidase (GALC) and primarily
affects children (Wenger et al., 2001). Patients with GLD
suffer from rapid, progressive neurological symptoms,
which typically begin within 2 months of age and result in
death before the age of 2 years, unless early treatment with
hematopoietic stem cell transplantation (HSCT) is carried
out. GALC is required in metabolizing galactocerebroside,
one of the major components of myelin produced by
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demyelinating disease in which most affected children succumb to

systemic, progressive neurological disabilities by 2 years of age.

Hematopoietic stem cell transplantation, which indirectly provides

the host’s myelinating cells with the missing enzyme, galactocerebro-

sidase, has serious limitations. This Mini-Review proposes potential
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effective.
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oligodendrocytes and Schwann cells in the central nervous
system (CNS) and peripheral nervous system (PNS), respec-
tively. Unlike other lysosomal storage diseases, galactocere-
broside, the substrate of GALC, does not accumulate in the
cell, but psychosine, a toxic metabolite, is generated and
appears to kill oligodendrocytes and Schwann cells, resulting
in extensive demyelination (called the psychosine hypothe-
sis; see Suzuki (1998) for review). The pathological hall-
mark of GLD is the accumulation of numerous balloon-
shaped, periodic acid–Schiff staining–positive macrophages
in the demyelinated lesions that are called “globoid cells.”

The fundamental goal of therapy for GLD is to estab-
lish sufficient levels of GALC activity in the myelinating
cells so that existing myelin can be maintained and axons
that have lost myelin sheath can be remyelinated. At pre-
sent, HSCT (Krivit et al., 1998) including umbilical cord
stem cell transplantation (Escolar et al., 2005) is the only
therapy available, although it only extends life span by sev-
eral years at best. In HSCT, GALC-deficient oligodendro-
cytes and Schwann cells indirectly obtain the enzyme
released from infiltrating donor-derived macrophages (called
“cross-correction”) (Scaravilli and Jacobs, 1982; Scaravilli
and Suzuki, 1983; Kondo et al., 2005). It is not known
why HSCT fails eventually, even if GALC activity appears
to be sufficient and psychosine levels are reduced in the
host CNS tissue (Ichioka et al., 1987; Hoogerbrugge et al.,
1988; Hawkins-Salsbury et al., 2015). In this sense, increas-
ing the dosage of exogenous GALC by means of gene ther-
apy may not be the best strategy. Indeed, transplantation of
HSCs that lentivirally overexpress the GALC gene had
only a modest improvement when compared with standard
HSCT, even if cell toxicity of GALC in HSC was clearly
avoided (Gentner et al., 2011). Thus, new, more lasting
therapies for GLD have long been sought.

Most clinical and experimental therapeutic strategies,
including HSCT, have aimed to provide the endogenous
myelinating cell with GALC from an exogenous source—
otherwise only to be supportive for the myelinating cells or
to reduce the tissue psychosine levels. Gene therapy in an ani-
mal model of GLD has been tested to introduce the GALC
gene to the myelinating cells, but the effects of such an
approach have been modest (Lin et al., 2005, 2011; Rafi
et al., 2005, 2012), probably because the efficiency of gene
transfer was suboptimal given the overwhelming number of
myelinating cells to be corrected. In this review, our hypoth-
esis is that oligodendrocytes and Schwann cells require native,
endogenous levels of GALC to maintain stable myelin in
GLD. We discuss the potential of myelin repair in vivo by
transplanting the cells that give rise to healthy myelin-forming
cells. We focus on the repair of CNS myelin, and the stem or
progenitor cells of the oligodendrocyte lineage that may be
transplanted to achieve this goal. In this review, “transplant”
will refer to the transplantation of myelin-forming cells—not
hematopoietic cells—unless otherwise noted.

ANIMAL MODELS OF GLD

Spontaneous mutations in the GALC gene have been
found in animals as well, such as the mouse (Duchen

et al., 1980; Sakai et al., 1996), sheep (Pritchard et al.,
1980), dogs (Fletcher et al., 1971; Victoria et al., 1996),
and Rhesus monkeys (Luzi et al., 1997; Wenger, 2000).
However, studies on GLD in vivo almost exclusively used
the murine model known as the twitcher (twi) mouse,
which produces no GALC because of a nonsense muta-
tion in the GALC gene (Kobayashi et al., 1980; Sakai
et al., 1996). The neurological symptoms, pathology, and
biochemistry of twi closely mimic those of human GLD.
The twi mouse develops a tremor around 20 days of age,
followed by progressive motor dysfunction, and does not
survive beyond 45 days (Kobayashi et al., 1980). More
than 60 disease-causing mutations in the GALC gene
have been identified for human GLD, some of which
maintain partial GALC activity and show milder clinical
phenotypes (Wenger et al., 2001). Therefore, it could be
beneficial, if various GALC mutants other than twi mouse
are available to study. An example of this is the generation
of a mouse with a known GLD-causing mutation using
new gene-editing technology (Matthes et al., 2015). This
technology can be used to generate a range of mutations
in which to study therapy of GLD.

CHOICE AND SOURCE OF CELLS FOR
TRANSPLANTATION

The cell type that will be used to transplant into GLD is a
critical issue. While other cells such as Schwann cells can
myelinate CNS axons, we believe that, in GLD, cells of
oligodendrocyte lineage are the best choice as a source of
myelin repair. Transplanting mature oligodendrocytes
may not be beneficial because they are not suited for
remyelinating a large area of demyelination upon trans-
plantation, because this postmitotic cell does not prolifer-
ate or migrate throughout the white matter. Therefore,
more immature cells of the lineage are the preferred
choice—that is, neural stem cells (NSCs) or oligodendro-
cyte progenitor cells (OPCs). Preoligodendrocytes, which
are characterized by the expression of a sulfatide antigen
(recognized by O4 monoclonal antibody), but not mature
oligodendrocytic markers such as galactocerebroside and
myelin basic protein, could also be used for transplanta-
tion, although they may be less proliferative or migratory
than OPCs and NSCs. No studies have compared NSCs
and OPCs head to head with regard to their effectiveness
in myelin repair—that is, the ability to migrate the white
matter tract as well as to proliferate and differentiate into
myelin-producing oligodendrocytes. Recently, however,
Marteyn et al. reported that transplanted human neural
precursor cells were more successful than human OPCs in
extending the life span of proteolipid protein-1–
overexpressing mice, a model of Pelizaeus–Merzbacher
disease (PMD) (Marteyn et al., 2016). NSCs appeared to
modulate the inflammatory milieu of the host mice, even
though OPCs initiated myelination earlier (Marteyn
et al., 2016). NSCs have been preferentially promoted as
the cell replacement therapy in animal models of myelin
disorders (Yandava et al., 1999; Mitome et al., 2001;
Giannakopoulou et al., 2011; Mozafari et al., 2015),
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though it cannot be assumed that NSCs are always more
suited for cell therapy. Perhaps some practical factors such
as ease of phenotypic characterization and cell preparation
might have contributed to their success. Indeed, engrafted
NSCs may differentiate into an unwanted phenotype—
that is, neurons or astrocytes. NSCs are less differentiated
than OPCs; thus, it may take more time for NSCs to dif-
ferentiate into oligodendrocytes. This may be a problem
in GLD because progression of disease is so fast that the
time required to generate functional myelin may be criti-
cal for successful therapeutic outcome. Like NSCs, OPCs
can also give rise to astrocytes (Raff et al., 1983; Ffrench-
Constant and Raff, 1986); however, OPCs are more des-
tined to become oligodendrocytes in a myelin-deficient
environment, and thus OPCs are optimal as the transplant
donor cells in GLD.

Recently, in light of transplant-based myelin repair
in actual patients, human NSCs (Uchida et al., 2012) and
OPCs (Windrem et al., 2008; Wang et al., 2013; Douva-
ras et al., 2014) have been transplanted in the brain of
shiverer (shi) mice crossed onto an immunodeficient
background and their potential for myelination in vivo
evaluated. Such stem or progenitor cells can be isolated
from mouse or human fetal brain (Windrem et al., 2008;
Uchida et al., 2012) or derived from mouse and human
embryonic stem cells (ESCs) (Brustle et al., 1999; Zhang
et al., 2001; Izrael et al., 2007) and, more recently,
induced pluripotent stem cells (iPSCs) (Wang et al., 2013;
Douvaras et al., 2014). It is possible that iPSCs will be
used more in the future than fetal tissue or ESCs because
of ethical issues. Autologous transplantation is attractive
when NSCs/OPCs are generated from the iPSCs derived
from individual patients. At present, however, it takes a
significant amount of time to establish iPSCs from a
patient’s fibroblasts or blood cells, further differentiate
them into NSCs or OPCs, and check their quality for dif-
ferentiation potential and tumorigenicity. Recent efforts
in banking iPSCs and their derived phenotypes obtained
from individuals with homozygous HLA are designed to
cover approximately 90% of the Japanese population
(Okita et al., 2011). This may enable quick preparation of
NSCs/OPCs for transplantation in GLD.

Direct generation of oligodendroglial cells from
fibroblasts by the forced expression of certain transcription
factors is a promising alternative route avoiding the gener-
ation of pluripotent cells and shortening the time to pro-
duce oligodendrocytes (Najm et al., 2013; Yang et al.,
2013).

TRANSPLANTATION OF MYELIN-FORMING
CELLS IN ANIMAL MODELS OF MYELIN

DISORDERS

Myelin repair by an exogenous cell source has been
extensively tested in a wide variety of animal models.
These models can be divided into two groups: models of
chemically induced demyelination and myelin mutants
(Zhang and Duncan, 2000; Duncan et al., 2011). In the
first group, local injection of lysolecithin or ethidium

bromide in the white matter in combination with prior
X-irradiation creates focal areas of persistent demyelin-
ation that can be targeted for cell-induced myelin repair
(Blakemore et al., 1977; Blakemore, 1982). Alternatively,
the ingestion of cuprizone, a myelinotoxic agent, depletes
oligodendrocytes and results in loss of myelin, primarily
in the corpus callosum of mice (Mason et al., 2004; Kipp
et al., 2009; Gudi et al., 2014). The second group utilizes
a variety of mutant animals in which myelin fails to devel-
op congenitally (dysmyelination) or myelin, once formed,
is lost (demyelination) (Zhang and Duncan, 2000; Dun-
can et al., 2011). The most extensively used mutant as
transplant recipients is the shi mouse, in which the entire
CNS is dysmyelinated because of a deletion in the myelin
basic protein gene (Roach et al., 1985). Although a corre-
sponding human disease has not been found, shi mice
have served as the most used recipient for testing the
myelination potential of donor cells. The CNS axons of
shi mice have never been myelinated and have less inflam-
matory milieu compared with the pathology found in
other models of demyelination (Kondo et al., 2005). It
should be noted that myelin repair in shi mice does not
necessarily predict the effectiveness of transplant-based
myelin repair in all myelin disorders. Thus, the treatment
of PMD is best served by transplantation of cells into a
model of this disease where there is a mutation in the plp1
gene (Duncan et al., 2011).

Transplantation of human NSCs has indeed been
carried out in a small clinical trial in PMD (Gupta et al.,
2012). This trial confirmed the safety of transplantation of
stem cells into the brain, though there was no report of
clinical improvement or evidence from magnetic reso-
nance imaging of myelination by the transplanted cells.
The human NSCs were tested in the shi mouse prior to
the clinical trial and not in a model of PMD, which may
not have been optimal.

EXPERIMENTAL MYELIN REPAIR IN THE
ANIMAL MODEL OF GLD

Among the genetic disorders of myelin, GLD is perhaps
one of the greatest challenges to myelin repair in terms of
the aggressiveness of the disease and widespread patholo-
gy. Transplant-based myelin repair for GLD has been test-
ed in twi mice. The first report of transplantation into twi
used an NSC line of either mouse (clone C17.2) or
human origin (HFB 2050) (Taylor et al., 2006). They
demonstrated the widespread integration of murine NSC-
derived cells in both gray and white matter of the brain
following neonatal transplantation and proposed that these
cells were responsible for myelin production. However,
the persistence of a considerable amount of endogenous
myelin in the twi brain, even at the time of death, makes
it difficult to determine the contribution of the trans-
planted cells. In this mouse model, the donor cells should
have a marker that is expressed not only in the cell body
of resultant oligodendrocytes but also in myelin, so that
the donor-derived myelin can be distinguished (Figure 1).
Perhaps GALC-producing oligodendrocytes exert their
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effects in two ways: 1) demyelinated axons are remyeli-
nated stably by healthy donor-derived oligodendrocytes;
and 2) GALC released from donor-derived oligodendro-
cytes to the nearby environment may protect GALC-
deficient oligodendrocytes and other endogenous cells
from psychosine toxicity. Overexpressing the GALC
gene in murine and human NSCs enhanced the extent of
engraftment and the tissue levels of GALC activity upon
their transplantation in the brain of twi mice (Neri et al.,
2011). Recently, ESC-derived mouse OPCs were trans-
planted into the brain of twi mice, but there was poor cell
survival and limited migration (Kuai et al., 2015). This
may indicate the importance of protocols by which plu-
ripotent stem cells are induced into OPCs. Identifying the
cell markers to be expressed by OPCs may not be suffi-
cient because their ability to migrate, proliferate, and
myelinate needs to be strictly monitored during their
development in vitro.

In summary, there are few publications on the trans-
plantation of myelinating cells into the CNS of twi mice.
It is important to note that the few studies published
resulted in no or modest effects in ameliorating the neu-
rological signs or extending the life span of recipient
mice, even though GALC activities in the tissue were ele-
vated (Pellegatta et al., 2006; Neri et al., 2011). Factors
that hamper the therapeutic effects of transplanted cells
are likely numerous and complex.

CHALLENGES IN MYELIN REPAIR FOR GLD

GALC is required when oligodendrocytes start recycling
galactocerebroside in the lysosome, though it is not neces-
sary for myelination itself. This means that GALC defi-
ciency affects white matter in the order of myelin
development in the CNS; that is, demyelination occurs
first in the spinal cord, then the brain stem, then the cere-
bellum, and finally the cerebrum (Taniike and Suzuki,
1994). Therefore, to slow disease progression, the spinal
cord and brain stem may need to be targeted first. Most
experimental approaches have aimed at the brain as the
target site for cell or gene therapy. For the reasons noted
above, methods to deliver the cells more globally to the
brain stem and spinal cord should be devised. Intraven-
tricular delivery will enable transplanted cells to travel
through cerebrospinal fluid and potentially myelinate
widespread areas of the CNS via transependymal incorpo-
ration. This delivery route was demonstrated as effective
in the brain of the myelin-deficient rat injected with
OPCs (Learish et al., 1999), although follow-up studies
have not been reported in other species. In this report,
donor-derived myelin was seen from the optic nerve
through the brain stem (Learish et al., 1999). Successful
brain migration in this case may have been possible as cells
were transplanted into the fetal brain. It is less likely that
transplanted stem/progenitor cells injected into the ven-
tricles will transmigrate into the CNS parenchyma. Local,
parenchymal injection using stereotaxis can specifically
target small areas of white matter to be repaired. However
limited migration distances will require multiple injection
sites for scaling up to the CNS of actual GLD patients,
which may increase the risk of hemorrhage and other
complications.

Lack of the GALC gene does not threaten the life
of endogenous OPCs, because OPCs or NSCs do not
produce or metabolize galactocerebroside. Therefore,
endogenous OPCs will persist in the white matter and
continue to give rise to GALC-defective oligodendro-
cytes, which may then compete with transplanted exoge-
nous OPCs. How much these endogenous cells hamper
myelin repair in the presence of exogenous cells is
unknown. However, if GALC is supplied to such GALC-
defective oligodendrocytes both by donor-derived infil-
trating macrophages and by engrafted oligodendrocytes
nearby, this contribution may result in significant myelin
repair (Kondo et al., 2005).

There are more challenging issues specific to GLD:
that is, 1) rapid disease progression, 2) widespread myelin

Fig. 1. Transplanted murine normal oligodendrocyte progenitor cells
(OPCs) integrated the subcortical white matter of twi mice and differ-
entiated into myelinating oligodendrocytes. OPCs derived from the
transgenic mouse that overexpresses enhanced green fluorescent
protein (EGFP) under the control of 20,30-cyclic nucleotide 30-
phosphodiesterase (CNP) promoter (CNP-EGFP) (Yuan et al., 2002)
were injected into the corpus callosum of twi mice (arrow) (A).
Oligodendrocyte/myelin-specific EGFP signal appeared in the corpus
callosum 4 weeks after transplantation, although the extent of myeli-
nation is modest (B). Higher magnification of the graft in (A) demon-
strates EGFP 1 oligodendrocytes (bright dots) and myelinated axons
(fibrous structure with weak EGFP signals). Cx, cerebral cortex; V,
lateral ventricle. [From Kondo Y, Duncan ID. 2009. Transplantation
of oligodendrocyte progenitor cells in animal models of leukodystro-
phies. In: Scolding NJ, Gordon D, eds. Neural Cell Transplantation:
Methods and Protocols. New York, NY: Humana Press:175–185. VC

2009 Springer. With permission of Springer.]
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breakdown, and 3) inflammation that requires consider-
ation in devising therapies.

1) Rapid Progression

In infantile GLD, the most common phenotype,
patients die within 2 years of age.

Therefore, myelin repair must occur as soon as pos-
sible upon transplantation. The fact that myelination by
human cells is a slow process (Miller et al., 2012) is a dis-
advantage. This is true even in a murine host environ-
ment, when transplanted human OPCs become
oligodendrocytes and myelinate the host axons (Windrem
et al., 2008, 2014). The prolonged time frame of human
myelination may limit the clinical target to more slowly
progressive, late-onset GLD, although this phenotype is
less common than infantile GLD.

2) Widespread Pathology

The global involvement of white matter in the CNS
and PNS in GLD is a challenge to repair myelin by trans-
planting cells. Disadvantages of transplanting OPCs in the
CNS are that it is difficult to establish them into the
parenchyma or the cerebrospinal fluid spaces (ventricles).
Such approaches may take months and years to complete
robust remyelination, especially for human oligodendro-
cytes. This is a major hurdle for cell transplantation–based
therapies in GLD.

3) Inflammation

In GLD, white matter is more inflammatory than any
other leukodystrophies, although acquired immunity could
be compromised in twi mice (Galbiati et al., 2007). The
demyelinated white matter in GLD is filled with macro-
phages and activated microglia that may kill transplanted
NSCs/OPCs immediately after transplantation. Interesting-
ly, if the OPCs survive and differentiate into myelinating
oligodendrocytes, inflammation appears to be diminished
at the transplant site (Figure 2) (Kondo and Duncan,
2009). However adjacent inflammatory cells may prevent
the donor cells from migrating away from the site of injec-
tion because they fill in perivascular spaces as well as white
matter tracts. Transplantation of NSCs into areas of trau-
matic brain injury also decreases macrophage/microglial
accumulation (Koutsoudaki et al., 2016).

Inflammation is not always harmful, however, and
the outcome will depend on the balance between pro-
and anti-inflammatory environment as influenced by the
M1 or M2 polarization of microglia and macrophages
(Miron et al., 2013). We have shown that inflammation
promotes remyelination in twi mice (Kondo et al., 2011).
It can promote oligodendrocyte differentiation and is crit-
ical to the clearance of myelin debris, which is essential
for remyelination to occur (Goldstein et al., 2016).

These challenges of transplant-based myelin repair
in GLD described above must be addressed. We suggest
that NSC/OPC transplantation combined with HSCT
may be the best therapy so far for GLD. HSCT extends
the host’s life span and could provide transplanted NSCs/

Fig. 2. Macrophages/microglia are less activated in the area engrafted
by normal oligodendrocytes in twi mice. (a) The hippocampal fimbria
of a 45-day-old twi mouse transplanted with CNP-EGFP1 OPCs. (b)
Adjacent white matter without engraftment (indicated by asterisk)
accumulates a number of macrophages/microglia intensely immunore-
active for CD45. (c) Merged image of (a) and (b) shows that fewer

CD45 1 cells are present in the areas of the graft. Scale bar, 50mm.
[From Duncan ID, Kondo Y, Zhang SC. 2011. The myelin mutants
as models to study myelin repair in the leukodystrophies. Neurothera-
peutics 8:607–624. VC 2011 Springer. With permission of Springer.]
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OPCs with time to proliferate, migrate, differentiate, and
myelinate axons. Enzyme replacement by donor-derived
macrophages may lessen microglial activation and infiltra-
tion of macrophages, which then may improve survival
and migration of transplanted OPCs (Pellegatta et al.,
2006).

Limited myelination by focal transplantation of
OPCs may still be a problem even if combined with
HSCT. Multiple injections of OPCs, especially into the
brain regions that are important for maintaining life (e.g.,
brain stem) may be required. In twi mice, HSCT supplies
GALC in the PNS as well, but the PNS still undergoes
slow but continuous demyelination (unpublished data).
Therefore, transplant-based myelin repair for the PNS
may be considered as well by systemically delivering
GALC-producing progenitors of Schwann cells, which
has not been tested so far to our knowledge.

CONCLUSION

The use of iPSC derivatives has brought us a hope in
treating disorders of the CNS (Okano and Yamanaka,
2014). Cell replacement therapies in diseases of neurons
such as Parkinson disease have been favored targets; how-
ever, replacing the lost neurons, whose axons travel
long distances in the nervous system and whose dendrites
connect with numerous nerve terminals, may not be a
realistic strategy at present. In contrast, replacing oligo-
dendrocytes may be more straightforward and feasible
than replacing neurons, as oligodendrocytes are only
required to myelinate adjacent axons. We propose that
replacing GALC-deficient oligodendrocytes may be the
ultimate remedy for GLD. Therefore, we suggest OPC
transplantation combined with preceding HSCT, which
will provide engrafted OPCs with a time window in
which to spread through the CNS and differentiate into
myelinating oligodendrocytes in a less inflammatory envi-
ronment with fewer activated microglia/macrophages
(Figure 2). Indeed, recent reports demonstrated that com-
bination treatments with bone marrow transplantation as
the pivotal intervention greatly improved the life span of
twi mice (Hawkins-Salsbury et al., 2015; Rafi et al., 2015;
Ricca et al., 2015). It will be especially beneficial to
include adeno-associated virus (AAV)-mediated CNS-
directed gene therapy because it can uniquely achieve
high levels of GALC activity (Reddy et al., 2011;
Hawkins-Salsbury et al., 2015), although AAV gene ther-
apy alone increases CNS inflammation (Reddy et al.,
2011; Hawkins-Salsbury et al., 2015). The metabolically
aberrant environment of GLD may prevent transplanted
OPCs from surviving because OPCs, which do not
express GALC at this stage, cannot digest its toxic sub-
strate psychosine, which has already accumulated in the
CNS. In such an environment, supplementary GALC by
AAV-mediated gene therapy as described above, or trans-
plantation of OPCs genetically engineered to overexpress
GALC, may help their survival.

The quality of donor OPCs is important for success-
ful myelin repair. While iPSC-derived OPCs appear to

be the most realistic future cell source, consensus for the
protocols of inducing myelination-competent OPCs is
required. We are optimistic about this issue because there
is a worldwide effort in developing such medical-grade
stem or progenitor cells.
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New Therapeutic Approaches for Krabbe
Disease: The Potential of Pharmacological
Chaperones
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Missense mutations in the lysosomal hydrolase b-
galactocerebrosidase (GALC) account for at least 40% of
known cases of Krabbe disease (KD). Most of these mis-
sense mutations are predicted to disrupt the fold of the
enzyme, preventing GALC in sufficient amounts from
reaching its site of action in the lysosome. The predomi-
nant central nervous system (CNS) pathology and the
absence of accumulated primary substrate within the
lysosome mean that strategies used to treat other lysoso-
mal storage disorders (LSDs) are insufficient in KD, high-
lighting the still unmet clinical requirement for successful
KD therapeutics. Pharmacological chaperone therapy
(PCT) is one strategy being explored to overcome defects
in GALC caused by missense mutations. In recent stud-
ies, several small-molecule inhibitors have been identified
as promising chaperone candidates for GALC. This
Review discusses new insights gained from these studies
and highlights the importance of characterizing both the
chaperone interaction and the underlying mutation to
define properly a responsive population and to improve
the translation of existing lead molecules into successful
KD therapeutics. We also highlight the importance of
using multiple complementary methods to monitor PCT
effectiveness. Finally, we explore the exciting potential of
using combination therapy to ameliorate disease through
the use of PCT with existing therapies or with more gener-
alized therapeutics, such as proteasomal inhibition, that
have been shown to have synergistic effects in other
LSDs. This, alongside advances in CNS delivery of
recombinant enzyme and targeted rational drug design,
provides a promising outlook for the development of KD
therapeutics. VC 2016 The Authors. Journal of Neuroscience

Research Published by Wiley Periodicals, Inc.

Key words: Krabbe disease; pharmacological chaperone
therapy; b-galactocerebrosidase; GALC; lysosomal stor-
age disorder; galactocerebroside

Krabbe disease (KD; also known as globoid cell leuko-
dystrophy) is an autosomal recessive sphingolipidosis with a
severe and progressive neurodegenerative disease course

caused by deficiencies in the lysosomal hydrolase b-
galactocerebrosidase (GALC). GALC is required for the
hydrolysis of galactosphingolipids, including the major
lipid component of myelin b-galactocerebroside (GalCer)
required for lipid turnover and maintenance of the myelin
sheath that surrounds and protects neurons. Although KD
is classified as a lysosomal storage disorder (LSD), unlike
other LSDs, there is little to no storage of primary sub-
strate (Eto and Suzuki, 1970). Instead, GALC deficiency
results in the progressive accumulation of the cytotoxic
galactosphingolipid substrate psychosine (also known as
galactosylphingosine; Svennerholm et al., 1980; Igisu and
Suzuki, 1984). UDP-galactose:ceramide galatosyltransfer-
ase 8 catalyzes the synthesis of both GalCer and
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psychosine through the galactosylation of ceramide and
sphingosine, respectively (Suzuki, 2003). Under normal
physiological conditions, psychosine levels in the brain
are virtually undetected. However, in KD, GALC is
unable to break down the cytotoxic psychosine, and its
accumulation is widely accepted to be responsible for the
cell death associated with the rapid and widespread demy-
elination throughout both the CNS and the peripheral
nervous system observed in KD (Suzuki, 1998; Won
et al., 2013). Psychosine accumulation has been reported
to perturb lipid raft architecture, impede oligodendrocyte
differentiation, and cause aberrant cell signaling; however,
the precise mechanisms of cell death remain unclear (Giri
et al., 2006; Ballabio and Gieselmann, 2009; White et al.,
2009; Won et al., 2013).

Newly synthesized GALC is cotranslationally trans-
located into the endoplasmic reticulum (ER) and enters
the Golgi apparatus, where it is posttranslationally modi-
fied by N-linked glycosylation at four sites (Deane et al.,
2011; Fig. 1). Glycan side chains are further modified by
the addition of mannose 6-phosphate (M6P) groups that
are recognized by the cation-independent M6P receptor
(M6PR). The M6PR–GALC complex is transported
from the trans-Golgi network (TGN) to the endosomal
compartments. In the low-pH environment of the late
endosome, the M6PR–GALC complex dissociates, the
M6PR is recycled back to the TGN, and GALC is deliv-
ered to the lysosome (Gu et al., 2001; Huotari and Helen-
ius, 2011). Alternatively, GALC can be delivered to the
lysosome indirectly via secretion and reuptake by the
M6PR (Nagano et al., 1998). Only proteins that are cor-
rectly folded and stable can exit the quality control sys-
tems within the ER and traffic correctly to the lysosome.
After successful delivery to the lysosome, a loop on the
surface of GALC is cleaved, resulting in the detection of
50-kDa and 30-kDa bands by SDS-PAGE. However, this
cleavage event is not an activating step because the
uncleaved enzyme retains activity (Hill et al., 2013).
GALC has optimal catalytic activity at low pH and proc-
esses sphingolipid substrates in the acidic environment of
the lysosome. Nonenzymatic sphingolipid activator pro-
teins known as saposins are additionally required for the
degradation of sphingolipids by lysosomal hydrolases. In
rare cases, lack of functional saposin A can cause KD
(Spiegel et al., 2005; Table I).

THERAPEUTIC STRATEGIES FOR KD

Just as with many other LSDs, the molecular heterogene-
ity and poor correlation among genotype, phenotype, and
prevalence of CNS involvement pose a significant barrier
for successful therapeutic intervention for KD. Currently,
the only approved and available treatment option for
those affected with KD is hematopoietic stem cell trans-
plantation (HSCT; Krivit et al., 1998). However, its lim-
ited success, short therapeutic window, and high
associated risk highlight the still unmet clinical require-
ment for other viable treatment options (Siddiqi et al.,
2006; Duffner et al., 2009).

Enzyme replacement therapy (ERT) is an approach
commonly used to treat LSDs and is the current standard
of care for Gaucher’s, Fabry’s, and Pompe’s diseases as
well as for mucopolysaccharidoses (MPS) I, II, and VI
(Sands, 2014). However, the primary neurodegeneration
observed in KD requires the desired therapeutic to cross
the blood–brain barrier (BBB), and recombinant lysoso-
mal enzymes used for ERT are too large to achieve this.
The transient nature of ERT also requires weekly admin-
istrations of recombinant enzyme, which are expensive in
both time and resources. The recent advances made in
gene therapy provide a promising avenue for the treat-
ment of CNS-involved LSDs. Viral vectors such as AAV9
have been shown to cross the BBB for effective CNS
delivery in MPS III A and B (Foust et al., 2009; Fu et al.,
2011; Aronovich and Hackett, 2015). For KD, it has
been suggested that specific neuronal or glial tropisms
may be required in such viral vectors, and work with the
twitcher mouse model of KD is showing great promise
(Rafi et al., 2012). This is an exciting direction for new
therapeutic approaches for KD but is outside the scope of
this Review and has been well reviewed elsewhere (Haw-
kins-Salsbury et al., 2011; Nagabhushan Kalburgi et al.,
2013).

Substrate reduction therapy (SRT) is another
approach that has shown promise in treating LSDs such as
in type I Gaucher’s disease (Cox et al., 2000, 2003). By
decreasing the synthesis of primary substrate, SRT seeks
to target and diminish pathogenic substrate accumulation
and reduce lysosomal dysfunction as a result of decreased
load. However, because accumulation of the primary

Fig. 1. Processing and trafficking of GALC to the lysosome. GALC is
produced in the ER and glycosylated (Glyc-GALC) in the Golgi
apparatus (GA). Glycans modified with M6P groups are recognized by
M6PR. The M6PR-GALC complex is transported to the early endo-
somal (EE) compartment, and, in the low-pH environment of the late
endosome (LE), the complex dissociates. The M6PR is recycled back
to the GA, and GALC is delivered to the lysosome. GALC can also
be trafficked via the constitutive secretory pathway and delivered to
the lysosome via reuptake by the M6PR.
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substrate GalCer is not observed in KD, the benefits of
reducing substrate production in KD remain unclear.

CHAPERONE THERAPY FOR KD

GALC missense mutations are responsible for at least 40%
of known KD cases, and most of these are predicted to

disrupt the fold of the enzyme (Deane et al., 2011). Muta-
tions that result in improper enzyme folding mean that
these mutant enzymes are not able to escape the tight
quality control systems within the ER and are conse-
quently retained in the ER, where they are targeted for
degradation by ER-associated degradation (ERAD) or, in
some cases, incorrectly modified and subsequently

TABLE I. Glossary and Abbreviations

Abbreviation Commonly used names Description

Allosteric chaperone Non-active site chaperone A small molecule that modulates enzyme activity by

binding to a site other than the active site

a-Gal A a-Galactosidase A Lysosomal glycoside hydrolase, responsible for the

hydrolysis of terminal a-galactosyl moieties from

glycolipids including globotriaosylceramide; defi-

cient in Fabry’s disease

Azasugar Iminosugar A sugar derivative possessing a nitrogen atom in the

ring of the structure

b-Gal b-Galactosidase Lysosomal glycoside hydrolase, responsible for the

hydrolysis of b-galactosides; deficient in GM1

gangliosidosis and Morquio B disease

BBB Blood–brain barrier A highly selective, permeable membrane that pro-

vides a dynamic interface between the brain and

the circulatory system to protect the CNS

DGJ 1-Deoxy-galacto-nojirimycin; migalastat Nonalkylated azasugar; reversible competitive inhibi-

tor of a-galactosidase A

DNJ 1-Deoxynojirimycin Glucose configured azasugar

ERAD Endoplasmic reticulum associated degradation A cellular pathway that targets misfolded proteins in

the ER for subsequent degradation by the

proteasome

ERT Enzyme replacement therapy Therapeutic administration of an enzyme that is

defective or missing in a patient to alleviate the

effects of enzyme deficiency

GALC b-Galactocerebrosidase; galactosylceramidase Lysosomal glycoside hydrolase, responsible for the

hydrolysis of terminal b-galactosyl moieties from

glycolipids, including galactosylceramide, psycho-

sine, and lactosylceramide; deficient in KD

GalCer Galactocerebroside; galactosylceramide GALC natural substrate, a cerebroside consisting of a

ceramide with a galactose residue

HMG 6-Hexadecanoylamino-4-methylumbelliferyl-

b-D-galactopyranoside

Alkylated fluorogenic GALC substrate

HNG 2-Hexadecanoylamino-4-nitrophenyl-

b-D-galactopyranoside

Alkylated chromogenic GALC substrate

IGF Iso-galacto-fagomine; 4-epi-isofagomine Nonalkylated azasugar; galactosidase inhibitor

KD Krabbe disease; globoid cell leukodystrophy Lysosomal storage disorder caused by deficient b-

galactocerebrosidase; characterized by a progressive

neurodegenerative disease course

LSD Lysosomal storage disorder A family of rare inherited disorders caused by gene

mutations that disrupt lysosomal function; typically

characterized by abnormal accumulation of sub-

strate within the lysosome

NB-DNJ N-butyl deoxynojirimycin; miglustat; zaveska Alkylated glucose configured azasugar; ceramide glu-

cosyltransferase and GAA I and II inhibitor

PCT Pharmacological chaperone therapy A therapeutic strategy that uses small-molecule

inhibitors competitively and reversibly to bind and

stabilize the native conformation of misfolded

proteins

SRT Substrate reduction therapy Use of inhibitors to reduce the synthesis of substrates

such that residual degradative activity is sufficient

to prevent substrate accumulation

4MbDG 4-Methylumbelliferyl-b-D-galactopyranoside Water-soluble fluorogenic GALC substrate

4NbDG 4-Nitrophenyl-b-D-galactopyranoside Water-soluble chromogenic GALC substrate
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mistargeted within the cell (Fan, 2003). All such fates
lead to a loss of functional enzyme within the lysosome
and can elicit pathogenesis. In these cases, an alternative
treatment option currently being explored is pharmaco-
logical chaperone therapy (PCT). PCT relies on the use
of small molecules that specifically bind to and favor the
stabilization of the native conformation of misfolded pro-
teins, with the view of overcoming ER retention and
associated degradation and facilitating delivery of
enzymes to their required site of action (Ulloa-Aguirre
et al., 2004; Fig. 2). The ideal chaperone would bind to a
misfolded enzyme while it is synthesized in the ER, sta-
bilize the enzyme’s native conformation, and chaperone
the enzyme to its site of action in the lysosome. Here,
the chaperone would be displaced either by excess of
natural substrate or by pH effects, allowing the enzyme
to carry out its normal function. An advantage of using a
chaperone approach for lysosomal protein dysfunction is
the potential of harnessing the acidic environment of the
lysosome for chaperone dissociation, whereby chaper-
one–enzyme complexes can be stably transported to the
lysosome and then dissociate in the acidic conditions
(Suzuki, 2013). By assisting in the folding and stability of
mutant enzymes, the aim of PCT is to overcome lysoso-
mal enzyme deficiency by increasing the pool of func-
tional enzymes reaching the desired site of action
(Parenti, 2009).

The effectiveness of pharmacological chaperones
(PCs) is typically monitored by an increase in specific
hydrolase activity. Partial restoration of enzyme activity to
only 10% of wild-type (WT) levels has been reported to
provide sufficient enzyme activity to prevent disease in
LSDs (Kolter and Sandhoff, 1998). Therefore, even a
small increase in the amount of functional enzyme reach-
ing the lysosome could significantly attenuate disease pro-
gression (Leinekugel et al., 1992; Kolter and Sandhoff,
1998). Several Krabbe-associated missense mutations,
such as Y551S, G270D, and [I66M 1 I289V] (Xu et al.,
2006; Tappino et al., 2010), have been reported to retain
residual enzyme activity. This, together with the low level
of enzymatic activity required to prevent disease in other
lysosomal disorders, identifies PCT as a promising
approach for KD (Schueler et al., 2004).

Penetration of the BBB is a major limitation for the
development of LSD therapy because 75% of described
LSDs have significant CNS involvement (Sands, 2014).
The properties of some small-molecule chaperones (low
molecular weight, low toxicity, and high bioavailability)
lend themselves well for the treatment of CNS pathology
because they have a greater capacity to cross the BBB
than enzymes. However, to achieve pharmacologically
significant CNS delivery, additional properties, such as
high lipid solubility, are also required (Pardridge, 2005).
In other LSDs, low-molecular-weight competitive

Fig. 2. Schematic representation of mutant protein fate within the cell
and the effect of small-molecule chaperones. In a healthy individual,
GALC is synthesized and correctly folded within the ER and subse-
quently transported to its site of action in the lysosome. Missense
mutations in GALC can cause an array of deleterious effects that lead
to KD. Missense mutations can affect the active site of the enzyme
and lead to catalytic deficiencies (A), cause posttranslational modifica-

tions that can mistarget GALC within the cell (B), or destabilize and
misfold GALC (C). Misfolded GALC is retained in the ER, where it
is targeted by ERAD and degraded, leading to loss of functional
GALC reaching the lysosome. Small-molecule chaperones can bind to
and stabilize GALC to overcome incorrect folding and escape degra-
dation, allowing successful transport to the lysosome.
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inhibitors that function as PCs to restore catalytic activity
of mutant enzymes have been identified (Suzuki et al.,
2009). Several of these candidates have led to successful
clinical translation, including but not limited to migalastat
(Amicus, Cranbury, NJ) for Fabry’s disease (Germain
et al., 2012), ambroxol (ExSAR, Monmouth, NJ) for
type I Gaucher’s disease (Zimran et al., 2013), and pyri-
methamine for GM2 gangliosidosis (Clarke et al., 2011).
Although these have provided proof of principle for PCT
as a viable treatment option for LSDs, the limited clinical
translation of PCT to date means that their utility as a
therapeutic is unclear, and, consequently, their long-term
efficacy remains uncertain. Many of these have been very
well reviewed elsewhere (Valenzano et al., 2011; Boyd
et al., 2013; Shayman and Larsen, 2014; Parenti et al.,
2015a,b), so this Review will focus on the development
of PCT specifically for KD.

IDENTIFYING CANDIDATE
CHAPERONES FOR KD

Multiple approaches have been explored to identify mole-
cules that exert a chaperoning effect on misfolded proteins
in LSDs. The most common approaches involve the use
of substrate mimics that are often targeted against the
active site of the deficient hydrolase, permitting specificity
and limiting off-target deleterious effects. Alternatively,
allosteric chaperones have been identified that are princi-
pally targeted away from the active site of the enzyme. As
such, this class of chaperone circumvents the problems
associated with enzyme inhibition often encountered
with substrate mimics. In a more general approach, cellu-
lar pathways often associated with misfolded proteins such
as ERAD and proteostasis have been targeted to promote
general protein folding. This latter approach has the
potential to target the secondary changes that often con-
tribute to the complex nature of LSDs and may, in part,
address the mutation-dependent effects often observed
with chaperones in heterogeneous genetic disorders. Sev-
eral of these approaches have been used for the identifica-
tion of GALC candidate chaperones for KD and are
reviewed here.

Substrate Mimics

Chaperone molecules used for the correction of
misfolded proteins in LSDs are often active-site-specific
competitive inhibitors. Targeting the active site of the
deficient hydrolase allows enhanced specificity, reducing
the risk of off-target effects, and can limit inhibitory
action on other, related enzymes (Butters et al., 2005).
Azasugar derivatives (also referred to as iminosugars) are
structural analogs of the sugar moieties on sphingolipid
substrates; as such, they make up a family of potent glyco-
sidase inhibitors and have been widely explored as candi-
date chaperones for LSDs (Fan, 2007). As well as being
highly soluble, azasugars have excellent biodistribution
and low toxicity and have been pursued as a promising
class of active-site-directed chaperone (Mellor et al.,
2004; Treiber et al., 2007; Horne et al., 2011). One of

the first to be described, 1-deoxygalactonojirimycin
(DGJ; migalastat), illustrates the potential of azasugars as
chaperone candidates for LSDs. DGJ is an inhibitor of a-
galactosidase A (a-gal A), the defective enzyme in Fabry’s
disease and has subsequently reached phase III clinical tri-
als (Fan et al., 1999; Guce et al., 2011; Germain et al.,
2012; Ishii, 2012).

In a recent study, a series of azasugar-based galacto-
side mimics was designed, synthesized, and evaluated for
their inhibitory effect on GALC (Biela-Banas et al.,
2014). To assess specificity for GALC, these studies were
carried out alongside the related lysosomal enzymes a-gal
A and b-galactosidase (b-gal). Total leukocyte sonicate
was used as the source of enzyme for these assays, and
specificity of inhibition was determined through use of
the substrate molecules tritiated GalCer for GALC, 4-
methylumbelliferyl (4MU)-b-D-galactopyranoside
(4MBDG) for b-gal, and 4MU-a-D-galactopyranoside
for a-gal A. Chaperone suitability was determined by the
percentage inhibition conferred by each of the tested
molecules on GALC at lysosomal pH 4 compared with its
effects on a-gal A and b-gal.

This study demonstrated several important features
of the azasugar candidates critical to their function as
GALC inhibitors. First, by testing 1-C-alkyl imino-L-ara-
bitols (Fig. 3, A), the 5-CH2OH group (marked by an
asterisk) was shown to be an essential constituent for both
a-gal A and b-gal inhibition, supporting previous obser-
vations (Bernotas et al., 1990). Second, it was demon-
strated that the 1-C-alkyl imino-D-galactitols (as with
DGJ; Fig. 3, B) were more potent inhibitors of a-gal A
than of the b-gals, whereas the 1-N-iminosugar series
(Fig. 3, C) was found to be the most potent inhibitor of
the b-gals. This critically highlights the importance of the
position of the nitrogen atom in the azasugar ring for
specificity between a- and b-gals. Although 4-epi-
isofagomine (also known as iso-galacto-fagomine; IGF) was
identified as a GALC inhibitor and conferred the greatest
inhibition on the b-gals, its inhibitory effect on b-gal
identifies a lack of specificity that may compromise its
potential as a KD therapeutic. However, Biela-Banas et al
propose that modifications of IGF may result in similar
inhibition with increased GALC specificity. Although
these findings highlight the subtleties in the azasugar ring
architecture that are required for specificity and inhibi-
tion, an understanding of each compound’s stabilizing
effect on GALC at both lysosomal and ER pH (represent-
ing the desired cellular conditions of initial chaperone
binding) would be beneficial, given that it is widely
known that binding can vary greatly between these two
cellular environments (Lieberman et al., 2009).

By targeting the active site of the enzyme, chaper-
ones can be rationally designed to enhance specificity.
Hill et al. (2015) used insights gained from GALC struc-
tural data as an atomic framework to design and charac-
terize a series of azasugar derivatives to serve as GALC-
specific candidate chaperones. Six different azasugars were
tested, including the nonalkylated azasugars DGJ and IGF
(Fig. 3, B, C); a related hydrazine aza-galacto-fagomine
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(AGF) possessing two nitrogen atoms in the sugar ring
equivalent to those in both IGF and DGJ; a five-
membered pyrrolidine derivative, dideoxy-imino-lyxitol
(DIL; Fig. 3, D); a d–lactam derivative, iso-galacto-

fagomine lactam (IGL; Fig. 3, E); and a bicyclic nortro-
pane, deoxy-galacto-noeurostegine (DGN; Fig. 3, F).
Inhibitory kinetics were determined by using purified
GALC for each of these candidates at pH 4.6, the optimal

Fig. 3. Different classes of PCT molecules identified for KD. Top: Chemical structure of the pri-
mary GALC substrate b-galactosylceramide illustrating atom numbering for the glycosyl moiety.
Bottom: Classifications and chemical structures of small molecules identified as potential PCT can-
didates for KD. Specific azasugar molecules include 1-C-alkyl imino-L-arabitols (A); 1-C-alkyl
imino-D-galactitols, e.g., DGJ (B); 1-N-iminosugars, e.g., IGF (C); DIL (D); IGL (E); and
DGN (F).
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pH for GALC activity. With the exception of the bridged
azasugar DGN, all of those tested exhibited significant
competitive inhibition of GALC. This study was
extended beyond inhibition to illustrate the ability of
each of the molecules to confer stabilization of GALC in
vitro and to show that the observed stabilization is directly
correlated with binding affinity. IGF and AGF were the
most potent inhibitors (Ki 380 6 26 nM and 630 6
53 nM, respectively) and conferred the highest degree of
global stabilization, providing the basis for using these as
optimal scaffolds. GALC stabilization was measured by
thermal denaturation at two different pH values repre-
senting the cellular environments of the lysosome
(pH 4.6) and ER (pH 7.2). All but one test compound
(DGN) increased the stability of WT enzyme under both
conditions in a dose-dependent manner. However, stabi-
lization of GALC was greater at low pH than at neutral
pH, a suboptimal feature for a PC. To confirm specificity,
glucose-configured 1-deoxynojirimycin (DNJ) was tested
and did not stabilize or change the melting temperature of
GALC. Crystallographic studies showed that each of the
candidate compounds directly bound in the active site of
GALC. Analysis of the binding interactions revealed the
critical role of the interaction between the ring nitrogen
and the side chain of the active site nucleophile (E258) as
well as the importance of the ring pucker. This study
reinforces the greater potency of IGF over other azasugar
derivatives and highlights the specific characteristics of
azasugars required for optimal binding specificity and
affinity. However, this study also reveals that, because of
the electrostatic nature of the interaction, azasugar mole-
cules bind more tightly at lysosomal pH than they do at
neutral pH. Thus, PCT molecules that contain nitrogen
in the ring have the advantage of high-affinity binding
but have to overcome the tighter binding at low pH to
function as efficient chaperones. In these cases, rather
than exploiting the acidic pH of the lysosome, the success
of these molecules may depend on the ability of excess
substrate to compete for binding to the active site.

Another molecule resembling the natural substrate
of GALC is N-ocytl-4-epi-b-valienamine (NOEV; Fig.
3), a potent b-gal inhibitor and potential chaperone ther-
apeutic for GM1-gangliosidosis (Suzuki et al., 2007). Hos-
sain et al. (2015) tested NOEV as a candidate chaperone
for mutant GALC, with an emphasis on those mutations
attributed to late onset forms of KD. To determine
whether NOEV could confer resistance to heat denatura-
tion, enzyme activity was measured in lysates from
GALC-transfected cells that had been incubated at 48 8C
in the presence and absence of NOEV. After heat treat-
ment, WT GALC lysates retained higher activity in the
presence of NOEV, suggesting that this molecule
increases the stability of GALC. However, lysates from six
different mutant forms of GALC did not display signifi-
cant stabilization with NOEV. An alternative measure of
successful chaperoning of GALC to the lysosome is to
monitor the appearance of the cleaved form of GALC
that occurs upon delivery to the lysosome. For several
GALC variants, including G270D, G569S, and

[I66M 1 I289V], NOEV treatment of GALC-transfected
cells resulted in an increase in GALC processing, suggest-
ing that these mutant forms were successfully trafficked to
the lysosome. Unfortunately, the observed increase in
cleaved product was not detectable in patient cells, and
only one patient sample showed a statistically significant
increase in enzyme activity following NOEV treatment.
As expected from its chemical structure and ability to
inhibit GALC, docking model analysis predicted that
NOEV would bind the GALC active site. However, it is
unclear how its affinity for GALC compares with other
azasugars because NOEV lacks a nitrogen atom in the
equivalent position shown to be required for high-affinity
binding of the nonalkylated azasugars. However, although
the lack of nitrogen in the ring may lower its affinity for
GALC, this feature may be an advantage in terms of
exploiting the acidic conditions in the lysosome for chap-
erone dissociation. Predictions of binding free energy of
NOEV to b-gal at pH 5 and pH 7 suggest that the affinity
was lower at pH 5 (Suzuki et al., 2009). This may also be
the case for GALC and may prove to be a greater advant-
age than high-affinity binding alone. Although NOEV
has been identified as a chaperone for GM1-gangliosido-
sis, Hossain et al. (2015) did not directly compare the
potency of NOEV as a chaperone for GALC with the
lysosomal b-gal responsible for GM1-gangliosidosis and,
as such, the specificity for use as a Krabbe therapeutic
remains unclear.

Allosteric Chaperones

To date, the search for new candidate PCT mole-
cules for KD has focused on the ability of small molecules
to inhibit GALC. Although active-site-directed chaper-
ones confer specificity, the counterintuitive use of
enzyme inhibitors is often criticized because the chaper-
one is, by nature, a competitive inhibitor of its intended
enzyme target. The requirement to balance between
chaperoning activity and enzyme inhibition is a potential
barrier to their therapeutic efficacy. To overcome prob-
lems associated with active-site-directed inhibitors, allo-
steric chaperones have been explored as an alternative
chaperone strategy. By binding to an allosteric site, the
functional state of the enzyme may be rescued without
competitive inhibition.

Two molecules that were originally identified as
weak inhibitors of GALC may confer some chaperoning
activity via allosteric mechanisms rather than by active site
binding. a-Lobeline, a simple alkaloid, has been tested in
two separate studies to identify candidate GALC chaper-
ones (Fig. 3). First reported by W.C. Lee et al. (2010), a-
lobeline was identified as a weak GALC inhibitor by an
enzyme activity screening method. Those molecules that
inhibited GALC function by more than 25% were
selected, and dose–response assays were used to confirm
and validate the initial results. At the highest concentra-
tion of a-lobeline tested (240 lM), both intra- and
extracellular activity of the Krabbe-associated hyperglyco-
sylation mutation D528N increased in a neuronal cell
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line. The high dose of a-lobeline required to cause an
observed chaperoning effect is concerning because it has
been suggested that application of more than 20 lM of
compound will not easily pass the ER barrier (Butters
et al., 2005). Furthermore, compounds at such high doses
may elicit unwanted side effects elsewhere and are there-
fore not attractive leads for pharmaceutical development.
Although other Krabbe-associated mutations were tested
(I234T and L629R), only D528N showed any rescue of
function. However, given the number of missense muta-
tions that exist in KD, those tested constitute only a small
fraction of causative mutations and may not be true repre-
sentations of the percentage of a-lobeline-responsive
GALC candidates. Despite the use of image-based immu-
nostaining to localize GALC and characterize the mutants
used in this study, immunolabeling and lysosomal GALC
processing were not used as readouts of compound effi-
cacy but might have proved useful for better understand-
ing the effect of a-lobeline on the cellular localization of
mutant GALC.

Just as in W.C. Lee et al. (2010), Berardi et al.
(2014) used an enzymatic assay to screen a series of mole-
cules, including azasugar analogs, for inhibitory effects on
GALC. Their initial screen did not identify any com-
pounds with significant inhibition of GALC activity at
the test concentration of 400 lM; despite this, studies
were continued with two test compounds, a-lobeline
(identified previously) and 30407-trihydroxyisoflavone
(Fig. 3). To test the effectiveness of these candidate chap-
erones, fibroblast cell lines carrying a range of clinically
relevant missense GALC mutations (G537R,
[E114K 1 N279T], and G41S) were treated with either
a-lobeline or 30407-trihydroxyisoflavone for 72 hr at 50,
100, and 200 lM before GALC activity was measured
from whole-cell lysates. In the cell line homozygous for
the G537R mutation, a-lobeline increased GALC activ-
ity at 50 and 100 lM, with no further increase in activity
at 200 lM, whereas increasing concentrations of 30407-
trihydroxyisoflavone increased GALC activity. Both a-
lobeline and 30407-trihydroxyisoflavone increased GALC
activity in the cell line expressing both E114K and
N279T mutations, with the greatest effect observed at
lower concentrations of both candidate chaperones. Simi-
larly, both a-lobeline and 30407-trihydroxyisoflavone
increased GALC activity in the cell line homozygous for
the G41S mutation. For all these assays, GALC activity
was compared with untreated cells but was not compared
with normal WT GALC activity levels. Because each
mutant cell line possessed different levels of residual
GALC activity, it remains unclear which treatments
brought activity up to a significant proportion of WT lev-
els. Two late-onset mutations not predicted to affect the
fold of GALC were additionally analyzed, and no change
in GALC activity was observed with either of the test
compounds. This underscores the requirement of identi-
fying the specific GALC variants that result in protein
misfolding for successful testing and development of
PCTs. This, alongside the difference in compound effi-
cacy on those mutations tested, signifies the requirement

for a tailored and individualized approach to chaperone
therapy.

Both compounds explored showed weak GALC
inhibition at pH 5.2, and docking analysis identified nine
different potential binding sites on GALC, with only one
site overlapping with that of the natural substrate. Thus,
although these molecules were selected based on their
capacity to inhibit GALC, the likely mechanism by which
these molecules may function as PCs is via allosteric bind-
ing. One of the two molecules tested in this study, 30407-
trihydroxyisoflavone, has been shown to possess inhibi-
tory activity against other cellular enzymes, including
cyclin-dependent kinases, phosphatidylinositol 3-kinase,
xanthine oxidase, and macrophage migration inhibitory
factor (Orita et al., 2001; Park et al., 2008; D.E. Lee
et al., 2010). This, combined with the relatively low
binding energies reported from the docking studies, raises
some concerns with respect to the specificity of this mole-
cule as a GALC chaperone.

Cell-based high-throughput screens with chemical
libraries have also been undertaken to identify small-
molecule chaperones suitable for KD. Ribbens et al.
(2013) successfully automated and optimized a highly sensi-
tive fluorimetric assay for the identification of GALC
inhibitors in a cell line expressing GALC mutation
G270D, associated with late-onset forms of KD. Unfortu-
nately, none of the 1,280 molecules tested in this study
showed any statistical improvement in GALC activity, and
toxic effects confounded many of those that were tested.
The extensive toxicity observed highlights a caveat of test-
ing chaperones that are not directed against the active site
because they can be confounded by off-target and often
detrimental effects. Moreover, many of the compounds
included in the screens had not previously been indicated
to cross the BBB. In light of these observations, for initial
screening purposes, if not performing active-site-targeted
drug design, it would be reasonable to repurpose approved
drugs with a known ability to cross the BBB rather than
screening large libraries of drugs that may never be relevant
for CNS diseases. The use of preexisting drugs (such as
NOEV and a-lobeline) as candidate GALC chaperones is
advantageous because many of their characteristics, such as
low toxicity and the ability to penetrate the BBB, are
already well defined and are critical characteristics when
targeting neurological symptoms prominent in KD.

Although this study provides a useful developmental
approach for applying high-throughput methodologies,
currently it allows only for single mutation testing. It
does, however, allow for the possibility of identifying
more general proteostasis regulators that promote
enhancement of residual GALC–G270D activity via
diverse mechanisms that may be missed in conventional
rational drug design strategies.

METHODS FOR MONITORING THE
EFFECTIVENESS OF CHAPERONES

Just as with other LSDs, the effectiveness of chaperone
molecules is commonly measured only by their capacity
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to increase the level of enzyme activity above a prede-
fined threshold in treated cells. In the case of KD, enzyme
activity does not correlate well with the severity of dis-
ease, meaning that conclusions drawn on activity alone
are not as compelling as those studies that can illustrate
increased stabilization of GALC, detection of cleaved
GALC (indicating successful delivery to the lysosome),
improved lysosomal localization, or reduced accumulation
of psychosine (Wenger et al., 2000; Duffner, 2009).
However, these alternative measures are considerably
more difficult to carry out and are not easily amenable to
high-throughput approaches.

As outlined by Valenzano et al. (2011), it is essential
to meet a number of key criteria to assess correctly the
efficacy of a chaperone on its intended enzyme target.
First, it is imperative to show that the observed effects are
directly facilitated by the chaperone, commonly shown
by stabilization or inhibition of either WT or mutant
enzyme. Second, it is important to measure the effect of
the chaperone on the level of total enzyme within the
cell; for example, protein levels can be directly monitored
with Western blotting. Finally, from the principle of
chaperone therapy, candidate molecules should not only
bind and stabilize GALC but also correct aberrant local-
ization. To measure the ability of a chaperone to promote
lysosomal trafficking, cell-based methods such as subcellu-
lar fractionation and image-based subcellular location can
be carried out. This latter approach has the benefit of
simultaneously monitoring the target enzyme and
organelle-specific markers as well as the potential to be
adaptable for high-throughput screening methodologies
(Starkuviene and Pepperkok, 2007; Zanella et al., 2010).

For those missense mutations that retain residual
activity but are mislocalized, chaperones may facilitate the
transport of functional enzyme to its desired site of action
within the lysosome, without directly increasing its activ-
ity. Therefore, although it is important to know whether
a mutation retains activity for the success of a PCT candi-
date to be explored, it is also essential to understand how
specific GALC mutations affect localization and function-
ality within the cell.

Although enzyme activity has limitations as a mea-
sure of chaperone efficacy, it is a commonly used
approach that provides a relatively clear functional read-
out that is straightforward to perform. Because of its wide
application, it is important to discuss a number of caveats
to this approach that must be considered when analyzing
activity data.

Substrate Selection

In the work published to date, a range of different
substrates has been used to monitor GALC activity,
including tritiated GalCer (Biela-Banas et al., 2014), alky-
lated fluorogenic and colorimetric substrates such as 2-
hexadecanoylamino-4-nitrophenyl-b-D-galactopyranoside
(HNG; W.C. Lee et al., 2010) and 6-hexadecanoylamino-
4-methylumbelliferyl-b-D-galactopyranoside (HMG;
Ribbens et al., 2013; Berardi et al., 2014; Hossain et al.,

2015), and water-soluble fluorogenic and colorimetric
substrates such as 4NBDG (Hill et al., 2015) and 4MBDG
(Martino et al., 2009).

Unfortunately, the activities determined with differ-
ent substrates cannot be directly compared, making useful
comparisons among studies impossible. Furthermore, the
specificity of these substrates may differ and can be highly
dependent on the assay conditions. For example, the con-
centration of taurocholate and oleic acid in the enzyme
activity buffer is critical for the alkylated substrate HMG
to establish specificity for GALC vs. b-gal. Importantly,
at high concentrations of taurocholate, HMG shows no
specificity for GALC highlighted by the observation of
equivalent enzyme activity in control and twitcher mouse
samples (Wiederschain et al., 1992).

Enzyme Source

The source of enzyme for most activity assays is
whole-cell lysate. Because many of these assays are often
performed without any purification or enrichment steps,
considerable activity is likely to be contributed by other
galactosidase enzymes. Although this can be controlled, if
the proportion of activity contributed by GALC is small
and, thus, there is a large background correction the
effectiveness of chaperone molecules may be under- or
overestimated. Related to this, GALC has a very specific
pH-dependent activity profile, so it is critical that the
activity be measured within the optimal pH range of the
enzyme (pH 4.3–5.3; Hill et al., 2013). Outside of this
pH range, GALC activity is significantly reduced such
that enzyme activity measurements from whole-cell
lysates at suboptimal pH possess essentially no activity
from GALC. An additional consideration for assays con-
ducted on whole-cell lysates is the difficulty of distin-
guishing among protein localized in different subcellular
compartments, such as in the ER or endocytic/lysosomal
compartments. The goal of PCT is to ensure that active
enzyme is delivered to the required site of action in the
lysosome, and measures of whole-cell activity cannot ver-
ify the localization of this activity. In support of this,
activities measured from samples enriched for the lysoso-
mal fraction have shown a better correlation with disease
severity than had been previously observed (Shin et al.,
2016). This finding provides a good foundation for
improved reliability for future activity measurements.
Together with Wenger et al. (2014), who showed that in
vitro activity assays might not give a true representation
of the enzyme activity in relevant tissues such as the nerv-
ous system, these indicate that, although activity assays
from whole-cell lysates provide a reasonable first approxi-
mation of the effectiveness of any therapeutic, they do
not provide information on either the cellular location or
the functionality of the chaperone. Therefore, it is impor-
tant that alternative measures of efficacy, such as restored
GALC processing, lysosomal localization, or reduced psy-
chosine accumulation, be carried out for a more robust
identification of effective chaperone molecules.
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GALC Quantification

To distinguish between absence of protein and inac-
tive protein, it is important to be able to estimate the
amount of GALC present in an activity assay. This is
especially important when comparing relative activities
among different mutations or between PCT-treated and -
untreated cells. Accurate quantification of very small
amounts of GALC is very challenging, not just because of
detection limits in techniques such as Western blotting
but also because of the presence of both full-length and
cleaved forms of GALC within cells. Moreover, a critical
consideration for any activity assay performed on drug-
treated cells is the addition of a washout prior to activity
measurement to prevent the carryover of any residual
PCs. However, the length of washout required is depend-
ent on the half-life of the enzyme, and, in many cases,
this differs between WT and mutant enzymes.

IDENTIFYING CANDIDATE
MUTATIONS FOR PCT

The development of successful PCT for KD relies not
only on the robust identification of candidate chaperones
but also on the identification of those mutations that will
respond best to treatment. PCT is not a one-size-fits-all
therapy and requires an understanding of the mechanism
of the defect caused by specific mutations to allow the
best chance for successful treatment. More than 110
mutations have been identified in the GALC gene that
affect GALC mRNA processing or cause deletions, frame
shifts, and missense mutations (Rafi et al., 1996; Wenger
et al., 1997; De Gasperi et al., 1999; Lee et al., 2006; Tap-
pino et al., 2010). It is evident that, for those cases of KD
resulting from the common 30-kb deletion within the
GALC gene or arising from mutations in cofactors such
as saposin A, PCT will not be an appropriate therapy
(Luzi et al., 1995; Rafi et al., 1995; Spiegel et al., 2005).
Instead, PCT should be targeted at those mutations that
result in defective cellular localization resulting from
compromised enzyme stability or folding. The nature and
location of the amino acid substitution will play a critical
role in determining whether a variant is likely to affect
folding and, therefore, respond to PCT.

Within the subset of missense mutations, aberrant
GALC function may result from catalytic inactivity, post-
translational modifications, misfolding, or premature deg-
radation. Structural data can provide a framework for
predicting the mechanisms of certain mutations to help
identify those mutations that may be responsive to PCT.
Missense mutations that lie within the active site of
GALC, such as the R380W mutation (Fig. 4), directly
disrupt the interactions between enzyme and substrate,
critically affecting enzyme activity but not folding (Hill
et al., 2013; Spratley, et al., 2016). The R380W mutation
thus causes a severe, early-onset form of KD because of
catalytic inactivity (Wenger et al., 1997). Enzyme stabili-
zation by a PC cannot overcome this type of defect, so
mutations of critical active site residues will not respond
to PCT. It is important to recognize that this mechanism

of loss of GALC activity is distinct from those caused by
folding defects.

It is likely that some chaperones will exhibit stabiliz-
ing effects in a highly mutation-specific manner. This may
be the case with the GALC mutation D528N, which
showed enhanced activity when treated with a-lobeline
(W.C. Lee et al., 2010). The mutation of D528 to aspara-
gine (N) altered the posttranslational modification of
GALC by introducing an additional N-linked glycan.
Because D528 lies on a surface loop within the lectin
domain, the introduction of an extra glycan may not have
caused significant misfolding (Fig. 4). Thus, for this muta-
tion, the chaperoning effect conferred by a-lobeline might
have been specific to the newly introduced glycan. In sup-
port of this, it was observed that a-lobeline does not confer
any increase in thermal stability to WT GALC and may
also explain why it did not have a chaperoning effect on
the other GALC variants tested (W.C. Lee et al., 2010;
Hill et al., 2015).

Identifying the best candidates for PCT is challeng-
ing, even with predictions made possible with reference
to the GALC atomic structure. A large proportion
(�80%) of the identified KD missense mutations are bur-
ied deep within the structure and are predicted to cause
GALC misfolding (Deane et al., 2011). Because all three
domains of GALC contribute to the formation of the
active site pocket, it is possible that even localized mis-
folding of any region could perturb enzyme activity
resulting from disruption of the active site architecture
(Deane et al., 2011). Therefore, those mutations that have
been identified as catalytically inactive but are not them-
selves localized close to the active site may benefit from
overall enzyme stabilization conferred by a chaperone and
should not be discounted as targets for PCT. One exam-
ple of a GALC mutation that is buried in the structure
and lies far from the active site is L618S (Fig. 4). This
mutation is found within the lectin domain, has been
shown to have very low activity, and is implicated in late-
infantile- and adult-onset KD (Furuya et al., 1997; Satoh
et al., 1997; Xu et al., 2006). Although mutation of L618
to serine (S) does not introduce a significantly larger side
chain that might cause steric clashes, it alters the hydro-
phobic nature of this side chain and, thus, alters the local
interactions in the lectin domain. The mutations responsi-
ble for later-onset KD, such as L618S and G270D, may
possess subtler misfolding defects than the early-onset var-
iants and, therefore, may respond better to PCT. There-
fore, these might turn out to be important variants to
consider in high-throughput screening of new chaperone
candidates. Correct identification of misfolding mutations
in KD patients will identify suitable KD candidates for
PCT. However, it is likely that only a fraction of missense
mutations responsible for GALC misfolding may be ame-
nable to PCT, exemplified by the mutation-specific
effects observed for PC candidates tested to date.

An important consideration when characterizing
mutations is the wide range of GALC activity reported in
noncarrier and carrier individuals (Harzer et al., 2002).
This has, in part, been attributed to polymorphisms present
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in the normal allele of the GALC gene that contribute to
lower-than-normal GALC activity and can confound diag-
nosis and analysis of therapeutic efficacy (Furuya et al.,
1997; Wenger et al., 2014; Shin et al., 2016). The G270D
mutation, commonly associated with late-onset forms of
the disease, is often found alongside the common polymor-
phism I546T (found in 35–45% of the population);
together, they show lower GALC activity than when
expressed on their own (Wenger et al., 2014). Likewise, it
has been shown by Shin et al. (2016) and Spratley et al.
(2016) that the combination of certain cispolymorphisms
and disease mutations can significantly reduce the activity
and trafficking of GALC. The full impact of known poly-
morphisms on KD prognosis and therapeutic intervention
has yet to be elucidated but must be taken into considera-
tion when characterizing and identifying candidate GALC
mutations. Alongside the polymorphic background of each
Krabbe variant, heterogeneity makes for complex analysis
of disease phenotype and can also confound interpretation
of chaperone effects. For heterozygous KD mutations such
as [E114K 1 N279T], determining the chaperone-
responsive mutation is difficult, and it is currently unclear
whether the presence of another mutation alters a chaper-
oning effect (Grabowski, 1997).

Validating Candidate Mutations

After a suitable mutation has been identified as a tar-
get for PCT, ongoing validation in an appropriate model
system should be pursued. However, chaperones that
appear mutation specific are currently not easily explored
in living models of the disease. Confounding this is the
small Krabbe patient population, which means that patient
tissue samples are difficult to obtain, especially in the early
stages of novel chaperone development. Most preliminary
testing is, therefore, conducted in cell lines expressing
clinically relevant mutations. Although this has been
shown to be effective for initial screening, it may not
translate directly to the clinical phenotype.

Several spontaneous models for KD exist in a num-
ber of species, including mouse (Suzuki and Suzuki,
1995), dog (Victoria et al., 1996), and rhesus monkey
(Baskin et al., 1998). Among these, the twitcher mouse is
the most commonly studied. However, as a mimic of the
30-kb deletion, the lack of GALC is inappropriate for
analysis of PCT efficacy for missense mutations (Kobaya-
shi et al., 1980; Suzuki and Suzuki, 1995). The GALCtwi-5j

mouse has a spontaneous missense mutation in GALC
equivalent to the human GALC substitution E130K
responsible for a severe infantile form of the disease and

Fig. 4. KD-associated mutations of GALC. Three residues that are
mutated in KD are highlighted on the structure of GALC (PDB ID:
3ZR6). The structure is colored according to domain (TIM barrel,
blue; b-sandwich, red; lectin domain, green), and the disulfide bond
(yellow) and calcium ion (gray) are illustrated as spheres. The galactose

product (pink sticks) is shown in the GALC active site. For each
mutation, the closeup view (inset) shows the relevant residue as sticks
(oxygen atoms, red; nitrogen atoms, blue) and the surrounding region
of the structure that would be affected by the mutation.
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represents a more appropriate model for drug screening
(Tappino et al., 2010; Potter et al., 2013). Although sponta-
neous model systems provide tools for investigating patho-
genesis and evaluating therapeutic approaches, the ability to
introduce specific clinical mutations into appropriate model
systems quickly and effectively will allow more effective
evaluation of potential therapeutics and validation of PCT
candidates for KD. This has been made feasible by advances
in gene editing techniques such as CRISPR-cas, zinc-fin-
ger nucleases, and transcription-activator-like effector
nucleases, all of which provide strategies for achieving site-
specific gene manipulations to accelerate the generation of
new mutation-specific models (Cui et al., 2011; Yang
et al., 2014; Sommer et al., 2015). Although these techni-
ques have been shown to be effective in generating
mutation-specific mouse models and to have the potential
to extend into larger animal models to study the neurode-
generative aspects observed in KD, the high associated cost
and time to generate such models are still limiting (Inui
et al., 2014; Tu et al., 2015). To overcome this, studies of
GALC in zebrafish (Danio rerio) provide an affordable alter-
native platform in which to evaluate therapeutic approaches
effectively (Zizioli et al., 2014). Generation of site-specific
mutations can be carried out efficiently with the gene-
editing techniques mentioned above and are well estab-
lished in this model system (Huang et al., 2012; Hwang
et al., 2013).

COMBINATION THEREAPY: ENHANCING
FUTURE THERAPIES

PCs have shown great potential when used in combina-
tion with other therapeutic approaches. In LSDs for
which enzyme replacement therapies are available, syner-
gistic effects have been observed when PC candidates are
combined with recombinant enzymes (Parenti, 2009;
Lukas et al., 2015). This combination approach is known
as enzyme enhancement therapy and has the advantage that
PCs are used with the exogenous WT enzyme, and, con-
sequently, the effects observed are independent of the
mutation carried by the patient and may translate to
improved numbers of responsive patients. Although the
use of ERT in CNS-involved LSDs such as KD is limited
to the management of associated peripheral dysfunction
(Platt, 2014), it was shown in the twitcher mouse model
of KD that both peripheral and cerebral administration of
GALC significantly increased life span, improved motor
function, and reduced psychosine accumulation (Lee
et al., 2005; Qin et al., 2012). Although ERT has not yet
been clinically developed for KD, a major therapeutic
goal is the development of strategies for improving deliv-
ery of peripherally infused enzyme to the brain and the
CNS. Several approaches are currently being developed
in related diseases to facilitate the transport of enzyme
across the BBB (Zhang and Pardridge, 2005; Grubb et al.,
2008; Osborn et al., 2008; Gabathuler, 2010). Future
development of ERT for KD will benefit from the identi-
fication of stabilizing PC molecules.

PC molecules may enhance ERT by several mecha-
nisms, including increasing the half-life and the biodistri-
bution of administered enzyme. Poor biodistribution is a
significant obstacle for ERT, and, even if the enzyme
reaches the appropriate tissue, it has been suggested that
recombinant enzymes may be relatively unstable when
exposed to suboptimal environments on transit to the
lysosome (Schoser et al., 2008; Benjamin et al., 2012).
Coadministration of recombinant enzyme and active-site-
directed chaperones N-butyl deoxynojirimycin (NB-
DNJ) and isofagomine used in Pompe’s and Gaucher’s
disease, respectively, showed improvement in stability,
lysosomal trafficking, maturation, and intracellular activity
(Shen et al., 2008; Porto et al., 2009). Similar synergistic
effects on a-glucosidase (GAA), the defective enzyme in
Pompe disease, were observed with the allosteric chaper-
one N-acetlycysteine (NAC; Porto et al., 2012). ERT is
often used in Pompe’s disease but has shown limited ther-
apeutic efficacy in some patients (Porto et al., 2009).
NAC improved the stability of GAA as a function of pH
and temperature, with no effect on activity. As an alloste-
ric binder, NAC does not interact with the catalytic
domain and is therefore not a competitive inhibitor of the
enzyme. Furthermore, coadministration of GAA and
NAC improved GAA activity in a dose-dependent man-
ner and additionally improved correction of GAA defi-
ciency in patient cell lines with mutated GAA. Although
Pompe’s disease is primarily a systemic disease, these
proof-of-principle experiments indicate the potential use
for chaperones as stabilizing agents for administered
recombinant enzymes used in ERT. The combination of
NAC and DNJ (an active-site-directed chaperone) gave
the highest thermal stability of GAA. Because these two
small molecules have different chaperone profiles, this
may overcome some of the mutation-specific effects and
the complexity observed in compound heterozygous
patients.

Moreover, it has been observed that enzymes used
in ERT can destabilize while in storage, and, in response
to the administered unfolded protein, a hypersensitive
immune reaction can be triggered (Maas et al., 2007).
Therefore, inclusion of a chaperone may limit protein
unfolding by stabilizing the ERT enzyme in storage,
increasing efficacy and limiting adverse effects observed in
ERT. Thus, in addition to their role in rescuing destabi-
lized mutant enzymes that are retained in the ER, the
small molecules reviewed in this work may enhance the
effectiveness of recombinant WT enzymes in future ERT
development programs for KD.

Currently, the only available treatment for KD is
HSCT, which slows the progression of disease when per-
formed before the onset of symptoms (Escolar et al.,
2005). For the infantile form of KD, initiating treatment
sufficiently early is highly challenging. It is possible that
small molecules (such as those reviewed here) could be
administered before the onset of KD symptoms to help
lengthen the therapeutic window for HSCT and enhance
the rate of success.
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A Bifunctional Role for Chaperone Molecules

In the case of PCT molecules that mimic the sub-
strate, such as azasugar derivatives, it is conceivable that
their effects are bifunctional. The similarity of these PCT
molecules to the glycan on the substrate means that, in
addition to their ability to bind their respective hydro-
lases, they also have the potential to bind the glycan-
synthesizing enzyme. For example, miglustat (also known
as zaveska) is NB-DNJ, an alkylated glucose analog of
DGJ, and is used for the treatment of adult patients with
mild to moderate type I (nonneuropathic) Gaucher’s dis-
ease. Miglustat is thought to function primarily as an SRT
by inhibiting the glucosylceramide synthase (Cox et al.,
2000, 2003; Moyses, 2003). However, because this mole-
cule also binds to the active site of acid b-glucosidase and
stabilizes the enzyme, it may also function as a PCT
(Brumshtein et al., 2007; Abian et al., 2011). Similarly,
migalastat is the therapeutic name for DGJ and has shown
effectiveness as a PCT for Fabry’s disease by stimulating
the activity of a-galactosidase and decreasing accumula-
tion of substrate in female patients (Giugliani et al., 2013).
Alkylated derivatives of DGJ have been identified as
inhibitors of glycolipid biogenesis, so it is possible that
some PCT molecules also function as SRTs by inhibiting
the relevant synthetic enzyme (Platt et al., 1994). This
potential for PCT molecules to function in other
pathways that ameliorate disease may also be relevant for
some molecules that do not function by binding the
active site. For example, isoflavones similar to 30407-
trihydroxyisoflavone described by Berardi et al. (2014)
have been identified as SRT agents in mucopolysacchar-
idoses (Piotrowska et al., 2006; Arfi et al., 2010; Kloska
et al., 2011).

Targeting Proteostasis

The combination of PCs with other molecules that
promote general protein folding has shown synergistic
effects in Gaucher’s- and Tay Sachs-derived patient fibro-
blasts (Mu et al., 2008b). The proteostasis regulator celas-
trol was used in combination with the PC NN-DNJ and
enhanced the restoration of mutant enzyme function.
Proteostasis modulators that affect calcium flux, such as
the L-type calcium channel blockers diltiazem and vera-
pamil, have been shown to enhance enzyme function in
fibroblasts from patients with Gaucher’s disease, a-
mannosidosis, and type IIIa MPS (Mu et al., 2008a; Ong
et al., 2010). Diltiazem inhibits and stabilizes glucocere-
brosidase at ER pH; therefore, as well as acting as a gen-
eral proteostasis modulator, this may be acting directly as
a PC in this setting (Rigat and Mahuran, 2009). This class
of therapeutic increases the ability of the cell to cope with
misfolding-prone proteins and may prove useful in target-
ing a range of different mutations or diseases, helping to
overcome many of the mutation-dependent chaperone
effects currently observed.

FUTURE CHALLENGES

Despite the recent progress in identifying and characterizing
small molecules that elicit chaperoning effects on GALC in
vitro, significant challenges still exist that must be overcome
to translate PCs into viable treatment options for those
who suffer from KD. The significant CNS involvement
poses one of the greatest challenges in the development of
KD therapeutics. PCT is one strategy that has the potential
to overcome this; however, the limitations in our current
understanding of both the mechanisms of chaperone–
enzyme interaction and the underlying causative mecha-
nisms associated with specific mutations in KD sufferers
highlight the requirement for additional investigation. Spe-
cific concerns relating to those chaperones investigated to
date for KD are listed below.

GALC Specificity

Although specificity for beta-configured
galactosidases has been shown for active-site-directed
chaperones, obtaining specificity for GALC vs. b-gal has
proved to be extremely difficult. Evaluating this specific-
ity relies on the use of both appropriate assays and sub-
strates when measuring the chaperone response. Also,
because of the structural similarity of the active sites of
these two enzymes, to confer this specificity it may be
essential to focus on modifications of the aglycone region
of PC candidates rather than the azasugar portion.

Off-Target Effects of Allosteric Chaperones

To overcome problems experienced with inhibition
of the target enzyme, nonactive site inhibitors are used;
however, these have the potential to elicit significant off-
target effects. Because these are directed away from the
active site, off-target effects are difficult to predict, moni-
tor, and overcome. During chaperone development, the
dosing strategy may become particularly important when
using this class of chaperone.

Mutation-Dependent Chaperone Effects

It is likely that only a subset of missense mutations
will respond to specific chaperones. There are two major
implications of this. First, candidate chaperones may be
missed if the number of mutations being screened is not
sufficiently large or if the selection of potentially respon-
sive mutations is not appropriately made. Second, devel-
opment and administration of multiple therapeutic
interventions may be required for successful treatment. As
an alternative strategy, proteostasis regulators, used care-
fully, may represent a broad-spectrum therapy that could
overcome mutation-dependent effects.

Measurement of Chaperone Efficacy

Currently, increased activity is the main readout of
chaperone efficacy, which may be misleading. A clear
readout of improved lysosomal delivery of functional
material is required to assess comprehensively the effec-
tiveness of PCT. Measuring the effectiveness of any of the
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chaperones discussed here requires the development of
alternative assays that are more amenable to high-
throughput approaches than are currently available.

CONCLUSIONS

The past decade has seen PCT emerge as a viable and
promising therapeutic option for LSDs. The dominating
presence of CNS pathology in KD has undoubtedly hin-
dered the acceleration of research and clinical translation
in this area with respect to other non-CNS LSDs. Despite
this, the use of PCT for KD does show promise, and sev-
eral GALC candidate chaperones have been identified.
Because of the difficulty of establishing a clear genotype–
phenotype correlation, it is clear that a detailed mechanis-
tic understanding of both the candidate chaperone and
the underlying target mutation will allow enhanced trans-
lation of successful therapy. However, it is evident that
the measurement of chaperone efficacy should be based
on several complementary biological assays that monitor
the ability of a chaperone not only to increase enzyme
activity but also to promote correct trafficking to the lyso-
somal compartments. Therefore, although increased
GALC activity is an important readout, we believe it
should not be the sole determinant of a successful chaper-
one. The parallel development of multiple therapeutic
approaches is likely to be the most successful way to target
the complex phenotypes observed in KD, and the identi-
fication of new PCT candidates is a critical contribution
to future therapeutic interventions for this debilitating
disorder.
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Krabbe’s disease (KD) is an autosomal recessive, neuro-
degenerative disorder. It is classified among the lysoso-
mal storage diseases (LSDs). It was first described in
1916, but the genetic defect for the galactocerebrosidase
(GALC) gene was not discovered until the beginning of
the 1970s, 20 years before the GALC cloning. Recently, in
2011, the crystal structures of the GALC enzyme and the
GALC-product complex were obtained. For this, com-
pared with other LSDs, the research on possible thera-
peutic interventions is much more recent. Thus, it is not
surprising that some treatment options are still under pre-
clinical investigation, whereas their relevance for other
pathologies of the same group has already been tested in
clinical studies. This is specifically the case for pharma-
cological chaperone therapy (PCT), a promising strategy
for selectively correcting defective protein folding and
trafficking and for enhancing enzyme activity by small
molecules. These compounds bind directly to a partially
folded biosynthetic intermediate, stabilize the protein,
and allow completion of the folding process to yield a
functional protein. Here, we review the chaperones that
have demonstrated potential therapeutics during preclini-
cal studies for KD, underscoring the requirement to invig-
orate research for KD-addressed PCT that will benefit
from recent insights into the molecular understanding of
GALC structure, drug design, and development in cellular
models. VC 2016 Wiley Periodicals, Inc.

Key words: chaperone therapy; globoid cell leukodystro-
phy; lysosomal storage diseases; galactocerebrosidase;
protein misprocessing

Krabbe’s disease (KD), also called globoid cell
leukodystrophy (GLD; OMIM No. 245200), is a
rapidly progressive, fatal neurodegenerative disorder
caused by autosomally recessive-inherited mutation of
b-galactocerebrosidase (GALC; EC 3.2.1.46) that results
in a deficiency of the encoded lysosomal enzyme. Since
its identification in 1916 by the Danish neurologist Knud
Haraldsen Krabbe (Krabbe, 1916), scientific investigations
have been conducted to define the causes of Krabbe’s
disease, to evaluate the molecular mechanisms of the

damage, and to develop more efficient and targeted thera-
pies for inducing clinical benefits and ameliorating
patients’ quality of life. As reported by Graziano and Car-
dile (2015a), the historical and chronological progression
of knowledge on KD has advanced slowly; the enzymatic
defect for GALC was described at the beginning of the
1970s (Suzuki and Suzuki, 1970, 1971), and the human
galc cDNA was cloned (Chen et al., 1993; Sakai et al.,
1994) and the gene mapped to human chromosome 14
(Cannizzaro et al., 1994) in the 1990s. The lack of specific
background on the molecular organization of GALC
structure and activity, specific tools for developing tar-
geted drug design and development in cellular models for
the disease, are probably reasonable elements to justify the
delay in development of novel therapeutic interventions.
Moreover, therapy of the central nervous system (CNS)
manifestations of some lysosomal storage diseases (LSDs)
remains a major challenge because of the inability of
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therapeutic agents to cross the intact blood–brain barrier
efficiently (Abbott et al., 2010; Schiffmann, 2010).

To date, clinical studies on KD have been per-
formed with nonspecific therapies, such as hematopoietic
stem cell transplantation (HSCT). It has been reported
that HSCT increases life span and ameliorates neurologi-
cal outcome for children when performed before disease
onset (Escolar et al., 2005). However, in most cases, there
is only a mitigation of the disease severity (Prasad and
Kurtzberg, 2008; Orsini et al., 2016). As summarized by
Li and Sands (2014), other approaches have been investi-
gated in mouse models of GLD, such as gene therapy,
substrate reduction therapy, and enzyme replacement
therapy (Lee et al., 2005, 2007). These approaches were
used alone or as combination methods (Qin et al., 2012),
suggesting that simultaneously treating multiple patho-
genic targets results in an unprecedented increase in
mouse life span with improved motor function, persistent
GALC expression, nearly normal psychosine levels, and
decreased neuroinflammation (Hawkins-Salsbury et al.,
2015). More recently, the efficacy of chaperones as
potential therapeutics for KD has come under preclinical
study, and the first results have been published. Here, we
review these recent articles because pharmacological
chaperones (PCs) may be promising avenues for KD.
They could become a mutation-based therapeutic strategy
benefiting from recent insights into the molecular under-
standing of GALC structure, drug design, and develop-
ment in cellular models of the disease. This Review seeks
to be exhaustive and clear about the use of chaperone-
related terminology and to describe how chaperones
could be emerging therapeutics for KD.

CHAPERONES: CHEMICAL
CHAPERONES AND PCs

The terms chaperone, chemical chaperone, and pharmacological
chaperone are often used indistinctly, causing misunder-
standings for readers. Imported from the French language,
the word chaperon (without the “e”) indicated a hood or
cap worn by nobles, but its usage gradually changed. In
1720, the word started meaning an elderly woman who
accompanied a young, unmarried lady in public as a guide
and protector. This image strongly intensifies the function
of a class of proteins acting in living cells to stabilize and
to assist the correct folding of protein molecules that are
usually only marginally stable under physiological condi-
tions (Hartl and Hayer-Hartl, 2009). Briefly, proteins are
synthesized in cells on organelles known as ribosomes, start-
ing from the information contained within DNA. The
sequence of a protein encodes its three-dimensional struc-
ture that results in its function. In cellular systems, some
proteins begin their folding while a nascent chain is still
attached to the ribosome, and there is evidence that some
proteins fold at least partially in such a cotranslational
manner (Hardesty and Kramer, 2001). However, most
proteins undergo their folding in the cytoplasm after
release from the ribosome, whereas others fold in specific
compartments, such as the endoplasmic reticulum (ER),

following translocation through membranes (Hartl and
Hayer-Hartl, 2002). In any case, a nascent polypeptide
chain is susceptible to undesirable associations in a cellular
environment that is highly crowded, with an estimated
protein concentration of 300 mg/ml (Zimmerman and
Trach, 1991; Ellis, 2001). The nascent polypeptide chain
exposes regions of the polypeptide molecule that become
buried in the native state, such as the exposed hydropho-
bic surfaces. These surfaces are prone to inappropriate
contacts with other molecules within the cell. To cope
with this event, cells have a range of elaborate systems
that assist the formation of the native structure to prevent
interactions with other molecules prior to the completion
of the folding process. Among these systems, the machin-
ery of molecular chaperones and the quality control of
the ER must be mentioned. The first one guides other
proteins to their proper folding and unfolding routes and
helps in the assembly or disassembly of macromolecular
structures without becoming their permanent compo-
nents (Ellis, 2006). Some biological chaperones are also
called stress or heat-shock proteins because their levels are
substantially increased during cellular stress, a condition
that causes proteins to unfold or misassemble (Ellis, 2005).
The many types of chaperones work in tandem with the
others. Their action is performed by sequestering
unfolded and misfolded proteins and providing them an
environment in which they can refold properly, thus
avoiding nascent proteins aggregating with one another
or with properly functioning proteins, with deleterious
consequences to the cell.

In the ER, an elaborate surveillance system for the
quality and quantity control of newly synthesized proteins
is achieved. It consists of numerous ER-resident chaper-
ones and enzymes that cooperate to address the structural
and conformational maturation required for proper pro-
tein folding. This system includes signal-peptide cleavage,
N-linked glycosylation, disulfide bond formation, and
glycophosphatidylinositol-anchor addition (Ellgaard and
Helenius, 2003; Araki and Nagata, 2011). Terminally,
incorrectly folded proteins are retrotranslocated into the
cytosol and degraded by the ER-associated degradation
(ERAD) machinery (Ellgaard and Helenius, 2003). In the
ERAD process, the aberrant protein must be recognized
within the ER and targeted to the retrotranslocon,
extracted from the ER lumen, and delivered from the ER
to the cytosol (retrotranslocation). Finally, it is degraded
by the proteasome, a barrel-shaped structure that requires
the substrate to be unfolded to gain access to the active
site (Kopito, 1997; Ciechanover and Schwartz, 1998;
Hegde and Ploegh, 2010). Moreover, additional degrada-
tion pathways have been developed in cells to cope with
specific characteristics of the misfolded proteins, such as
the autophagy-mediated lysosomal degradation (Wong
and Cuervo, 2010) or the signaling pathways that usually
involve unfolded protein response-dependent elements
(Ogata et al., 2006; D’Antonio et al., 2013).

Currently, it is well known that chaperones can play
an important role in signal transduction, maintenance of
the organized state of the cytoplasm and other
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intracellular compartments, motions inside the cell, and
some other vital functions of cells (Ellis and Hemmingsen,
1989). Protein homeostasis (proteostasis) is essential for
cellular functions, and its unbalance is often responsible
for many neurodegenerative diseases (e.g., Alzheimer’s,
Parkinson’s, and Huntington’s diseases) that are character-
ized by intracellular and extracellular inclusions of aggre-
gated, misfolded proteins. Thus, research on molecular
and cellular neuroscience is focused on finding and devel-
oping key mediators of proteostasis, and the expressions
chemical chaperones and pharmacological chaperones refer to the
pharmacological field. They are small molecules that usu-
ally facilitate folding of a macromolecule, and stabilize it
against thermal denaturation and proteolytic degradation
(Ulloa-Aguirre et al., 2004; Arakawa et al., 2006). Their
potential as therapeutics arises from the same principle of
biological chaperoning, the difference being the use of
low-molecular-weight molecules instead of proteins as
chaperones. Such small molecules can be divided into
two classes (Ringe and Petsko, 2009). First, chemical
chaperones act as generic stabilizers of folding intermedi-
ates for all proteins having a conformation capable of
escaping the quality control system. However, no chemi-
cal chaperones were shown to be active in cell systems,
and they could not be used in clinical settings because of
the millimolar or even molar concentration required to
achieve stability; thus, they are impractical for therapeutic
application. Components of this group are osmolytes or
compounds that bind to hydrophobic surfaces and rescue
mutant proteins from aggregation or help them to escape
from quality control and degradation (Conn et al., 2002;
Sitia and Braakman, 2003).

Second, PCs show selectivity of action by binding
and stabilizing only the targeted protein at low concentra-
tion. Usually, PCs are designed to bind selectively and
stabilize mutant proteins. Their potential as therapeutic
agents is possible when the targeted protein has already
been shown to be “drugable” and when ligands with
good specificity profiles are well tolerated in humans.
They can bind the active site of an enzyme and work as
weak inhibitors to function, or they may have no effect
on the enzyme activity and stabilize it only by binding to
allosteric sites. As a consequence, the effects of some small
molecules are detected under heat-denaturation condi-
tions rather than in straight enzyme in vitro inhibitory
screens.

Application of PC therapy (PCT) seems to be useful
for genetic disorders, such as ER storage diseases, or pro-
tein conformational disorders, in which mutations in
structural genes may not interfere with the inherent func-
tionality of the affected protein but nevertheless cause dis-
ease by preventing the cell-trafficking machinery from
placing the affected protein at the appropriate subcellular
compartment (Rutishauser and Spiess, 2002). For exam-
ple, amino acid substitutions of a protein lead to a func-
tional lack for toxic effects or because the protein is inert.
Wainwright et al. (2015) reported a recent success of
chaperone therapy for cystic fibrosis during phase III clin-
ical trials. In this specific case, it was demonstrated that

patients (homozygous for the phe508del mutation of
cystic fibrosis transmembrane conductance regulator
[CFTR]) received clinical benefits through a two-step
combination method. The first step was correction of cel-
lular misprocessing to increase the amount of functional
mutated CFTR by using the chaperone lumacaftor, and
the second step was increase of the channel opening by
administration of ivacaftor, an approved CFTR potentia-
tor. These findings should be considered as a milestone in
medical genetics because they confirm the principle that
chaperones can have clinical benefits in the treatment of
genetic disorders.

CHAPERONES FOR LSDs: GENERAL
CONSIDERATIONS

Lysosomes play a central role in processing the clearance
of cellular substrates because they contain a mix of
enzymes capable of degrading virtually any type of bio-
molecule from multiple routes within the endosomal–
autophagic–lysosomal system. Thus, lysosomes are at the
crossroads of the cellular catabolic pathways and have a
huge function in the maintenance of cellular homeostasis
and proteostasis. According to the review by Alroy and
Lyons (2014), the biosynthesis of lysosomal enzymes is
restricted in the rough endoplasmic reticulum (RER),
and a series of posttranslational modifications involving
protein and carbohydrate recognition signals is made to
allow them to reach their final destination in the lyso-
some. The hydrophobic amino-terminal signal peptide on
the nascent protein directs their transport into the lumen
of the RER, where they undergo glycosylation of
selected asparagine residues. The signal peptide is then
cleaved by the removal of three glucose residues and one
mannose residue. The hydrolases are then transported to
the Golgi apparatus and acquire a terminal mannose-6-
phosphate on the oligosaccharide side of hydrolase via 6-
phospho-N-acetylglucosamine transferase, which later
serves as a recognition marker. Hydrolases that contain
terminal mannose-6-phosphate are recognized and bound
by shuttled mannose 6-phosphate in the Golgi apparatus
and are transferred to the mannose-6-phosphate receptor,
a lysosomal membrane protein. After their arrival in the
lysosome, the hydrolases are dissociated from the shuttle
receptor, and the transporter shuttles go back to the Golgi
to pick up another hydrolase to transfer it to the
lysosome.

Genetic defects that cause the dysfunction of lysoso-
mal hydrolases or proteins involved in vesicular trafficking
and in the biogenesis of lysosomes result in impaired lyso-
somal degradation and accumulation of storage material,
hallmarks of LSDs (Segatori, 2014). According to the
inherited mutations, the mutant-encoded protein could
have one of several different fates. One possibility is that
it is not synthesized because of a biosynthetic defect, and,
accordingly, no residual enzymatic activity is detected, so
its rescue is not possible. A second possibility is that it
does not maintain biological activity because of its struc-
tural abnormality resulting from a large deletion or
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insertion, even if the normal biosynthesis occurs. A third
possibility is that the protein has normal biological func-
tion in its mature form but is unstable and rapidly
degraded after biosynthesis (Suzuki et al., 2009). This lat-
ter case is often associated with single base substitutions or
missense mutations that, structurally, do not necessarily
lead to a complete loss of enzyme function, but the
enzyme activity is lower as a consequence of intracellular
instability of the mutant enzyme as a result of inappropri-
ate or incorrect protein folding. The situations described
result in different clinical manifestations; early and severe
manifestations are linked to the absence of enzyme activ-
ity and early death, whereas late presentation and mild to
moderate manifestations seem to be associated with low
enzyme activity. Generally, when lysosomal hydrolases
are present in sufficiently high amounts or have a suffi-
cient residual activity, their substrate does not accumulate.
In fact, the accumulation of undegraded substrate occurs
only when the residual enzyme activity is less than the
critical threshold of 10–15% of the normal enzyme activ-
ity. It is only under this latter condition, when there is a
residual activity to potentiate, that the protein function is
expected to be restored if mutant protein is stabilized and
transported to the lysosome by chaperones.

To date, the therapeutic potential of PCs has been
explored in some LSDs, especially for Fabry’s and Gauch-
er’s diseases, as reported by Butters (2007), Bernier et al.
(2004), and Suzuki (2013). Specifically, PCT for LSDs
relies on using competitive inhibitors of lysosomal
enzymes at subinhibitory concentrations to facilitate the
transition of poorly folded lysosomal enzymes otherwise
caught in the ER/proteasomal degradation machinery to
the lysosomes, as first described by Fan et al. (1999). After
maturation and entry into the lysosomes, the concept
demands that the kinetics of the enzyme/inhibitor inter-
action be shifted. This could be due to the reduced pH of
the lysosomes, facilitating the dissociation of the inhibitor
and the enzyme and, finally, leaving a larger fraction of
the functionally compromised enzyme available for
increased substrate degradation in the lysosome (Fan and
Ishii, 2007).

The concept of PCT is often considered to be con-
troversial (Fan, 2003). Some PCs are tested and designed
to bind to the active site of the misfolded protein. In this
way, as a competitive enzyme inhibitor with a high affin-
ity for the catalytic domain, PCs act as templates to re-
establish the enzyme three-dimensional structure; they
stabilize it and, therefore, facilitate protein trafficking
through the ER to the lysosome (Fan, 2007). Other PCs
stabilize a protein by binding to allosteric sites. In the
lysosomal compartment, PCs dissociate from the enzyme
and liberate the protein that can function normally in the
presence of undegraded substrate in excess (Parenti,
2009). Some other relevant aspects must be considered
for PCT, specifically, the relatively low cost of drug pro-
duction, the good bioavailability following oral adminis-
tration, the small dose used that limits side effects, and
finally the possibility of crossing the blood–brain barrier,

thus providing hope for severe disorders with CNS
involvement such as LSDs.

Okumiya et al. (1995) reported the first chaperone
effect on Fabry’s disease; a significant increase of a-GalA
levels in lymphoblasts from patients’ cell cultures was
induced by addition of galactose, and they observed
enzyme activity enhancement for seven among 11 tested
mutants. Subsequently, other studies were carried out to
provide a proof of principle for other LSDs including
Fabry’s disease (Fan et al., 1999), Gaucher’s disease
(Sawkar et al., 2002; Chang et al., 2006), GM1-
gangliosidose (Matsuda, 2003), GM2-gangliosidose
(Tropak et al., 2004; Maegawa et al., 2007), and Pompe’s
disease (Okumiya et al., 2007; Parenti et al., 2007).
Currently, some iminosugars are in the clinical phase;
1-deoxygalactonojirimycin is in phase III trials for Fabry’s
disease; 1-deoxynojirimycin is in phase II trials for Pompe
disease, whereas isofagomine was discontinued in phase II
trials because it failed to meet efficacy expectations for the
treatment of Gaucher’s disease.

KD: IS IT A GOOD CANDIDATE FOR
CHAPERONE THERAPY?

Given the proof of principle, chaperone therapy should
be a promising strategy for KD, but some caveats must be
added. The Human Gene Mutation Database (http://
www.hgmd.org) contains over 130 variants in the GALC
gene, most of which associate with an affected phenotype.
Nonsense, missense, small-insertion, and small-deletion
mutations spanning the entire length of the GALC gene
have been described. Missense mutations, which result in
the substitution of a single amino acid, represent the
majority of disease-causing mutations in the GALC gene
(Wenger et al., 1997; Deane et al., 2011). The mutant
protein, theoretically, could have 1) loss of stability or
misfolding, thus preventing folding into the native state
and/or interfering with normal trafficking to the lyso-
some; 2) compromised formation or structure of the
active site, thus substantially lowering affinity for, or com-
pletely abolishing the ability to bind, substrate; 3) com-
promised activity, thus preventing or substantially
reducing the ability to metabolize substrate; or 4) altered
protein structure outside the active site, affecting domains
that interact with other subunits and/or cofactors required
for function (Valenzano et al., 2011). Given the crystal
structure of GALC, nearly 70% of disease-associated mis-
sense mutations are predicted to generate instability and
misfolding of GALC protein and consequently to be a tar-
get of the ERAD (Deane et al., 2011).

GALC mutations flow into lower or lost enzymatic
activity, and a total of 5% of normal GALC activity has
been reported to be a cutoff for KD diagnosis. The clini-
cal symptoms associated with KD are manifested only if a
mutation encodes a GALC mutant that works below a
critical threshold, which is at least �10% of wild-type
enzymatic activity (Conzelmann and Sandhoff, 1983).
Usually, absence of enzyme activity is manifested as severe
infantile onset, whereas the residual enzyme activity
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results in juvenile or adult onset of the disease. The prin-
ciple that chaperones are a promising therapy for KD
resides in this residual activity; chaperones and PCT can
be successful only when mutant enzymes show residual
activity and the disorder results from mutations that
involve few conformational modifications. Enzymes that
are truncated or are carrying large deletions that result in
being catalytically inactive, unable to bind substrate, can-
not be a target for PCT. Thus, although the most com-
mon mutation for the infantile phenotype, the 30-kb
deletion in the homozygous state or in trans with another
mutation, does not represent a candidate for chaperone
therapy, most missense mutations in GALC should be a
candidates because they are likely to result in protein mis-
targeting or premature degradation by preventing a glyco-
sylation, promoting structure destabilization, or
interfering with binding to activation factors.

Since 2011, the elaboration of a GALC-targeted PC
has a new useful tool; the structure of the mouse GALC
with 83% homology with human GALC has been
resolved by Deane et al. (2011). It opens the possibility of
designing a potential PC with higher selectivity to GALC
catalytic domain and, nevertheless, giving a chemical jus-
tification for inactive compounds, trying to define a lead
compound.

In this context, the measure of enzyme activity is
determined by a biochemical assay with radioactive
(Radin and Arora, 1971) or fluorescent galactosylcera-
mide substrate in blood leukocytes or in cultured skin
fibroblasts. Moreover, it has been demonstrated that
GALC activity in newborn dried blood spots is a highly
sensitive test, even when samples have been stored for
many years (Puckett et al., 2012). However, as reported
by Graziano and Cardile (2015b), a serious diagnostic
problem in using a GALC enzymatic test is that the over-
lap in GALC activity ranges between the control groups
and the carriers when multiple polymorphic changes
occur in the GALC gene. Recently, Shin et al. (2016)
demonstrated that some cis-polymorphisms that are com-
monly found with some specific mutations affect not only
the activity but also the trafficking and the processing of
the enzyme. Different values of GALC activity were
reported when the measures were performed in protein
extract from total cell, lysosomal, or ER fractions.

It is difficult to establish a clear link between GALC
activity and genotype–phenotype correlation, and this is
confirmed by some reports on cases of misinformation
diagnosis because of a high residual activity of GALC
obtained in leukocytes and fibroblasts of a KD patient
(Szyma�nska et al., 2012). These observations also suggest
that, in addition to the level of residual GALC activity,
genetic background and, potentially, environmental fac-
tors may also contribute to the severity of GLD.

CHAPERONES FOR KD:
PRECLINICAL STUDIES

The applicable methods to identify and characterize PCs
for correcting enzyme deficiencies in LSDs have been

summarized by Valanzano et al. (2011). Studies on chap-
erones as potential therapeutics in GLD are very recent,
and many data on the subject have been communicated
within the past 5 years. In these works, the applied meth-
ods include computational analysis; measure of physical
stability; cell-based assays, such as high-throughput
screening (HTS) of chemical libraries; and the screening
of enzyme inhibition/activity, processing, and trafficking
in cell culture. Some studies were conducted in patient-
derived cells, whereas others were performed in heterol-
ogous expression systems in which the mutant GALC
forms were introduced via transient transfection. Patient-
derived cells are more complete systems because they
have several potentially altered molecular pathways, and,
consequently, they become complex systems for investi-
gating the effect of chemical chaperones or PCs. In fact,
given the autosomal recessive inheritance, it is difficult to
interpret which mutant form is responsive to the treat-
ment, especially without additional information from
other patient cell lines that are homozygous for one of the
mutations. To overcome this, the cell expression systems
are useful, but the specific misfolded mutant transfected
enzyme must exceed the expression of the endogenous
wild-type enzyme level in the host cell, and it must be
synthesized several thousand times the physiological levels
of any protein. Therefore, the folding machinery, includ-
ing ER folding, ERAD, and export to ER pathways,
should be oversaturated, and it may make the misfolding
no longer a limiting step on the protein function and
expression. Thus, the data obtained from overexpression
systems should be taken critically because chaperone
treatment may be affecting the GALC expression rather
than assisting folding, and the results must always be con-
firmed in patient-derived cells. To corroborate our specu-
lations, the case of the chemical chaperone 4-
phenylbutyrate that enhanced GALC activity must be
cited, but the effect seemed to be linked mainly to the
increased level of GALC precursor and not to modifica-
tion in protein processing when tested both in overex-
pressed systems and in their empty vector control (Shin
et al., 2016).

The first report on the use of chaperones to restore
GALC activity was published by Lee et al. (2010); see
Table I for a summary of all studies performed on KD.
Lee and coworkers (2005) determined how GALC muta-
tions impair enzymatic activity by analysis of GALC proc-
essing, localization, and enzymatic activity in COS-1 (a
monkey kidney, fibroblast-like cell line) and H4 (a
human, CNS-derived cell line) cells transfected to express
multiple disease-causing mutations. They selected three
mutations reported to cause GLD when inherited in the
homozygous state, D528N, I234T, and L629R, that are
responsible for infantile with early-onset GLD (Rafi et al.,
1996), late-infantile (De Gasperi et al., 1996), and juvenile
(Jardim et al., 1999) phenotypes, respectively. With these
cell models, the authors observed significantly less GALC
localization in the lysosome and impairment in both the
secretion and the reuptake of mutant GALC. As a small-
molecule chemical chaperone, they tested a-lobeline, a
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small molecule with weak inhibitor activity for GALC.
Only the D528N mutant cells showed a significantly
increased intracellular and extracellular GALC activity
after 72 hr of a-lobeline treatment, suggesting that this
molecule is a potential PC for a specific mutation. This
result was justified given the mutation type. In fact,
among the analyzed mutations, the D528N mutation cre-
ates a novel glycosylation site and alters protein processing
(Lieberman, 2011), as demonstrated by an increase in
GALC activity and processing both after reversing the
hyperglycosylation site and during tests under reduced
temperature.

The a-lobeline effects were also tested by Berardi
et al. (2014) in fibroblasts from patients with KD carrying
the mutations p.G553R 1 p.G553R (infantile pheno-
type), p.E130K 1 p.N295T (missense mutations, infantile
form), p.G57S 1 p.G57S (late onset), p.D187V 1
p.G323R (late infantile), and p.G286D 1 p.P318R (adult
onset). The authors also assayed 30,40,7-trihydroxyisofla-
vone as a potential chaperone. Excluding the p.D187V 1
p.G323R and p.G286D 1 p.P318R mutations that do
not affect the folding of the protein, both examined com-
pounds seemed to rescue GALC activity at a subinhibi-
tory concentration in fibroblasts, even when the basal
residual enzymatic activity reported was very low. The
biological data were associated with in silico analysis, and
the molecular docking analysis indicated that a-lobeline
and 30,40,7- trihydroxyisoflavone can bind to GALC in
nine different sites with different energy of binding. These
docking data seem to be consistent with a nonspecific
chemical chaperone, but the in vitro assays, the enzyme
specificity tests, and the effects on cell cultures were likely
to indicate a GALC-addressed chaperoning activity.

Biological assay and computational structural model-
ing were more recently applied by Hossain et al. (2015)
to evaluate the chaperone effect of N-octyl-4-epi-b-
valienamine (NOEV) on mutant GALC proteins. NOEV
had already been classified as a potent chaperone for
mutant GM1 b-galactosidase proteins (Ogawa et al.,
2002; Iwasaki et al., 2006; Higaki et al., 2011), and its
effectiveness was also reported in a murine GM1-
gangliosidosis model (Matsuda et al., 2003; Suzuki et al.,
2012). It has been reported that NOEV strongly inhibits
GALC activity and stabilizes GALC activity under heat
denaturation conditions in COS-1 cells transfected with
different GALC mutant constructs for seven infantile
mutations (p.L70P, c.635_646delinsCTC, p.P302A,
p.G352R, p.G496S, p.G646A, and p.T652P) and four
late-onset mutations (p.[I66M 1 I289V], p.G270D,
p.G569S, and p.L618S). Moreover, the chaperone effects
of NOEV were confirmed in fibroblasts from Japanese
patients (see Table I for the specific mutations), and
model structural analysis showed that NOEV binds to the
active site of human GALC protein. Thus, the authors
stated that NOEV would be potentially effective in cov-
ering 28% of alleles and 45% of patients in Japan with
KD, underscoring NOEV as a therapeutic alternative for
late-onset KD in Japan. All these findings strongly under-
score that a-lobeline, 30,40,7-trihydroxyisoflavone, and

NOEV act as chemical chaperones and that they are not
classifiable as PCs because they lack selectivity. Therefore,
the concentrations that enhance the cellular enzyme activ-
ity are extremely high.

With respect to the application of potential PCs for
KD, some investigations have been conducted recently.
An attempt to identify new PCs for KD measured the
effects of chemical libraries on GALC activity in patient
fibroblasts by the development of a cellular HTS assay.
This approach is particularly useful for identifying novel
and unexpected structures that can reveal important bio-
logical concepts never assumed to be related to a specific
target or disease mechanism. In particular, HTS acts as a
guide toward both a better understanding of binding
interactions in the active site and the identification of
chemical structures that may have improved properties.
The first HTS for KD was conducted by Ribbens and
coworkers (2013) and identified, by concentration–
response curves, 19 nonfluorescent compounds as “hits”
in a pilot screen against a relatively small compound col-
lection (Library Of Pharmacologically Active Compounds
1280). Unfortunately, none of the selected hits was con-
firmed to increase the residual GALC activity in a statisti-
cally significant manner when tested in two primary
fibroblast lines from GLD patients. Despite these results,
the main purpose of the study was achieved; the reprodu-
cibility and statistics of the HTS assay were tested, and the
validated method opened the possibility of detecting and
confirming new hits with the great advantage of the utili-
zation of GLD patient cells already in the primary screen
stage.

Under chemical profile, azasugars and iminosugars
were tested as GALC inhibitors and as PCs. Specifically,
Hill and coworkers (2015) identified some chemical char-
acteristics that, associated with azasugar compound, are
required for PC specificity and pH-dependent affinity for
GALC. This work was made possible by recent studies on
not only the structures of GALC but also the mode of
binding of substrate, intermediate, and product to the
enzyme active site, accompanied by conformational
changes of active site residues (Deane et al., 2011; Hill
et al., 2013). Among the iminosugar, 4-epi-isofagomine
has been reported by Biela-Banas et al. (2014) as a suitable
lead compound in the search for potential PCs because
this molecule was not selective for GALC; an elaboration
of this structure must be made.

CONCLUSIONS

Chaperones and, especially, PCs show great promise as a
new class of therapeutic agents that can be tailored specifi-
cally for a particular genetic disease. It is known that
occurring mutations responsible for GLD can result in
protein misfolding or misprocessing. The interest in chap-
erones as potential therapeutics for KD has been invigo-
rated in recent years, and preclinical experiments have
been performed. Some compounds have demonstrated
potential as nonspecific therapeutics, but some evidence
suggests that a PCT for KD might be possible.
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Knowledge in this field will advance following recent
insights into the molecular understanding of GALC struc-
ture, drug design, and development in cellular models for
the disease.
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Krabbe’s disease, also known as globoid cell leukodys-
trophy (GLD), is a lysosomal storage disease caused by
the deficiency of the lysosomal enzyme b-
galactocerebrosidase (GALC), resulting in severe neuro-
logical manifestations related to demyelination second-
ary to elevated galactosylsphingosine (psychosine) with
its subsequent cytotoxicity. The only available treatment
is hematopoietic stem cell transplantation, which delays
disease onset but does not prevent long-term neurologi-
cal manifestations. This article describes the identifica-
tion of small molecules that enhance mutant GALC
activity, identified by quantitative cell-based high-
throughput screening (qHTS). Using a specific neurologi-
cally relevant murine cell line (145M-Twi) modified to
express common human hGALC-G270D mutant, we
were able to detect GALC activity in a 1,536-well micro-
plate format. The qHTS of approximately 46,000 com-
pounds identified three small molecules that showed
significant enhancements of residual mutant GALC
activity in primary cell lines from GLD patients. These
compounds were shown to increase the levels of GALC-
G270D mutant in the lysosomal compartment. In kinetic
assessments, these small molecules failed to disturb the
GALC kinetic profile under acidic conditions, which is
highly desirable for folding-assisting molecules operat-
ing in the endoplasmic reticulum and not affecting GALC
catalytic properties in the lysosomal compartment. In
addition, these small molecules rescued the decreased
GALC activity at neutral pH and partially stabilized
GALC under heat-denaturating conditions. These drug-
like compounds can be used as the starting point to
develop novel small-molecule agents to treat the pro-
gressive neurodegenerative course of GLD. VC 2016 Wiley

Periodicals, Inc.

Key words: b-galactocerebrosidase; quantitative high-
throughput screening; small molecules; Krabbe’s disease

Globoid-cell leukodystrophy (GLD), usually
referred to as Krabbe’s disease, is one of the classical neuro-
logical lysosomal storage diseases (LSDs), with autosomal
recessive inheritance caused by a deficiency in b-

SIGNIFICANCE

Globoid-cell leukodystrophy (GLD), or Krabbe’s disease, is a neurode-

generative lysosomal storage disease caused by the deficiency of b-
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galactocerebrosidase (GALC) or galactosylceramidase
activity (E.C 3.2.1.46). GALC is a soluble lysosomal
enzyme that hydrolyzes galactose from several glycosphin-
golipids, including galactosylcerebroside (or galactosylcer-
amide) and galactosylsphingosine, commonly called
psychosine. Deficiency of GALC results in intracellular ele-
vation of psychosine in myelin-forming cells, triggering
apoptotic processes and demyelination, which are mani-
fested radiologically by progressive leukodystrophy
(Suzuki, 1984, 1998; De Gasperi et al., 1996a; Nilsson
et al., 1997). The prevalence of GLD is approximately 1
in 100,000 to 1 in 250,000 live births, but in some popu-
lations the disease prevalence can be as high as 1 in 100 to
1 in 150 live births (Rafi et al., 1996). Children diagnosed
with the infantile form of GLD typically present prior to
6 months of age with a rapidly progressive neurologic
deterioration and death generally before 2 years of age
(Wenger et al., 1997). Late-onset GLD clinical forms are
characterized by a slow progression, with a wider spec-
trum of neurological manifestations, including peripheral
neuropathy, motor weakness, and psychiatric symptoms
(De Gasperi et al., 1996b; Fiumara et al., 2010).

Currently, enzyme replacement therapy (ERT) is
the only U.S. Food and Drug Administration (FDA)-
approved treatment for LSDs with nonneuronopathic
symptoms, such as Gaucher’s disease, Pompe’s disease,
Fabry’s disease, cholesteryl storage disease, and mucopoly-
saccharidose types I, II, IV-A, and VI (Burrow et al.,
2007; Hollak and Wijburg, 2014). Unfortunately, ERT
agents, high-molecular-weight molecules, fail to cross the
blood–brain barrier (BBB), restricting treatment to non-
neurological symptoms in LSDs. Hematopoietic stem cell
transplantation (HSCT) is currently the only available
treatment for early-infantile GLD. However, even in pre-
symptomatic infants who undergo HSCT, in the long-
term followup GLD-related neurological manifestations
are observed (Duffner et al., 2009). More than 110 muta-
tions in the GALC gene (Hill et al., 2015) have been
associated with severe clinical phenotypes, and a large
number of missense mutations in GALC that cause GLD
are likely to result in instability and misfolding of GALC,
eventually being targeted to endoplasmic reticulum-
associated degradation (ERAD; Deane et al., 2011). Mis-
sense mutations in the GALC gene that result in an enzy-
matic activity less than 10–20% of wild-type (WT)
enzymatic activity result in GLD neurological manifesta-
tions that are also observed in several other LSDs (Con-
zelmann and Sandhoff, 1983). Therefore, enhancements
of mutant GALC that reduce the cytotoxic elevated psy-
chosine levels ultimately prevent arresting the demyelin-
ation process, resulting in amelioration of neurological
symptoms in GLD patients.

Small molecules such as therapeutic agents are more
likely to penetrate the BBB and reach diverse neural cells
in the CNS. Previously, we had developed a GLD patient
cell-based high-throughput screening (HTS) assay using a
specific synthetic fluorescent substrate for GALC (Rib-
bens et al., 2013). The current article describes the results
of the quantitative HTS (qHTS) results for two chemical

compound libraries using our cell-based HTS assay. In
the primary qHTS of two libraries representing a total of
46,816 molecules, 148 small-molecule candidates, known
as hits, were active. Secondary assays and concentration–
response curve analysis of compound potency and efficacy
(Inglese et al., 2006) allowed the selection of 10 small-
molecule candidates. In GLD patient primary fibroblasts,
three small molecules show enhancements of mutant
GALC enzymatic activity. These small-molecule candi-
dates or their analogs are potential therapeutic agents that
may be used to treat neurological symptoms of GLD.

MATERIALS AND METHODS

Chemical Reagents and Equipment

Synthetic fluorescent GALC substrate, 6-
hexadecanoylamino-4-methylumbelliferyl-b-D-galactoside
(HMUGal; FW 592), used in the cell-based HTS and second-
ary assays was purchased from CiventiChem (Cary, NC), and
HMU standard (FW 430) was purchased from Moscerdam Sub-
strates (Prinsenlaan, The Netherlands). For the GALC kinetic
assays, 4-methylumbelliferyl b-D-galactopyranoside and 2-
amino-2-methyl-1-propanol (MAP) were purchased from
Sigma-Aldrich (St. Louis, MO). Chemicals, including citric
acid, sodium acetate, sodium chloride, sodium hydroxide, sodi-
um bicarbonate (NaHCO3), sodium carbonate (Na2CO3),
sodium taurocholate, sodium azide, oleic acid, sodium phos-
phate dehydrate, and Triton X-100, were purchased from
Sigma-Aldrich. Solvents, including chloroform and methanol,
were purchased from ThermoFisher Scientific (Waltham, MA).
Phosphate-buffered saline (PBS) was purchased from Corning
(Manassas, VA). Microplates used in the cellular assay were
black 96-well plates with clear, flat bottoms (BD Biosciences;
Franklin Lakes, NJ) and 384- and 1,536-well plates (Greiner
Bio-One, Monroe, NC). All microplates used were tissue cul-
ture treated. Immunofluorescence cellular staining was per-
formed with rabbit V5 antibody (Sigma-Aldrich), mouse PDI
monoclonal antibody (1D3; Enzo Life Sciences, Farmingdale,
NY), rat lysosomal-associated membrane protein-2 (LAMP-2)
antibody (GLA2A7; Developmental Studies Hybridoma Bank,
Iowa City, IA), F(ab0)2-goat anti-rabbit IgG (H 1 L) secondary
antibody (Alexa Fluor 568; ThermoFisher Scientific), goat anti-
rat IgG (H 1 L) secondary antibody (Alexa Fluor 488; Thermo-
Fisher Scientific), and goat anti-mouse IgG1 secondary anti-
body (Alexa Fluor 488; ThermoFisher Scientific). A MultiFlo
FX multimode dispenser (BioTek, Winooski, VT) was used to
seed and wash multiwell plates. A Cellometer counter was used
for cell counting. Cytation 5 imaging reader (BioTeK) was
used to measure fluorescence from both 96- and 384-well
plates. The GALC assay for the screening performed in 1,536-
well plates required the ThermoFisher Scientific Multidrop
Combi to seed cells into the plates. A Wallac ViewLux 1430
ultra-HTS microplate imager (PerkinElmer, Waltham, MA)
was used for reading the fluorescence on the primary screening
assay.

1232 Jang et al.

Journal of Neuroscience Research



Cells, Tissue Culture Conditions, and Establishment of

Cell Line

Cultured fibroblasts from GLD patients were obtained
from the cell core bank at Telethon Network of Genetic Bio-
banks (Genova, Italy). Primary and cultured fibroblast cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich) with 10% fetal bovine serum (FBS; Gemini
Biologicals, West Sacramento, CA) at 5% CO2/95% air in a
humidified atmosphere at 37 8C. Cultured cells underwent
washing steps with PBS. Before being seeded into 1,536-well,
384-well, and 96-well microplates, cells were cultured in 75-
cm2 flasks until confluent, and cells were trypsinized.

For primary screening (HTS), we generated two stably
transfected cell lines using a previously established cell line,
145M-Twi (Ribbens et al., 2014). Using lentivirus (pLenti6V5-
DEST Gateway vector), we stably transfected the human
GALC gene carrying a common late-onset mutation, hGALC-
G270D (alternate numbering G286D; Deane et al., 2011),
establishing the cell line 145M-Twi-hGALC-G270D. We also
performed lentitransfections using the WT human GALC gene
(hGALC-WT), establishing the cell line 145M-Twi-hGALC-
WT, which was used as a control in each 1,536-well microplate
assayed. These two cell lines were used in the primary HTS
against the two above-described libraries. Cells were cultured
in DMEM/F12 media with 10% FBS. Using a similar approach,
we established two cell lines expressing hGALC-WT-V5 and
another expressing hGALC-G270D-V5. These cell lines
145M-Twi-hGALC-G270D were used for cellular immunos-
taining studies to examine the intracellular trafficking of
GALC-G270D mutant.

Primary Quantitative Cell-Based HTS Assay

For the HTS campaign, two small-molecule libraries
were used, the National Center for Advancing Translational
Sciences (NCATS) diversity collection of 44,000 chemically
diverse small molecules and the NCATS pharmaceutical collec-
tion (NPC), a library of 2,816 small molecules that have been
approved for human use by regulatory agencies. For the
NCATS diversity collection, the 145M-Twi-hGALC-G270D
cells were treated at four different compound concentrations,
0.2, 2.3, 22.7, and 113.7 mM, for 48 hr. For the NPC library,
cells were treated with four different compound concentrations,
0.92, 4.6, 22.7, and 113.7 lM. Approximately 1,500 cells were
seeded per well in 1,536-well microplates, treated with com-
pounds diluted in dimethylsulfoxide (DMSO) solution, and
organized in 1,536-well library plates at different concentra-
tions. With a Kalypsys pin tool equipped with a 1,536-pin array
(V & P Scientific, Palo Alto, CA), 23 nl of compound from
library plates was dispensed into each well a 1,536-well plate
containing 145M-Twi-hGALC-G270D cells (Fig. 1A). After
treatment for 48 hr, HMUGal substrate (0.2 mM) was added
and incubated for 17 hr at 37 8C (Fig. 1B) as previously
described (Ribbens et al., 2013). We added 60 ml of the same
stop buffer to stop the reaction, and fluorescence was measured
with a ViewLux (PerkinElmer) at kexcitation 404 nm and kemission

450 nm.

Cellular GALC Enzymatic Activity Assays in 384- and
96-Well Plates

Cellular GALC enzymatic activity assays were performed
with 96- and 384-well plate formats. Briefly, black, clear-
bottomed 384-well plates were seeded with 145M-Twi-
hGALC-G270D (mutant) and 145C-WT-hGALC-WT (con-
trol) with a MultiFlo FX multimode dispenser. Each well of the
384-well plate was seeded with 10,000 cells and treated with
0.8, 4, 20, or 100 mM concentrations of selected small-molecule
candidates. After incubation for 5 days, the treated medium was
aspirated, and 20 ml of HMUGal substrate was added, as previ-
ously described (Ribbens et al., 2013). Primary skin fibroblasts
from GLD patients were grown in tissue culture-treated 75-
cm2 flasks. After they had become fully confluent, the cells
were trypsinized and resuspended in DMEM/10% FBS and
seeded in black, clear-bottomed 96-well tissue culture-treated
plates. Each well contained 100ml cell suspension (40,000–
50,000 cells), and controls with WT GALC and two GLD
patient fibroblasts were cultured in 96-well plates. After attach-
ment, cells were treated with 12.5, 25, or 50 mM of candidate
compounds in 100 ml of the cultured medium for 5 days. At the
end of the fifth day, cells were washed with PBS with MultiFlo
(BioTek), and the medium that contained the compounds was
replaced with 50 ml HMUGal substrate (0.1 mM), as previously
described (Ribbens et al., 2013). After incubation for 17 hr at
37 8C, the GALC reaction was stopped by adding 100 ml of
0.5 M NaHCO3/0.5 Na2CO3 buffer (pH 10.7) with 0.25%
Triton X-100. The fluorescence was measured with a Cytation
5 imaging reader at kexcitation 404 nm and kemission 460 nm (Rib-
bens et al., 2013).

Establishing V5 Expression Cell Lines for Human
GALC Purification

Bay hamster kidney (BHK-21) cells were grown in a six-
well plate with DMEM containing 10% FBS until they were
70% confluent. BHK-21 cells in the media containing 8 mg/ml
polybrene (hexadimethrine bromide; Sigma-Aldrich) were then
transfected with 500 MOI of lentivirus carrying V5-tagged at
N-terminal human GALC plasmid (pCAGGS-GALC-WT).
On the following day, the medium was replaced with the regu-
lar medium and cultured for an additional day. Clone selection
was performed under 7.5 mg/ml blasticidin (ThermoFisher Sci-
entific) for the selection with further expansion. For GALC
purification, BHK-21 cells stably transfected with GALC-V5
were grown to confluency in 150-mm tissue culture-treated
dishes, and regular medium was replaced by DMEM containing
10 mM ammonium chloride (Neufeld, 1989). After 24 and
48 hr, the conditioned medium was harvested, and the cell pel-
let was harvested after 48 hr. From the conditioned media and
the cell pellet, human GALC enzyme was purified with a V5-
tagged protein purification kit (MBL, Woburn, MA) according
to the manufacturer’s instructions.

Validation of the Selected Small Molecules

Candidate compounds were selected based on their con-
centration–response curves of classes in the HTS assay. In 96-
well plates, primary cultured skin fibroblasts from controls with
GALC WT and two GLD patients were used for validation
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studies as well as primary fibroblasts from GLD patients carrying
G553R/G553R mutations and E130K/N295T missense muta-
tions in GALC gene. The cells were treated with various con-
centrations of candidate compounds (12.5, 25, and 50 lM) for
5 days. After the treatment period, media were removed, cells
were washed with PBS, and HMUGal substrate buffer was
added. After the reaction had been stopped by adding the same
stopping buffer after the 17-hr incubation at 37 8C, the fluores-
cence was immediately measured in the plate reader.

Immunocytochemistry Assays

145M-GALC-G270D-V5 was seeded in 24-well plates
on polylysine-coated coverslips and grown at 37 8C overnight.
Cells were treated with 1 lM of each hit or 0.4% DMSO for
the control for 3 days. After 3 days, cells were fixed with 4%
paraformaldehyde (Sigma-Aldrich) in PBS for 15 min. After
having been washed three times with PBS, the cells were per-
meabilized with 0.2% Triton X-100 for 5 min, followed by an
additional three washes with PBS. The cells were blocked by
5% goat serum (Sigma-Aldrich) for 45 min, followed by three
washes with PBS. The cells were incubated with primary anti-
bodies rabbit V5 monoclonal antibody (Sigma-Aldrich), mouse
PDI polyclonal antibody (Enzo Life Sciences), and rat LAMP-2
monoclonal antibody (Abcam, Cambridge, MA) with 1:250,
1:400, and 1:50 dilutions, respectively, in 1% goat serum at
room temperature for 1 hr. After three washes with PBS, the

cells were incubated for 1 hr at room temperature with appro-
priate secondary antibodies (1:200) as previously described.
After three washes with PBS, cells were stained with DAPI at a
1:20,000–50,000 dilution in PBS for 5 min. The cells on the
coverslips were mounted on a microscope slide, and fluorescent
images were visualized under a Cytation 5 imaging reader
(BioTek) with appropriate filters.

GALC Enzyme Kinetics

To determine the mode of interaction of either inhibition
(competitive, mixed, or noncompetitive) or activation of
GALC, Michaelis-Menten curves were generated. Human
GALC-V5 enzyme and 4-methylumbelliferyl b-D-galactopyra-
noside (4MUbGal) substrate at multiple concentrations ranging
from 0.04 to 0.5 mM and NCGC00126350-01,
NCGC00138454-01, and NCGC00102820-01 at 12.5 3 1023

and 25 3 1023 mM concentrations were used for the kinetic
assessments of GALC. Assays were performed in borosilicate
glass tubes, and aliquots of 200 ll were transferred to one well
of 96-well solid-black-bottomed plates in triplicate. Reactions
were performed under citrate (0.1 M)/sodium phosphate
(0.2 M) buffer at pH 4.6. Enzymatic reactions were stopped
with MAP (0.1 M) at pH 10.5. Enzyme reactions were initiated
by addition of the diluted specific concentrations of 4MUbGal
substrate solutions to tubes containing the recombinant GALC
and specific concentrations of the small molecule or DMSO

Fig. 1. The 1,536-well plate design and timeline of the primary screening events. A: The primary
screening was performed in 1,536-well plates. The plate locations of different cell lines from one
1,536-well plate are shown. B: Timeline of events of the live cell-based HTS assay. Because the
HTS assay was quantitative, four concentrations of the NCATS diversity collection and NPC col-
lection of approved drugs comprising 46,816 small molecules were used to treat cells.
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(solvent only). Tubes were incubated in a circulating water
bath at 52 8C for 120 min before dispensing 800 ll of the stop-
ping buffer MAP (0.1 mM), and, soon after, 4-MU fluores-
cence was measured by Cytation 5 at kexcitation 365 nm and
kemission 450 nm. The GALC kinetic assays were performed in
pH 4.6 (acidic) substrate buffers. These assays were based on the
previously described kinetics from the HMU-specific GALC
substrate (Martino et al., 2009). In Prism 6.0 (GraphPad Soft-
ware, La Jolla, CA), Km, a, and Vmax values were extracted
from the Michaelis-Menten curves (hydrolysis rate in pmol
4MUbGal/min/unit of GALC) following nonlinear regression.
Similarly, Ki values were obtained by nonlinear regression anal-
ysis of these data fitted to a competitive, mixed, or noncompet-
itive model of inhibition. The data were found to fit a specific
inhibitor model based the a scores and other kinetic parame-
ters. The synthetic fluorogenic 4MUbGal substrate was also
used to examine purified GALC activity at neutral conditions
(pH 7.2).

Heat-Stability GALC Assay

The effect of small-molecule hits on the stability of
GALC was examined in heat-stability experiments. Purified
human GALC in CP buffer (pH 4.6) was exposed to 52 8C, and
fractions were removed at fixed intervals of 0, 5, 10, 20, 30, 45,
and 75 min at 52 8C and placed on ice. Aliquots from each frac-
tion (n 5 3) were then assayed as previously described for
GALC kinetic assessments.

Statistical Analysis

When applicable, data are expressed as mean 6 SD.
Comparisons of parametric data were analyzed by conventional
parametric statistical methods, such as two-tailed Student’s t-
test. The statistical test Z-factor was used to measure the quality
of the assay and its applicability to HTS. A Z-factor of 0.5 indi-
cates that the assay is robust enough to identify enhancement of
HMU fluorescent signal indicating GALC enzymatic activity.
Coefficients of variance (CV) and signal-to-noise ratios were
also calculated when comparing signals from GALC activity
from WT and mutant cell lines. Data from the qHTS were ana-
lyzed with curve-response class (CRC) classification from
dose–response HTS, in which normalized data are fitted to a
four-parameter dose–response curve with a custom grid-based
algorithm to generate a CRC score for each compound dose
response (Inglese et al., 2006). CRC values of 1.1, 1.2, 2.1, and
2.2 are considered the highest quality hits; CRC values of 1.3,
1.4, 2.3, 2.4, and 3 are inconclusive hits; a CRC value of 4
indicates inactive compounds. Concentration curve analysis was
performed with a nonlinear regression curve fit in Prism 6.07.
Two-way ANOVA was applied for P calculation when appro-
priate; P< 0.05 was considered statistically significant.

RESULTS

Selective Primary Screening of NCATS Diversity
Collection and NPC Collection of Approved
Drugs for GALC Enhancers

A cell-based HTS assay was performed against the
NCATS diversity collection (44,000 small molecules) and

NPC (2,816 small molecules) libraries with 145M-Twi-
hGALC-G270D cultured in 1,536-well plates (Fig. 1A).
The NPC library was screened because this collection
consists of compounds that have been approved for use
by the FDA or related agencies in other countries. The
NCATS diversity library was chosen for the study because
it consists of a medium-sized library with chemically
diverse small molecules, mostly designed for probe dis-
covery. A cell-based HTS assay previously developed by
our group was used (Ribbens et al., 2013). In the current
study, however, a neurologically relevant 145M-
Twi-hGALC-G270D cell line was used for the primary
screening. To generate concentration–response curves
during the treatment period of 48 hr, different treatment
concentrations of the two small-molecule collection
libraries were used (Fig. 1B). At the primary screening
stage, concentrations of 0.23, 2.3, 22.7, and 113.7 mM
of the NCATS diversity collection and 0.92, 4.6, 22.7,
and 113.7 lM of the NPC collection were used to treat
live 145M-Twi-hGALC-G270D cells seeded in 1,536-
well plates. The statistical parameters from each 1,536-
well plate showed signal windows �5, CV ranging from
10% to 15%, and Z-factor� 0.4 from the majority of
ultradense 1,536-well microplates (Fig. 2, Supp. Info.
Table I). In total, 148 small molecules were identified as
qHTS small-molecule hits by the CRC classification
analysis (Fig. 3, Table I; Inglese et al., 2006). The pre-
plate reading of HMU fluorescence before dispensing
the HMU substrate into the 1,536-well plates identified
several autofluorescent compounds (Figs. 1B, 2). Signif-
icant numbers of false positives resulting from com-
pound autofluorescence (n 5 171) were filtered by
performing the preplate HMU fluorescence reading at
the primary qHTS level (Fig. 2, Table I). The 148 small
molecules were processed for followup validation and
characterization.

CRC-Based Prioritization of the Small-Molecule
Candidates From the Primary Screening

Before additional mechanistic validation, the 148
small-molecule hits were assessed with a similar cell-based
GALC activity assay in 384-well plates, as described in
Materials and Methods. To control the cell-based GALC
384-well plate assay, an additional 28 small molecules
were included in the validation (“cherry-pick”) subcollec-
tion along with 148 small molecules. In 384-well plates,
145M-Twi-hGALC-G270D cells were treated over 5 days
at 0.8, 4, 20, and 100 mM concentrations of each selected
small-molecule hit (Fig. 4). Based on their concentration-
response curve profile, 10 small molecules were priori-
tized for followup validation in primary skin fibroblast
cell lines obtained from GLD patients (Fig. 5). Patient
skin fibroblasts carrying misfolding GALC mutants
GALC-G553R, GALC-E130K, and GALC-N295T
(Deane et al., 2011) were used to validate the candidate
small molecules, as described in Materials and Methods.
Among the top 10 candidates, two molecules were fil-
tered out because they failed to enhance GALC
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Fig. 2. Scatterplot of the HMU fluorescent readings of 1,536-well
plates from primary screening. Selected scatterplots in plate-assay for-
mat are shown. Each scatterplot corresponds to one 1,536-well plate
from the primary screening that contains 145M-Twi-hGALC-G270D
(higher HMU fluorescence signals) and 145M-Twi-hGALC-WT
(medium-low HMU fluorescence signal) cells and wells containing
only media, labeled as background. Each plate underwent two HMU
fluorescent readings, presubstrate dispensing (after 48 hr of treatment)
and poststopping buffer dispensing (final reading). The two readings
allowed us to identify and filter out the autofluorescent compounds.

Selected plates in which the presubstrate dispensing reading allowed
the identification of autofluorescent compounds are shown. The val-
ues of the subtraction of the poststopping buffer dispensing signals
from presubstrate dispensing signals are shown in a scatterplot assay
plate format (lane at right). The Z-score of the HMU reading was
performed postsubstrate (final). Additional statistical parameters are
shown in Supporting Information Table 1. The NCATS diversity
library screening plates are represented here. The remaining scatterplot
plates from primary screening are shown in Supporting Information
Figures 1–7.
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enzymatic activity (Fig. 5). Among the eight small mole-
cules selected, three molecules, NCGC00126350-01 (CID
16023334), NCGC00102820-01 (CID 5297522), and
NCGC00138454-01 (CID 3139704), generated significant

increases in mutant GALC enzymatic activity in one
GLD patient fibroblast cell line carrying the mutants
GALC-E130K and GALC-N295T (Fig. 5A,B). In the
GLD patient fibroblast carrying the GALC-G553R

Fig. 3. Concentration–response curves of small-molecule candidates
from the primary HTS against NCATS diversity compound collec-
tion. In total, 148 hits from among 46,816 compounds were selected
by CRC analysis. The quantitative cell-based qHTS was performed at
four concentrations, 0.2, 2.3, 22.7, and 113.7 mM (NCATS diversity

collection). Each small-molecule hit is listed and labeled, and the
NCATS Chemical Genomics Center (NCGC) compound ID is indi-
cated under each graph (A–H) and subjected to the confirmation pro-
cess. Arrows indicate 10 small-molecule hits that were ultimately
selected for further validation assays in primary GLD patient cell lines.

TABLE I. Selection and Prioritization of Small-Molecule Candidates From Primary Screening Based on CRC

Number of small-molecule candidates NCATS

diversity (44,000) and NPC (2,812) collections

CRC Asymptotes r2 Efficacy Activity

Activity (excluding autofluorescent

molecules)

1.1 2 �0.9 >80% 0 0

1.2 Min* 80% 1 0

1.3 �0.9 >80% 2 0

1.4 Min 80% 14 13

2.1 1 �0.9 >80% 13 0

2.2 Min 80% 0 0

2.3 �0.9 >80% 50 6

2.4 Min 80% 36 9

3 1 >Min 195 116

5 None �Min 7 5

Total 319 148

*Min, minimal.
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mutant in homozygosity, only NCGC00102820-01
enhanced its residual enzyme activity, but without statisti-
cal significance (Fig. 5C,D).

GALC Small-Molecule Enhancers Showed No
Disturbances of Kinetic Profiles Under Acidic
Conditions

To examine the GALC enzyme kinetics in the pres-
ence of the small-molecule candidates, human GALC was
purified from BHK-21, as described in Materials and
Methods. Because the HMU substrate demonstrated con-
siderable variability resulting from a prolonged hydrolysis
of the HMU synthetic substrate (Wiederschain et al.,
1992a,b), 4MUbGal, another fluorogenic synthetic sub-
strate, was utilized for the kinetic examinations of GALC
(Supp. Info. Fig. 8). Previous studies assessing GALC
kinetics with 4MUbGal have been described (Martino
et al., 2009). Therefore, using the 4MUbGal substrate,
we determined the steady-state kinetics and initial kinetic
parameters of the purified human GALC for this specific
study (Supp. Info. Fig. 8). Under traditional acidic condi-
tions for a lysosomal enzyme such as GALC (pH 4.6),

small molecules NCGC00126350-01, NCGC00138454-
01, and NCGC00102820-01 showed no alterations in the
hGALC kinetic profiles (Fig. 6). Under neutral conditions
(pH 7.2), as expected for most lysosomal enzymes,
hGALC catalytic activity was significantly reduced (Fig.
7) but was still measurable. At pH 7.2, the low level of
GALC activity did not allow proper and reliable kinetic
assessments, especially at lower substrate concentrations.
When GALC activity was examined with 1 lM of each
of these three small-molecule candidates, significant
recovery of enzymatic activity was observed (Fig. 7).
NCGC00126350-01 and NCGC00102820-01 showed
substantial increases that were similar to the GALC cata-
lytic performance at pH 4.6 (Fig. 7).

Small-Molecule Hits Increase the Stability of
GALC

In addition to cellular and kinetic assays, GALC
enzymatic stability was examined in the presence of the
three small-molecule candidates under heat-denaturation
conditions (Fig. 8). The purified GALC was exposed to
three small-molecule candidates at 0.75 and 1.5 mM

Fig. 4. Confirmation and identification of the selected small molecules
in the HTS assay. The small-molecule candidates from the primary
screening (n 5 148) were re-examined by the qHTS assay in 384-well
plate format at 0.8, 4, 20, and 100mM. Concentration–response curves
of 176 small molecules, 148 from the primary screening of 46,816

small molecules and 28 deidentified controls, are plotted in different
graphs (A–H). In each graph, mean value of 145M-Twi-hGALC-
G270D treated with DMSO and its 62 SD are shown as red dotted
lines. Arrows indicate the 10 selected small-molecule candidates with
the highest ranked positive CRC.
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concentrations under heat-denaturation conditions. The
purified GALC underwent a series of incubation periods
of 0, 5, 10, 30, 45, 60, and 75 min at 37 8C, and the three
small molecules significantly maintained GALC enzymatic

activity (Fig. 8). NCGC00126350-01, NCGC00102820-
01, and NCGC00138454-01 interacted with GALC, sig-
nificantly increasing stability, as shown by maintaining
GALC enzymatic activity longer than GALC that had

Fig. 5. Validation of selected hits in GLD primary skin fibroblasts.
Ten of the small-molecule hits with the highest ranked positive
CRCs were examined in two GLD primary skin fibroblasts, one com-
pound heterozygous carrying the mutants GALC-E130K/GALC-
N295T and another homozygous carrying the mutant GALC-
G553R/GALC-G553R. Each small molecule was tested at 12.5, 25,
and 50mM concentrations (triplicate/concentration) in GALC-
E130K/GALC-N295T (A,B) and GALC-G553R (C,D) cell lines.
Red dotted lines show mean and 62 SD of each primary GLD

patient cell line treated with the compound solvent (DMSO) only.
Two selected hits are not shown because of their inhibitory effects on
GALC. For the highest concentration (50mM), histograms are shown
with comparison with the corresponding DMSO-treated fibroblast
panels (B,D). Black dashed lines indicate fluorescent levels of DMSO-
only-treated fibroblasts. Three potential hits, NCGC001126350-01,
NCGC00102820-01, and NCGC00138454-01, were selected
through this validation process. Data are mean 6 SD, n 5 3.
*P< 0.01, **P< 0.001.
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been incubated with solvent only (P< 0.001; Fig.7).
GALC-increased stability predicts the potential folding-
assisting role of these small molecules, ultimately evading
the ERAD and degradation.

Small-Molecule Candidates Decrease the Levels of
GALC-V5 In the Endoplasmic Reticulum

Certain missense mutations in GALC gene resulted
in misfolded mutant GALC proteins, resulting in
increased retention in the endoplasmic reticulum (ER).
After failing several cycles of folding in the ER, misfolded
GALC may ultimately be directed to the ERAD pathway.
To examine how the identified small-molecule candidates
might increase the folding and outside trafficking of

mutant misfolded GALC, 145M-Twi-hGALC-G270D-
V5 cells were treated over 3 days with 0.5 and
1mM concentrations of the NCGC00126350-01,
NCGC00102820-01, and NCGC00138454-01 molecules
(Fig. 9). In comparison with solvent (DMSO)-treated
cells, the NCGC00126350-01, NCGC00102820-01, and
NCGC00138454-01 molecules rescued mutant GALC-
V5 enzyme from ERAD and assisted their enzyme traf-
ficking to the lysosomal compartment.

The small-molecule properties of the three
small molecules are shown in Table II. Two of
them, NCGC00102820-01 (CID 5297522) and
NCGC00138454-01 (CID 3139704), showed a molecu-
lar weight of <500 g/mol with a reasonable XlogP3, indi-
cating a potential for blood–brain barrier penetration.

DISCUSSION

The present study focuses on the identification and char-
acterization of small molecules capable of enhancing the
residual GALC enzymatic activity found in patients affect-
ed with GLD, also known as Krabbe’s disease. In earlier
studies, our group developed a robust cell-based HTS
assay in 1,536-well microplates to screen small-molecule
libraries for mutant GALC enhancers (Ribbens et al.,
2013). Here we used the cell-based qHTS assay against
two small-molecule libraries, the NCATS diversity col-
lection (44,000) and the NPC collection of approved
drugs (2,816). HTS assay statistical parameters revealed
significant robustness and reproducibility across the more
than 120 microplates with a wide signal assay window,
CVs ranging from 5% to 15%, and consistent Z-factors
for each of the more than 120 ultradense plates tested
(Fig. 2, Supp. Info. Table 1).

In GLD, most misfolded mutant GALC are degrad-
ed early by ERAD (Deane et al., 2011). Therefore, low
levels of mutant GALC that eventually fold properly
reach the lysosomal compartment, resulting in residual
GALC enzymatic activity, though still below the 10–20%
critical threshold (Tropak and Mahuran, 2007; Berardi
et al., 2014). Below the GALC enzymatic critical

Fig. 6. Kinetics evaluation of three small-molecule candidates with human GALC. Using purified
human GALC and two different concentrations of each small molecule (0.5 3 1023 and 1 3 1023

mM), we generated Michaelis-Menten curves in the presence of NCGC00126350-01 (A),
NCGC00138454-01 (B), and NCGC00102820-01 (C) under acidic conditions (pH 4.6). Kinetic
parameters including a value, Ki, and Vmax are shown in each graph.

Fig. 7. Effects of small-molecule candidates on GALC under neutral
conditions. At pH 7.2, the GALC catalytic activity (blue bars) was sig-
nificantly decreased in comparison with its activity under physiological
acidic conditions (pH 4.6; red bars). However, in the presence of
the three small-molecule hits (at 1 lM), NCGC00126350,
NCGC00138454-01, and NCGC0010282 (purple bars) at pH 7.2, sig-
nificant recovery of GALC enzymatic activity was observed. No dra-
matic effect was noted when GALC was exposed to these small
molecules under acidic conditions (pH 4.6; green bars).
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Fig. 8. Heat-stability assay to assess stability of GALC in the presence of small-molecule candidates.
Purified GALC was exposed to denature conditions in the presence of NCGC00126350-01 (A),
NCGC00138454-01 (B), and NCGC00102820-01 (C) and was assessed by thermal denaturation. P
values were calculated by two-way ANOVA. Data are mean 6 SD, n 5 4.

Fig. 9. Cell-based trafficking assay with 145M-Twi-GALC-G270D-
V5. One of the small-molecule candidates, NCGC00126350-01, was
used at 1 lM concentration to treat 145-Twi-GALC-V5 cell lines.
A,C: After 48 hr of treatment, increased localization of GALC-V5
was observed in the lysosomal compartment as well as increased signal
apposition from LAMP-2 (green) and GALC-G270D (red). B,D: In

addition, decreased GALC-G270D levels were noted in the ER com-
partment labeled with protein disulfide isomerase (PDI), indicated by
decreased apposition of signals of PDI (green) and GALC-G270D-V5
(red). Higher resolution insets in C,D focus on the colocalization sig-
nal associated with the dislocation of the GALC-G270D-V5 and
either PDI or LAMP-2.

Small Molecules as Therapeutic Agents for Krabbe’s Disease 1241

Journal of Neuroscience Research



threshold, GLD neurological manifestations are observed
(Conzelmann and Sandhoff, 1983; Ribbens et al., 2013).
In this context, enhancements of the mutant GALC resid-
ual activity close to the critical threshold can prevent psy-
chosine elevation, progressive oligodendrocyte and
myelin loss, and subsequent leukodystrophy and astrocytic
gliosis and infiltration of the unique globoid cells, patho-
logic hallmarks reflected in the name globoid cell leukodys-
trophy for this LSD (Suzuki and Suzuki, 1970).

Compared with the previous cell-based qHTS assay
(Ribbens et al., 2014), one modification was performed
by using a different cell line. The 145M-Twi-GALC-
G270D cell line was generated by transfection with
human hGALC-G270D gene with a lentivirus. In the
HTS setting, the 145M-Twi-hGALC-G270D line that
was generated was more stable and reliable than the previ-
ous patient-derived SV40-transformed G270D/G270D
line, which was reflected in the plate statistical assessments
(Fig. 1, Supp. Info. Table 1; Ribbens et al., 2013). In
addition, 145M-Twi-hGALC-G270D is a more neuro-
logically relevant cell line because it was derived from
brain cortices of neonatal twitcher (galctwi/twi) mice (Rib-
bens et al., 2014), which may allow the identification of
small molecules that are more suitable to address the neu-
rodegenerative molecular processes involved in the patho-
genesis of GLD.

Performing a quantitative HTS allowed the selec-
tion and prioritization of small-molecule candidates based
on their concentration–response curves. The adoption of
a fluorescent prereading step for each 1,536-well micro-
plate before adding the HMU GALC substrate (Figs. 1B,
2) excluded a substantial number false positives (n 5 171;
Table I). Large numbers of false positives are commonly
observed in cell-based HTS assays (Inglese et al., 2007).
One of the fundamental reasons for the high false-positive
rate is that autofluorescence originates from several and

diverse small molecules, especially in the setting of a high-
ly sensitive fluorescence-based HTS assay (Thorne et al.,
2010). Through this process, the hit rate of 0.32%
(n 5 148) at the primary screening was observed, which is
considered a low rate given the large collection of com-
pounds screened (n 5 46,816; Inglese et al., 2007). Apart
from performing a fluorescence reading predispensing the
HMU substrate (Fig. 2), the cell-based nature of the assay
may further reduce the number of false positives. Despite
being a biochemical assay, the HTS assay is preceded by
the treatment of live cells with small molecules from two
selected libraries at multiple concentrations (Fig. 1).
Therefore, because the qHTS for GALC is focused on
positive CRCs that indicate increases in the residual
hGALC-G270D activity, small molecules producing neg-
ative CRCs are very likely cytotoxic and will have already
been filtered out in the primary stage. In addition, those
other molecules that have poor cell permeability and are
eventually unable to achieve adequate levels in the ER
compartment (where the GALC folding process occurs)
will also be filtered out. All these factors further increase
the stringency of the qHTS, substantially reducing the
number of small-molecule hits identified in the primary
screen.

Some small molecules from the two screened librar-
ies may be missed. These are small molecules that eventu-
ally have a biological effect in GALC-G270D folding
outside the range of concentrations tested (0.94–
113.7 lM). In addition, some small molecules may
require additional time to assist the GALC-G270D fold-
ing. A 48-hr treatment period may not be sufficient to
observe the resultant enhancement of the residual GALC-
G270D activity. However, in early experiments develop-
ing this cell-based GALC assay in high-density multiwell
plates such as the 1,536-well plates (Ribbens et al., 2013),
after 72 hr of culturing the cells with 2 ll media/well,

TABLE II. Small-Molecule Candidates That Showed Significant Enhancement of Residual GALC*

NCGC00126350-01 NCGC00138454-01 NCGC00102820-01

Compound ID 16023334 3139704 5297522

Molecular weight (g/mol) 531.97 347.43 422.5

Molecular formula C28H23ClFN5O3 C21H17NO2S C22H22N4O3S

XLogP3 4.4 5.5 3.9

Hydrogen bond donor count 3 0 2

Hydrogen bond acceptor count 6 4 7

Rotatable bond count 6 3 5

Exact mass (g/mol) 531.15 347.1 422.14

Monoisotopic mass (g/mol) 531.15 347.1 422.14

Topological polar surface area (�€A2) 95.1 67.4 126

Heavy atom count 38 25 30

Formal charge 0 0 0

Complexity 1,000 526 663

Isotope atom count 0 0 0

Defined atom stereocenter count 0 0 0

Undefined atom stereocenter count 1 0 0

Defined bond stereocenter count 0 0 0

Undefined bond stereocenter count 0 0 0

Covalently bonded unit count 1 1 1

*From PubChem (https://pubchem.ncbi.nlm.nih.gov).
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substantial variability of the assay was observed, which
was very likely the result of evaporation and subsequent
cell death.

Primary fibroblast from GLD patients with late-
onset forms was used for the validation of small molecules
because these cells are clinically relevant to disease-
associated mutations in GLD (Fig. 5). Two GLD patient
fibroblast lines were selected because they carry GALC
mutations that encode mutants that are predicted to affect
folding and structural stability substantially (Deane et al.,
2011). One of the GLD patient fibroblast cell lines carries
homozygous GALC G553R mutation showing very low
but measurable residual enzymatic activity (Tappino et al.,
2010). The mutant GALC-G553R is predicted to present
severe misfolding by interactions of large and basic side
chains (Deane et al., 2011), whereas another culture pri-
mary fibroblast cell line from a GLD patient carries com-
pound heterozygous mutation in GALC gene E130K/
N295T. In the heterozygosity state, it is difficult to deter-
mine whether mutant GALC-E130K or GALC-N295T
was responsible for the residual activity detected in this
cell line. The mutant GALC-E130K and GALC-N295T
showed significant degrees of misfolding in predictions
based on the murine GALC crystal structure (Deane
et al., 2011). Among 10 selected small molecules, three
significantly increased the residual GALC enzymatic
activity in the GLD patient fibroblasts with mutant
GALC-E130K and GALC-N295T (Fig. 4). GALC-
E130K (also known as E-114K) was identified in GLD
patients with the juvenile form in the Sicilian region of
southern Italy along with a common founder mutation
(GALC-G41S; Lissens et al., 2007), and GALC-N295T
(also known as N279T) was identified in Irish GLD
patients (Deane et al., 2011). Additional studies are
required to determine whether the enhancement of the
residual GALC activity is due to both or only one of these
two different mutants in these GLD patient fibroblasts;
the GLD patient fibroblast line carrying the mutant
GALC-G553R failed to show statistically significant
responses when treated with the 10 small-molecule candi-
dates at the same concentrations (Fig. 4). These results
indicate that some compounds may function as folding-
assisting molecules only in a specific subset or even a spe-
cific mutant GALC enzyme. Nevertheless, in general, the
GALC missense mutations that affect protein folding
result in a residual GALC activity that is encountered in
most patients presenting the late-onset forms of GLD.
The hGALC-G270D, a common pathogenic allele in
late-onset forms, was chosen as the surrogate mutant mis-
folded GALC mutant for primary screening to identify
small molecules that can assist GALC protein folding.

Pharmacological chaperones (PC) bind to target
proteins to stabilize the conformation of a mutant protein,
thereby allowing it to escape degradation targeted by the
ERAD pathway (Leidenheimer and Ryder, 2014). After
it has been properly folded with the assistance of a specific
PC, the mutant lysosomal enzyme evades the ERAD and
interacts with ER-export pathway elements, reaching the
lysosomal compartment (Ong and Kelly, 2011). Most

identified PCs bind to the catalytic sites of their target
enzymes as competitive inhibitors. Because of the long
reaction time required, the HMU substrate, a very sensi-
tive and specific GALC substrate used in the biochemical
diagnosis and newborn screen for GLD, failed in several
attempts to examine the kinetics of the purified human
GALC. Therefore, the 4MUbGal substrate, a sensitive
fluorogenic synthetic substrate, was used, allowing a short
assessment and reliable and consistent results. First, the
steady state and linearity of the GALC kinetics with the
4MUbGal substrate were characterized (Supp. Info. Fig.
8). Later, through enzyme kinetic assessments using the
human purified GALC, we examined the GALC kinetic
profiles in the presence of each of the three small mole-
cules (Fig. 6). Under optimal acidic GALC assay condi-
tions (pH 4.6), NCGC00126350-01, NCGC00102820-
01, and NCGC00138454-01 failed to affect the GALC
kinetics (Fig. 6), whereas, under neutral conditions
(pH 7.2), the GALC catalytic activity was dramatically
reduced, as expected for a lysosomal hydrolase (Fig. 7).
Given that neutral pH conditions are not the physiologi-
cal environment of GALC, no reliable kinetics can be
generated with considerable variation of enzymatic activi-
ty (data not shown). However, at the maximal substrate
concentration (0.5 mM of 4MUbGal) under neutral con-
ditions, GALC activity was measurable (Fig. 7). At
pH 7.2, the three small-molecule hits rescued the reduced
GALC enzymatic activity (Fig. 7), indicating potential
interactions resulting in increased stability of GALC at
neutral conditions. Therefore, these three small molecules
have a highly desirable profile as specific folding-assisting
molecules under neutral pH (7.2) conditions, just as those
encountered in the ER compartment. Under acidic con-
ditions, typically noted in the lysosomal compartment,
these molecules failed to perturb the kinetic profile of
human purified GALC (Fig. 6). Therefore, the small-
molecule hits may very likely interact at allosteric sites
located away from the GALC active site, which conse-
quently remains available for interactions with the natural
substrates, including galactosylceramide and especially
psychosine.

In heat-stability assays with purified human GALC,
the three small-molecule candidates significantly stabilized
the GALC enzyme (Fig. 8). The structure of GALC sug-
gests that nearly 70% of the missense mutations are
involved in the substitutions of residues that lead to insta-
bility or misfolding of GALC (Deane et al., 2011). There-
fore, the three small-molecule hits identified here may
interact with misfolding mutant GALC enzymes, increas-
ing their stability, assisting folding, and preventing their
degradation. In addition, 145M-Twi-hGALC-G270D-V5
cells under treatment with small-molecule hits increased
localization of mutant GALC-G270D in the lysosomal
compartment and reduction in the ER (Fig. 9). However,
it is important to note that the mutant GALC-G270D
was tagged with V5 to its N-terminal, which may also
affect the interactions of small molecules with GALC-
G270D.
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Physical properties such as molecular weight, lipo-
philicity (XLogP3), and the number of hydrogen bond
donors and acceptors in any compound are considered
when predicting the bioavailability of the compound.
The three small-molecule candidates show physical prop-
erties predicting good absorption or permeation given
their molecular weight �500, calculated XLogP3� 5,
hydrogen bond donors �5, and hydrogen bond acceptors
�10 (Lipinski et al., 2001). The structure of the small
molecules is displayed in Supporting Information
Figure 8.

Additional studies testing different mutant GALCs
along with examination of small-molecule analogs are
required to optimize the small molecules identified here.
In addition, whether the enhancements of mutant GALC
enzymatic activity generated by the identified small mole-
cules will reduce the elevated and, consequently, cytotox-
ic levels of psychosine is unknown. The establishment of
neural stem cell lines from primary GLD patient fibro-
blasts carrying the specific mutant GALCs, such as
GALC-E130K and GALC-N295T, are ongoing and will
allow studies on the effects of these and other molecules
in GLD patient-specific neural cells. Currently, misfold-
ing GALC-E130K and GALC-N295T show enhance-
ments of residual GALC activity. Additional GALC
mutants must be tested with the three small molecules
identified here. Eventually, the generation of analogs will
be able to expand the repertoire of GALC misfolded
mutants rescued by the molecules.

In summary, we report a cell-based HTS assay
against approximately 46,000 compounds resulting in the
identification and further characterization of small mole-
cules capable of enhancing the residual GALC enzymatic
activity by increasing mutant GALC stability, ultimately
assisting the folding and consequently escaping the
ERAD. These three small molecules show physical prop-
erties that may allow BBB penetration. These molecules
or their future analogs are potential therapeutic agents for
the treatment of neurological manifestations of GLD.
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Globoid cell leukodystrophy (GLD) is a rare, rapidly pro-
gressing childhood leukodystrophy triggered by deficit of
the lysosomal enzyme galactosylceramidase (GALC) and
characterized by the accumulation of galactosylsphingo-
sine (psychosine; PSY) in the nervous system. PSY is a
cytotoxic sphingolipid, which leads to widespread degen-
eration of oligodendrocytes and Schwann cells, causing
demyelination. Here we report on autophagy in the
human oligodendrocyte cell line MO3.13 treated with
PSY and exploitation of Li as an autophagy modulator to
rescue cell viability. We demonstrate that PSY causes
upregulation of the autophagic flux at the level of auto-
phagosome and autolysosome formation and LC3-II
expression. We show that pretreatment with Li, a drug
clinically used to treat bipolar disorders, can further stim-
ulate autophagy, improving cell tolerance to PSY. This Li
protective effect is found not to be linked to reduction of
PSY-induced oxidative stress and might not stem from a
reduction of PSY accumulation. These data provide novel
information on the intracellular pathways activated during
PSY-induced toxicity and suggest the autophagy path-
way as a promising novel therapeutic target for ameliorat-
ing the GLD phenotype. VC 2016 Wiley Periodicals, Inc.

Key words: galactosylceramidase; lithium; autophagy;
oligodendrocyte cell line; MO3.13 cell line; psychosine;
krabbe; globoid cell leukodystrophy

Globoid cell leukodystrophy (GLD, or Krabbe’s dis-
ease) is a rare, rapidly progressing childhood leukodystro-
phy triggered by deficit of the lysosomal enzyme
galactosylceramidase (GALC; Wenger, 2011), and includ-
ed in the large group of the lysosomal storage disorders
(LSDs). The physiopathological hallmarks of GLD are
progressive demyelination, reactive astrocytosis, and
microgliosis (Wenger et al., 1997).

GALC degrades galactosylceramide (GLC), a major
component of myelin, and other terminal b-galactose-
containing sphingolipids, including galactosylsphingosine

(PSY). Unlike other sphingolipid storage diseases, abnor-
mal accumulation of the primary substrate of the deficient
enzyme does not occur because GLC can also be degrad-
ed by GM1 ganglioside b-galactosidase (Kobayashi et al.,
1985; Suzuki, 2003). However, PSY cannot be hydro-
lyzed by this enzyme and progressively accumulates in the
nervous system of GLD patients (Vanier and Svenner-
holm, 1976; Svennerholm et al., 1980). PSY accumula-
tion is believed to be the main cause of the widespread
degeneration of oligodendrocytes and Schwann cells,
causing demyelination in GLD (Giri et al., 2006). It has
indeed been demonstrated that PSY accumulates in cell
membrane raft microdomains, disrupting their architec-
ture (White, 2009; Hawkins-Salsbury, 2013), and elevates
reactive oxygen species (ROS) production and calcium
inflow, triggering apoptotic cell death (Voccoli et al.,
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2014). For a comprehensive overview of the molecular
pathways affected by PSY, refer to the recent review pub-
lished by Graziano and Cardile (2015).

Autophagy is a lysosomal degradation pathway that
controls cytoplasm homeostasis by eliminating protein
aggregates and damaged organelles, carbohydrates, and
lipids and that allows the cell to adapt its metabolism and
meet its energy needs (Ravikumar, 2010). Autophagy
starts with the formation of double-membrane-layer
vesicles called autophagosomes from cup-shaped structures
known as phagophores. This process requires many
autophagy-related (ATG) proteins that are hierarchically
recruited at the assembly site as well as class III phosphoi-
nositide 3-kinases (PI3Ks) and soluble N-ethylmaleimide-
sensitive factor attachment protein (SNAP) receptors
(SNAREs). The ATG8 or its mammalian homologous
microtubule-associated protein 1 light-chain 3 (LC3) has
important multiple roles. It is synthesized as a precursor
and processed, resulting in the cytosolic isoform LC3-I.
LC3-I can be then conjugated to phosphatidylethanol-
amine to form LC3-II, which is specifically targeted to
the autophagosome membrane. LC3 helps in phagophore
edge folding and binds adaptor proteins (such as the
ubiquitin-binding protein p62) that, in turn, can regulate
selective autophagy of different cellular or molecular
structures. Recent data suggest that autophagosomes orig-
inate from endoplasmic reticulum (ER) membranes and
then are spread out in the cytosol to sequester the cyto-
plasmic material to be disassembled (Shibutani et al.,
2014); they must be then transported along microtubules
to reach lysosomes, which typically collect at the microtu-
bule organizing centers. Here autophagosomes fuse with
lysosomes, forming the so-called autolysosomes (Klionsky
et al., 2014) and allowing the final stage of autophagy in
which the cargo is exposed to the acidic lysosomal envi-
ronment for degradation and recycling of nutrients and
membrane components.

Autophagy is stimulated in physiological states such
as starvation and can be affected in various pathological
conditions, such as metabolic diseases, neurodegenerative
disorders, infectious diseases, and cancer (Kroemer, 2015).
Studies on LSDs (Settembre et al., 2008a,b; Lieberman
et al., 2012) suggest that defective autophagy might be a
general feature of this group of diseases. Lieberman et al.
(2012) provided an overview of the findings that have
been obtained through analysis of the autophagic pathway
in LSDs, showing that many of them share common fea-
tures, hallmarks of impaired autophagy: increased auto-
phagic vesicle formation, accumulation and defective
degradation, increased polyubiquitinated proteins,
increased dysfunctional mitochondria, and increased p62
expression. However, to the best of our knowledge,
autophagy has never been analyzed in GLD except for a
study performed by Ribbens et al. (2014). They presented
a new GALC-deficient murine oligodendrocyte line,
which showed LC3-enhanced lysosomal localization and
increased expression under treatment with PSY with
respect to wild-type (WT) cells.

Here we report on autophagy in the human oligo-
dendrocyte cell line MO3.13 treated with PSY and
exploited lithium (Li) as an autophagy modulator. Li is a
drug clinically used to treat bipolar disorders that was
recently demonstrated to be an autophagy modulator via
a mammalian target of rapamycin (mTOR)-independent
pathway and effective in the clearance of accumulating
molecules in neurodegenerative diseases (e.g., the mutant
Huntingtin in Huntington’s disease or mutated tau pro-
tein in tauophaties; Motoi et al., 2014). Li was adminis-
tered to MO3.13 cells treated with PSY, and autophagy
activation was evaluated. We studied LC3 localization by
LC3-YFP and LC3-RFP-GFP transfection and confocal
fluorescence microscopy and p62 and LC3-I/-II expres-
sion by Western blotting. The effects of Li on PSY accu-
mulation (by high-pressure liquid chromatography/
tandem mass spectrometry [HPLC/MS] methods), ROS
production (by fluorescence staining and flow cytometry),
and PSY-induced apoptosis (by flow cytometry and
microplate fluorimetry) were finally measured.

MATERIALS AND METHODS

Cell Culture and Treatments

Human oligodendrocyte MO3.13 cells (Tebu Bio, Le-
Perray-en-Yvelines, France; catalog No. CLU301-P) were
maintained at 37 8C in a humidified atmosphere containing 5%
CO2 in high glucose Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 2 mM L-glutamine, 1% penicil-
lin/streptomycin, and 10% heat-inactivated fetal bovine serum
(FBS); all products were from GIBCO-Life Technologies

(Carlsbad, CA). MO3.13 cells were seeded at 50,000 cells/cm2,

24 hr after plating cells were washed twice with phosphate-

buffered saline (PBS) and then cultured in 0.2% FBS medium

(DMEM supplemented with 0.2% FBS, 2 mM L-glutamine, 1%

penicillin/streptomycin). For experiments, MO3.13 cells were

cultured in 0.2% FBS medium (control) and treated with PSY

10 lM or pretreated with Li acetate (Li) 1 mM or 2 mM (for

30 min) and then with PSY (Li1 1 PSY and Li2 1 PSY, respec-

tively), for 24 hr. For selected experiments, cells were also

treated with prolyl endopeptidase inhibitor 2 (PEI) 10–250 lM

for 30 min before PSY administration (PEI 1 PSY), Li 0.5–

100 mM in 0.2% FBS medium for 24 hr, or bafilomycin (BAF)

200 nM (4 hr before cell lysis) after PSY or Li 1 PSY treat-

ments. PSY (Sigma Aldrich; St. Louis, MO), PEI (Santa Cruz

Biotechnology, Dallas, TX), and BAF (Sigma Aldrich) were

dissolved in dimethylsulfoxide (DMSO), whereas Li was diluted

in Milli-Q water; control cultures received the same quantity of

vehicle (DMSO or/and Milli-Q water), which never exceeded

0.6% v/v.

Transfections

For autophagosome and autolysosome formation analysis,
cells were plated into 35-mm IBIDI microdishes (Ibidi, Mar-
tinsried, Germany) and 12 hr later transfected with LC3-YFP or
LC3-RFP-GFP, respectively. LC3-YFP construct contains the
LC3 gene fused to the yellow fluorescent protein (YFP) gene
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(kindly supplied by Dr. Mario Costa; Masiero et al., 2009),
whereas the LC3-RFP-GFP (ptfLC3) tandem construct con-
tains the LC3 gene fused to both red and green fluorescent pro-
teins (RFP and GFP; ptfLC3 was a gift from Tamotsu
Yoshimori; Addgene plasmid No. 21074). The constructs were
transformed in Dh5-Alpha competent cells (Thermo-Fisher;
Waltham, MA), grown overnight in Luria Bertani (LB) broth,
and extracted with a Qiagen Plasmid Kit (Qiagen, Hilden, Ger-
many), according to kit instructions. Plasmid DNA concentra-
tion and purity were measured with a biophotometer, followed
by storage at –20 8C. For each sample dish, the transfection
solution was prepared by adding 1 lg plasmid DNA and 2 ll
Lipofectamine 2000 (Life Technologies) in 100 ll Optimem
medium (Life Technologies). After 20 min of incubation at
room temperature (RT; for liposome reaction) the transfection
solution was added to the cells. Twenty-four hours after trans-
fection, MO3.13 cells were treated as previously reported (con-
trol, PSY, Li1 1 PSY, and Li2 1 PSY for the LC3-YFP
transfected cells; control, PSY, and PSY 1 BAF for the LC3-
RFP-GFP transfected ones) and finally imaged by fluorescence
confocal microscopy.

Confocal Imaging and Autophagosome/
Autolysosome Analysis

Twenty-four hours after treatments, MO3.13 cells were
tested for LC3-YFP or LC3-RFP-GFP puncta formation by
live-cell confocal imaging. Confocal images were acquired with
a laser scanning confocal microscope TCS SP2 (Leica Microsys-
tems, Hilden, Germany) equipped with a cell incubator (37 8C
and 5% CO2), a 633 oil objective, and an argon (488 and
514 nm) laser. Each reported confocal image was obtained from
a z-series (stack depth was within 10 lm; steps 0.5–1 lm; each
image was averaged three times). The resulting z-stack was
processed in ImageJ (NIH; RRID:SCR_003070) into a single
image by using “z-project” and “Max intensity” options. For a
quantitative analysis of autophagosome and autolysosome for-
mation, every image has been thresholded using “threshold”;
after this, binary images were inverted, and the number of par-
ticles was analyzed by the “Analyze Particles” plugin, by setting
“size (pixel2)” 5 from 2 to infinity, and “circularity” 5 from
0.00 to 1.00. A region of interest (ROI) for every analyzed cell

was made in brightfield images, and the particles were then ana-
lyzed for every single cell (ROI).

Western Blotting

For Western blotting experiments, MO3.13 cells were
cultured on standard 60-mm dishes, treated as previously
described, and then lysed on ice with RIPA buffer (Sigma-
Aldrich) containing protease and phosphatase inhibitors cocktail
(cOmplete and PhosSTOP; Roche Diagnostics, Basel, Switzer-
land). Cell lysates were sonicated (for 4 sec at 12 lm of intensi-
ty) and after centrifugation (15,000g for 25 min, 4 8C) tested for
protein concentration by micro-BCA protein assay kit (Thermo
Scientific Pierce). The samples were boiled in Laemli buffer
containing b-mercaptoethanol (5% final concentration) for
5 min and centrifuged at room temperature, and the superna-
tants were finally used for gel electrophoresis (SDS-PAGE) or
kept at –80 8C until use. Samples (40 lg) were resolved by
SDS-PAGE using Gel Criterion XT-Precasted polyacrylamide
gel 4–12% Bis-Tris (Bio-Rad, Hercules, CA) and subsequently
transferred to nitrocellulose membranes, as was done by Tonaz-
zini et al. (2016). Immunodetection was performed with the
following antibodies against: LC3B (Abcam Cambridge, United
Kingdom; catalog No. ab48394; RRID:AB_881433); p62
(Abcam; catalog No. ab56416; RRID:AB_945626), actin (Sig-
ma-Aldrich; catalog No. A-3853; RRID:AB_262137), and
tubulin (Sigma-Aldrich; catalog No. T6074; RRI-
D:AB_477582; see Table I). On the following day, blots were
incubated with the corresponding peroxidase-linked secondary
antibodies (goat anti-rabbit or mouse IgG-HRP conjugate;
Bio-Rad, catalog No. 170-6516; RRID:AB_11125547; and
catalog No. 170-6515; RRID:AB_11125142; dilution
1:2,500), and after incubation membranes were developed with
Clarity enhanced chemiluminescent substrates (Bio-Rad). The
chemiluminescent signal was acquired with an ImageQUANT
LAS400 scanner (GE Healthcare Life Sciences, Uppsala, Swe-
den), and the density of immunoreactive bands was quantified
in ImageJ. The results were normalized to the actin (LC3) or
tubulin (p62) content and averaged for each repetition toward
the control or PSY conditions. The signals of LC3 and P62
were detected in different blots to avoid artifacts.

TABLE I. Primary Antibodies Used For Western Blotting

Antigen Description of immunogen

Source; host species; catalog No.; clone

or lot No.; RRID

Concentration

(lg/ml)

LC3-B Synthetic peptide corresponding to human LC3B made to an

N-terminal portion of the human LC3 protein sequence

(between residues 1 and 100)

Abcam, Cambridge, United Kingdom;

rabbit/polyclonal; ab48394; RRID:

AB_881433

1

P62 Recombinant full-length protein corresponding to amino acids

1–441 of human SQSTM1/ p62

Abcam; mouse/monoclonal; ab56416;

RRID: AB_945626

0.6

Actin Synthetic actin C-terminal peptide Ser-Gly-Pro-Ser-Ile-Val-

His-Arg-Lys-Cys-Phe attached to a multiple antigen peptide

(MAP) backbone

Sigma-Aldrich, St. Louis, MO; mouse/

monoclonal; A-3853;

RRID:AB_262137

0.5

a-Tubulin Sarkosyl-resistant filaments from Strongylocentrotus purpuratus

(sea urchin) sperm axonemes; recognizes an epitope located

at the C-terminal end of the a-tubulin isoform in a variety

of organisms

Sigma-Aldrich; mouse/monoclonal;

T6074; RRID:AB_477582

0.5
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Antibody Characterization

Table I lists the primary antibodies, with their immuno-
logical features, commercial sources, and dilutions. The LC3B
antibody recognized the expected full-length and cleaved forms
of LC3-II protein (15 and 17 kDa, respectively), and the p62
antibody recognized a 62-kDa band, identical to that from pre-
vious reports (Ram�ırez-Peinado et al., 2013, and Vazquez-
Martin et al., 2009, respectively). To avoid artifacts from differ-
ent transfer rates at different heights of the polyacrylamide gel,
LC3 and p62 band intensities have been normalized to different
control proteins, actin (LC3) and a-tubulin (p62). Actin and a-
tubulin antibody detected 42- and a 55-kDa bands, respectively
(Nelson et al., 2012; Tresse et al., 2010).

Lipid Extraction

For lipid extraction, MO3.13 cells were plated on stan-
dard 24-well plates, treated as previously reported, washed with
cold PBS, and lysed on ice with 80 ll/well of RIPA (Sigma-
Aldrich), containing a protease and phosphatase inhibitors
cocktail. Each condition was used in triplicate, and a control
well (without cells) was prepared for each treatment. For each
sample, a 150-ll mixture was prepared combining 75 ll of the
cell lysate, 12 ll N,N-dimethylsphingosine, 1,250 lM (N,N-
DMS, the selected internal standard for LC/MS-MS; Zanfini
et al., 2013; Sigma-Aldrich), and 63 ll MilliQ water. Then the
mixtjre was divided into three parts (50 ll each), and 500 ll of
chloroform/methanol solution (2:1) was added to each part.
Samples were vortexed, left at RT for 10 min, and supple-
mented with 100 ll NaCl 0.9% p/v in Milli-Q water. The
biphasic mixture was centrifuged at 800g for 30 min, and the
lower layer was collected and evaporated to dryness under vac-
uum at 30 8C. The residue was dissolved in 50 ll methanol/for-
mic acid 100/0.1 and processed for high-performance liquid
chromatography and tandem mass spectrometry (HPLC/MS).

HPLC-MS Analysis

HPLC-MS quantitation was performed on a Shimadzu
Nexera UHPLC chromatograph interfaced with an AbSciex
3200 QTRAP mass spectrometer (AB SCIEX, Toronto,
Ontario, Canada). HPLC analyses were performed on a Vydac
C4 1 3 250 mm (particle size 4 lm), using water/methanol/iso-
propanol/formic acid 40/55/5/0.1 (A) and methanol/isopropa-
nol/formic acid 95/5/0.1 (B) as mobile phases at 0.1 ml/min
flow. Runs were performed under a 45-min linear gradient
from 0 to 100% of solvent B, followed by a 5-min purge step at
100% of B and by a 10-min re-equilibration step to the starting
conditions.

MRM analyses were performed under the following con-
ditions: ion spray voltage: 5,000 V, source temperature 350 C,
declustering potential 50 V, collision energy variable (see value
in parentheses), ion source gas 20 liters/min, curtain gas: 25 lit-
ers/min. The following transitions were monitored (acquisition
time 150 msec/transition): N,N-dimethylsphingosine (Q1/Q3,
m/z, CE in parenthesis): 328.2/310.2 (26 V); 328.2/280.2
(32 V); 328.2/110.2 (42 V). PSY (Q1/Q3, m/z, CE in
parenthesis): 462.5/444 (25 V); 462.5/282 (30 V);462.5/264
(27 V); 462.5/252 (39 V). Transitions 328.2/310.2 (N,N-

dimethylsphingosine) and 462.5/282 (PSY) were used for
quantitation purposes.

Annexin V/Propidium Iodide Cell Death Assay

For annexin V/propidium iodide (PI) cell death assay,
MO3.13 cells were plated on standard 24-well plates and, after
treatments, processed as described by Voccoli et al. (2014).
Briefly, cells were harvested and centrifuged for 5 min at 330g,
and the pellets obtained were washed with PBS, centrifuged
again; resuspended in binding buffer (10 mmol/liter HEPES,
135 mmol/liter NaCl, 5 mmol/liter CaCl2) containing annexin
V-FITC conjugate 1 lM (Invitrogen-Life Technologies, Carls-
bad, CA) and PI 100 nM (Sigma-Aldrich); and incubated in ice
for 30 min. Flow cytometry was performed by using an S3 flow
cytometer (Bio-Rad) equipped with 488- and 561-nm diode-
pumped solid-state lasers. Annexin V-FITC was excited with
the 488-nm laser, and the emitted fluorescence was collected
through a 586/25-nm bandpass filter; PI was excited with the
561-nm laser, and its fluorescence was collected through a 615/
25-nm bandpass filter. Data were analyzed in ProSort (Bio-
Rad) by dividing the scatterplot of annexin V vs. PI into four
quadrants representing four clearly distinguishable populations
of cells, viable cells (R4 quadrant), apoptotic cells (R5), necrot-
ic cells (R3), and secondary necrotic cells (R2). The four quad-
rants were set on control conditions, and the cellular debris was
excluded from the quantification by gating cells on a forward-
scatter/side-scatter (FSC/SSC) graph; at least 25,000 gated
events were acquired for each sample.

ROS Detection by Flow Cytometry and Microplate
Fluorimetry

For ROS detection, cells were plated in standard 24-well
plates and exposed to the treatments previously described,
washed with 500 ll/well of prewarmed PBS with calcium and
magnesium, and then stained with carboxyl-H2-DCFDA (H2-
DCFDA; Life Technologies) for 30 min at 37 8C. DCFA was
diluted in DMSO to obtain a 10 lM working solution, and it
was used at 2.5 lM final concentration (diluted in prewarmed
PBS with calcium and magnesium). Negative (PBS with no
staining solution) and positive (treated with 100 mM H2O2

diluted in 0.2% FBS medium for 1 hr) control wells were also
prepared. For flow cytometry, the staining cells were treated
with 200 ll trypsin for 5 min at 37 8C, harvested in 500 ll com-
plete medium, centrifuged, resuspended in 500 ll prewarmed
PBS with calcium and magnesium, and filtered in polypropyl-
ene Greiner round-bottomed tubes (Sigma Aldrich). To detect
ROS production, the S3 flow cytometer previously described
was used. The oxidation product of carboxyl-H2DCFDA was
excited with the 488-nm laser, and the emitted fluorescence
was collected through a 525/30-nm bandpass filter. More spe-
cifically, the dedicated ProSort software was used to create a
protocol in which plot types, a region gate to exclude debris,
and regions to estimate the percentage of cells with different
characteristics were defined. Histograms were plotted as cell
counts vs. emitted fluorescence intensity area. Background
fluorescence was eliminated by setting a threshold gate on the
histogram of the negative control (dashed line in Fig. 6a, top
left). Only cells with fluorescence greater than the value of the
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Fig. 1. Psychosine induces autophagy. a: MO3.13 cells were transient-
ly transfected with LC3-YFP, treated with 0.2% FBS medium alone
(control) or PSY 10 lM (PSY) and imaged after 24 hr by live-cell
confocal microscopy. The number of autophagosomes was quantified
as the amount of LC3 puncta per cell in each condition; **P< 0.01
PSY vs. control, Student’s t-test; At least 15 cells for each condition
were quantified per experiment. b: To monitor the induction of
autophagy activity, the LC3-I/-II and p62 protein expression levels
were quantified in MO3.13 cells differently treated as follow: Control
and PSY (10mM), in the presence or not of Bafilomycin 200 nM
(PSY 1 BAF). Results were normalized to the actin or tubulin

content and and averaged the control condition within each experi-
ment; for LC3-II: *P< 0.05, PSY vs. control and vs. PSY 1 BAF,
Dunnett’s test (n 5 3); for p62: #P< 0,05, PSY 1 BAF vs. PSY, Stu-
dent’s t-test. c: To detect the autolysosomes formation MO3.13 cells
were transfected with LC3-RFP-GFP, treated with 0.2% FBS medi-
um alone (control), PSY, PSY 1 BAF and imaged after 24 hr by live-
cell confocal microscopy. The number of autolysosomes was quanti-
fied as the amount of the LC3-RFP-positive/LC3-GFP-negative
puncta per cell; **P< 0.01 PSY vs. control and *P< 0.05 PSY-
1 BAF vs. PSY Tukey’s test (n 5 3); At least 12 cells for each condi-
tion were quantified per experiment. Scale bars 5 10 lm.



gate were considered positive for enhanced ROS production.
For each sample at least 20,000 gated cells were acquired.

To avoid artifacts from possible oxidative stress originat-
ing from cell detachment, we also evaluated ROS production
by reading DCF fluorescence from adhered cells by using a
microplate fluorescence reader (GloMax Multimode Readers;
Promega, Madison, WI). For this measure, immediately after
the 30 min staining, the working solution was discarded and
the treatment medium (previously collected from each well and
put aside in a new 24-well plate) was placed back to allow a
sort of recovery for the cells (as suggested by Eruslanov and
Kusmartsev, 2010). The oxidation product of carboxyl-
H2DCFDA was excited at 475 nm and the emission intensity
was measured at 500–550 nm. After the measurement, cells
were treated with 200 ll of trypsin for 5 min at 37 8C, harvested
in 500 ll complete medium, centrifuged, resuspended in 1 ml
complete medium, stained with trypan blue, and counted by
means of a Countess automated cell counter (Invitrogen). The
mean fluorescence intensity coming from each well was finally
normalized to the corresponding cell number and averaged for
each repetition (n 5 3 independent experiments, each per-
formed in triplicate) and finally normalized to the control con-
dition. The signal coming from the control condition was
consistent with that of the unstained sample (data not shown).

Statistical Analysis

Data are reported as mean 6 SEM obtained from at least
three independent experiments (in figure legends, “n” indicates
the number of experiments performed). Data were statistically
analyzed in Prism 6.00 (GraphPad Software, San Diego, CA;
RRID:SCR_002798). For parametric data, Student’s t-test
(unpaired, two-tailed) or one-way ANOVA (Tukey’s or Dun-
nett’s multiple-comparisons test) was used; the mean values
obtained in each repeated experiment were assumed to be nor-
mally distributed about the true mean. Statistical significance
refers to results for which P< 0.05 was obtained.

RESULTS

Psychosine Induces Autophagy

To monitor the effects of PSY on the autophagic
pathway, human oligodendrocyte MO3.13 cells were
treated with PSY 10 lM for 24 hr, and LC3-I/-II and
p62 protein expression levels and LC3 localization were
investigated. First, we monitored LC3 cell localization by
LC3-YFP transfection and confocal fluorescence micros-
copy. This method allowed us to evaluate autophagosome
formation in living cells by visualizing and quantifying the
presence of LC3-YFP-positive puncta. At the beginning
of autophagosome formation, in fact, LC3 is converted
into a cleaved form (LC3-II) and inserted into autophago-
some membranes, becoming less diffuse and becoming
concentrated in so-called puncta (Proikas-Cezanne, 2007;
Travassos et al., 2010). LC3-YFP-based assessment of
autophagosome has been reported to be both more sensi-
tive and specific compared with other techniques, includ-
ing electron microscopy (Heiseke et al., 2009). As shown
in Figure 1a, control cells are characterized by a diffused
fluorescent signal and a low number of autophagosomes

(2.4 6 0.3 autophagosomes/cell). Conversely, PSY-
treated cells revealed increased LC3 aggregation
(5.3 6 0.3 autophagosomes/cell), thus indicating autoph-
agy activation (P< 0.01 PSY vs. control, Student’s t-test).

Then, the expression of the two isoforms of LC3,
LC3-I an LC3-II, was assayed by Western blotting. The
conversion (cleavage) of LC3-I (17 kDa, a cytoplasmic
form) into LC3-II (15 kDa, a cleavage form) is correlated
with autophagic activity. Representative blots and their
quantification are given in Figure 1b. We found a signifi-
cant increase of LC3-II levels in PSY-treated cells with
respect to the control condition and a further increase in
cells treated with PSY together with BAF (P< 0.05 PSY
vs. control and vs. PSY 1 BAF, Dunnett’s test). BAF is a
drug that blocks the fusion between lysosomes and auto-
phagosomes, and it is typically used to prevent LC3-II
degradation. This control condition is needed to preclude
that the measured LC3-II increase induced by PSY can
stem from impaired autophagosome-lysosome fusion
instead of augmented autophagy (Mizushima et al., 2007;
Rubinsztein et al., 2009).

Together with LC3, p62 is an autophagic activity
marker that was examined by Western blotting. p62 Is a
ubiquitin-binding protein that can link ubiquitinated pro-
teins to the autophagic machinery, making their degrada-
tion possible within the lysosome. As shown in Figure 1b,
the levels of p62 were significantly increased in cells
treated with PSY and BAF compared with those mea-
sured for cells treated only with PSY (P< 0.05 PSY-
1 BAF vs. PSY, Student’s t-test).

To verify directly that PSY does not impair autoly-
sosome formation, we measured the lysosomally driven
GFP quenching after transfection with the LC3-RFP-
GFP construct. GFP is a stably folded protein, relatively
resistant to lysosomal protease. However, the low pH
inside the lysosomes quenches the fluorescent signal of
GFP, making it difficult to trace the delivery of LC3-GFP
into lysosomes (Kabeya et al., 2000; Bampton et al.,
2005). In contrast, RFP exhibits a more stable fluores-
cence in acidic compartments, allowing LC3-RFP-GFP
constructs to label autophagosomes as GFP- and RFP-
positive (GFP1/RFP1) puncta, and autolysosomes as
GFP-negative and RFP-positive (GFP–/RFP1) puncta
(Mizushima et al., 2010). As shown by the representative
confocal fluorescence images in Figure 1c, a quite evident
increase in both autophagosomes and autolysosomes was
detected in PSY-treated cells with respect to the control
condition, whereas we found an increase of autophago-
somes only in PSY 1 BAF-treated cells caused by the
blockage of autophagosome maturation. The number of
autolysosomes under the different conditions was finally
quantified as the number of GFP–/RFP1 puncta, con-
firming the significant increase of autolysosome formation
following PSY administration (Fig. 1c; P< 0.01 PSY vs.
control and P< 0.05 PSY 1 BAF vs. PSY, Tukey’s test).
Taken together, these data indicate an activation of the
autophagic machinery following PSY administration in
MO3.13 cells.
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Fig. 2. Li increases autophagy in psychosine-treated cells. a: Li dose–
response viability curve obtained by annexin V/PI staining and flow
cytometry; *P< 0.05, Li 100 mM vs. control, Dunnett’s test (n� 4).
b: MO3.13 cells were transiently transfected with LC3-YFP, treated
with PSY 10 lM (PSY), PSY and Li 1 mM (Li1 1 PSY), or Li 2 mM
(Li2 1 PSY) and imaged after 24 hr by live-cell confocal microscopy.
The number of autophagosomes was quantified as the amount of LC3
puncta per cell in each condition; **P< 0.01 Li1 1 PSY vs. PSY and
***P< 0.001 Li2 1 PSY vs. PSY, Dunnett’s test (n 5 3). At least 15
cells for each condition were quantified per experiment. c: To

investigate the autophagy activation in PSY-treated MO3.13 cells after
Li treatments further, LC3-II and p62 levels were quantified in cells
treated with Li1 1 PSY, Li2 1 PSY, in the presence or not of Bafilo-
mycin 200 nM (Li1 1 PSY 1 BAF, and Li2 1 PSY 1 BAF). Results
were normalized to the actin or tubulin content and and averaged for
each repetition toward the PSY condition; for LC3-II: **P< 0.01
Li1 1 PSY 1 BAF vs. Li1 1 PSY and *P< 0.05 Li2 1 PSY 1 BAF vs.
Li2 1 PSY, Tukey’s test; for p62: *P< 0.05 Li1 1 PSY 1 BAF vs.
Li1 1 PSY, Dunnett’s test (n 5 3). Insets: Representative blot panels.
Scale bars 5 10 lm.
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Li Increases Autophagy in Psychosine-Treated
Cells

To investigate which Li concentration could be tol-
erated by MO3.13 cells, a dose–response vitality curve
was obtained in the presence of increasing concentrations
of Li (Fig. 2a). To this end, cells were stained with
annexin V/PI and analyzed by flow cytometry (for details
see Materials and Methods). A decreasing trend in cell
survival was found by increasing concentration from 10
to 100 mM (P< 0.05 Li 100 mM vs. control, Dunnett’s
test). Given these results and that Li is therapeutically used
at serum concentrations between 0.2 and 2 mM in
humans (Motoi et al., 2014; Malhi et al., 2013), 1 mM
and 2 mM were chosen for all our experiments. These
values are are typically used also for in vitro studies (Dwi-
vedi and Zhang, 2015).

MO3.13 cells were thus pretreated with Li 1 mM or
2 mM and then given PSY 10 lM for 24 hr (Li1 1 PSY,
Li2 1 PSY). To investigate the effect of Li on autophagy
in PSY-treated cells, LC3-I/-II and p62 protein expres-
sion levels and LC3 localization were evaluated by confo-
cal imaging and Western blotting, as for PSY alone (Sec
3.1). We found that LC3-positive puncta in Li1 1 PSY
(13 6 2 autophagosomes/cell)- and Li2 1 PSY
(15.9 6 0.8 autophagosomes/cell)-treated cells were sig-
nificantly more abundant than in cells treated with PSY
alone (P< 0.01 PSY vs. Li1 1 PSY and P< 0.001 PSY
vs. Li2 1 PSY, Dunnett’s test), indicating an upregulation
of the autophagosome formation machinery (Fig. 2b). We
next investigated the levels of LC3-I/-II by Western blot-
ting (Fig. 2c). Li1 1 PSY and Li2 1 PSY treatments did
not lead to statistically significant LC3-II variations with
respect to the control condition (PSY treatment alone).
Nonetheless, addition of BAF to Li1 1 PSY- and
Li2 1 PSY-treated cultures could increase the LC3-II
expression markedly (P< 0.01 Li1 1 PSY vs. Li1 1 -
PSY 1 BAF and P< 0.05, Li2 1 PSY vs. Li2 1 -
PSY 1 BAF, Tukey’s test), demonstrating that the
autophagy flux is not blocked by Li. A comparable trend
was found for p62 (Fig. 2c). In this case also, Li1 1 PSY
and Li2 1 PSY treatments compared with PSY alone led
to similar p62 levels, and BAF administration together
with Li led to enhanced p62 expression, although this did
not reach statistical significance. Overall, these data dem-
onstrate that cells given Li and PSY tend to produce more
LC3-posivite autophagosomes without impairment of the
autophagy flux with respect to cells treated with PSY
alone, in agreement with the hypothesis that Li can stim-
ulate autophagy in the presence of an excess of exogenous
PSY in MO3.13 human oligodendrocytes.

Psychosine Content in PSY- and Li-Treated Cells

To investigate whether stimulation of autophagy by
Li could led to a clearance of the PSY content in oligo-
dendrocytes, PSY levels were quantified in MO3.13
treated cells (PSY, Li1 1 PSY and Li2 1 PSY) by HPLC/
MS analysis; untreated MO3.13 cells were used as nega-
tive control. This measure turned out to be rather difficult

because of parasitic signals originating from residual non-
cellular PSY present in the lipid extract (for a detailed
description of the sample preparation for HPLC/MS anal-
ysis see Materials and Methods). For this reason, to gain a
better comparison of different experiments, we normal-
ized data within each experiment to the positive control
(PSY-treated cells). As the representative mass spectrome-
try time/count plot of Figure 3a shows, our analytical
method allowed us clearly to detect and quantify the PSY
signals in our positive control (cell treated with PSY
only); as expected, no PSY peak was present in our nega-
tive control (data not shown).

The quantification of seven independent experi-
ments is summarized by the graph in Figure 3b, in which
cells pretreated with Li revealed a reduction of PSY

Fig. 3. Evaluation of PSY content in PSY-treated MO3.13 cells after
Li administration. a: Representative time/count plot of the monitored
transition for HPLC-MS quantification of PSY in PSY-treated
MO3.13 cell lysates. The monitored transitions are shown at top right;
the selected transitions for quantitative purpose are: transitions 328.2/
310.2 for N,N-dimethylsphingosine and transition 462.5/282 for
PSY. b: PSY content in PSY-treated MO3.13 cells after Li adminis-
tration (Li1 1 PSY, Li2 1 PSY); values are normalized to the PSY
condition within each experiment (n 5 7).
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average levels compared with cells treated with PSY
alone. In particular, PSY mean values decreased by about
25% and 20% in cells pretreated with Li 1 mM and Li
2 mM, respectively. Although the above-mentioned noise

did not allow us to reach statistical significance, the mea-
sured decreasing tendency of the PSY content in cells giv-
en Li suggests that the autophagic activity induced by Li
can succeed in removing some of the exogenously intro-
duced PSY.

Li Improves Viability of Psychosine-Treated Cells

MO3.13 cells were treated with PSY 10 lM for
24 hr, and viability measured by annexin V/PI staining
and flow cytometry (as described in Materials and Meth-
ods). An increased mortality rate (Fig. 4b,c; P< 0,001
PSY vs. control, Student’s t-test) was measured, as we
previously reported (Voccoli et al., 2014). Next, we
investigated the effect of Li on PSY-treated cell viability.
Representative FACS scatterplots are shown in Figure 4a
for the PSY, Li1 1 PSY, and Li2 1 PSY conditions and
for the untreated control. Already from these plots it is
possible to notice qualitatively that Li can reduce the
number of dots present in R3 quadrants with respect to
that measured for cells treated only with PSY, indicating a
reduction of secondary necrosis with the following recov-
ery of viability. The quantification of this experiment is
given in Figure 4b,c; the administration of Li significantly
increased the percentage of viable cells (P< 0.05
Li1 1 PSY vs. PSY and P< 0.01 Li2 1 PSY vs. PSY,
Dunnett’s test; Fig. 4b) and decreased secondary necrosis
(P< 0.01 Li1 1 PSY vs. PSY and P< 0.001 Li2 1 PSY
vs. PSY, Dunnett’s test; Fig. 4c) compared with cells
treated with PSY alone.

To investigate further whether the improved viabili-
ty could be caused by Li-induced activation of autophagy,
MO3.13 cells were treated with PEI. PEI is an inhibitor
of the autophagy pathway that, by elevating intracellular
levels of IP3 (Williams et al., 1999), has an effect opposite
that of Li (Sarkar et al., 2005). First, to test which PEI
concentrations could be tolerated by MO3.13 (Fig. 5a), a
dose–response curve was obtained with increasing PEI
concentrations. Only concentrations greater than 100 lM
were toxic (P< 0.05 PEI 100 lM vs. control and
P< 0.001 PEI 250 lM vs. control, Dunnett’s test). Given
these results and according to the literature (Sarkar et al.,
2005), a concentration of 25 lM was chosen for the
experiments. As shown in Figure 5b,c, cells given both
PSY and PEI showed significantly less viability than cells
exposed only to PSY (P< 0.05 PEI 1 PSY vs. PSY, Dun-
nett’s test). We note that this cannot be ascribed to an

Fig. 4.

Fig. 4. Li treatment improves cell viability in PSY-treated MO3.13
cells. a: Representative dot-plots of MO3.13 cells stained with
annexin V/PI and analyzed by flow cytometry: R4, R5, R3 and R2
quadrants define, respectively, the healthy, apoptotic, secondary
necrotic, and necrotic populations. b: The number of viable cells is
reported in percentage of the total cell number. ###P< 0.001 PSY vs.
control, Student’s t-test; *P< 0.05 Li1 1 PSY vs. PSY and **P< 0.01
Li2 1 PSY vs. PSY, Dunnett’s test (n 5 4). c: The number of II
necrotic cells is reported in percentage of the total cell number;
###P< 0.001 PSY vs. control, Student’s t-test; **P< 0.01 Li1 1 PSY
vs. PSY and ***P< 0.001 Li2 1 PSY vs. PSY (n 5 4).
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additive cytotoxic effect of PEI because the PEI concen-
tration was chosen to be fully tolerated by the cells.
Therefore, downregulation of the autophagic pathway
activated by Li makes MO3.13 cells less tolerant to PSY,
in agreement with the viability rescue that we obtained
with Li. These experiments demonstrate that Li pretreat-
ment can reduce the cytotoxicity of PSY in MO3.13
cells. However, the viability rescue obtained in the pres-
ence of PSY can be ascribed to Li-driven autophagy
activation.

Improved Viability Does Not Correlate With
Reduced Cytoplasmic Oxidative Stress

Finally, it is known that PSY-induced cell death is
associated with increased ROS production (Voccoli et al.,
2014, Hawkins-Salsbury et al., 2012), so ROS levels were
investigated under our experimental conditions by H2-
DCFDA staining and flow cytometry. As expected,
MO3.13 cells treated with PSY revealed an augmented
cytoplasmic ROS with respect to control conditions
(Fig. 6). Interestingly, the additional administration of Li,

both 1 and 2 mM, did not ameliorate the oxidative stress
(P> 0.01 Li1 1 PSY and Li2 1 PSY vs. PSY, Dunnett’s
test), though leading to better cell viability (see above).
To avoid possible stress originating from cell detachment
before flow cytometry, we performed another set of
experiments in which the dye fluorescence was read from
adhered cells by microplate fluorimetry (for details see
Materials and Methods). The result of these measurements
is summarized in Figure 6c, confirming what we obtained
by flow cytometry. These final experiments show that Li
protection from PSY cannot be ascribed to a nonspecific
reduction of cytosolic oxidative stress.

DISCUSSION

This study demonstrates that Li pretreatment can reduce
exogenous PSY cytotoxicity in the human oligodendro-
cyte cell line MO3.13 and that this correlates with the
activation of the autophagic pathway. GLD is a lysosomal
storage disorder characterized by the intracellular accumu-
lation of PSY, a cytotoxic sphingolipid, whose cytotoxici-
ty has been clearly demonstrated in many studies,
especially for oligodendrocytes. This lies at the basis of

Fig. 5. PEI decreases cell viability of PSY-treated MO3.13 cells. a:
Representative dot plots of MO3.13 cells treated with 0.2% FBS
medium alone (control), PSY 10 lM (PSY), or PSY followed by PEI
25 lM (PEI 1 PSY); cells were stained with annexin V/PI and ana-
lyzed by flow cytometry: the R4 quadrant defines the viable cells and
it was set on control condition. b: PEI dose–response viability curve

obtained by annexin V/PI cell death assay; *P< 0.05 PEI 100 lM vs.
control, ***P< 0.001 PEI 250lM vs. control, Dunnett’s test (n� 3).
c: PEI-induced reduction of viable cells in PSY-treated MO3.13 cells;
*P< 0.05 PSY 1 PEI vs. PSY and *P< 0.05 control vs. PSY, Dun-
nett’s test (n 5 3).
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the so-called PSY hypothesis (Suzuki, 1998), according to
which the GLD phenotype would originate almost exclu-
sively from the presence of a high concentration of PSY
in the central nervous system (CNS), causing demyelin-
ation and progressive, rapid neurodegeneration. Although
peripheral neuropathy is also present in GLD, and evi-
dence is recently emerging that GALC loss of function
also has a negative impact at cellular and tissue levels
before PSY accumulation can be detected (Smith et al.,
2011; Giacomini et al., 2015), PSY clearance from the
CNS remains the primary therapeutic action to be pur-
sued. To this end, enzyme replacement therapies (ERTs)
that aim to restore or replace the defective enzymatic
activity (Lee et al., 2005, 2007) were developed and tested
in the GLD murine model with alternating results, mainly
because of the well-known difficulty in delivering large
molecules to the CNS. Gene therapies seem at the
moment the most promising approaches, especially if
combined with other methods such as bone marrow
transplantation and neural stem cell therapy (Li and Sands,

2014; Ricca et al., 2015). These methods often were suc-
cessful in restoring GALC activity in the CNS and in
ameliorating GLD models in vitro and in vivo, but they
could still not satisfactorily rescue the pathological pheno-
type. For this reason, a belief that additional treatments
should be introduced in combination, aiming specifically
to correct molecular dysregulations, is emerging. The
mechanisms by which PSY imparts toxicity are still to be
fully understood, and research on molecular pathogenesis
in this context is necessary to discover new pharmacologi-
cal targets. Our study addresses for the first time autoph-
agy in GLD with the aim of understanding whether this
could be a possible therapeutic target with combined
therapies. Remarkably, for medical purposes, drugs for
inducing or inhibiting autophagy are already available for
clinical practice (Rubinsztein et al., 2012).

For our experiments we decided to use an accepted
model of GLD in vitro for testing against PSY excess,
which consists is a human model of oligodendrocytes, the
MO3.13 cell line, cultured in an excess of exogenous

Fig. 6. ROS detection in PSY- and Li-treated MO3.13 cells. a: Rep-
resentative histogram plots of MO3.13 cells treated with 0.2% FBS
medium alone (control), PSY 10 lM (PSY), PSY and Li 1 mM
(Li1 1 PSY), or Li 2 mM (Li2 1 PSY); H2O2 100 mM was used as
positive control. Cells were stained with carboxyl-H2DCFDA and
analyzed by flow cytometry. The R3 region was set by the histogram
plot obtained for the unstained samples (negative control). b: Cyto-
plasmic ROS levels increase after PSY administration and remain con-
stant after additional Li treatments; ***P< 0.001 PSY, Li1 1 PSY,

Li2 1 PSY, and H2O2 vs. control, Dunnett’s test (n 5 4). c: DCF
fluorescence from adhered cells measured by microplate fluorimetry.
Cells treated with PSY revealed an increased amount of cytoplasmic
ROS with respect to the control condition; *P< 0.05 PSY and PSY-
1 Li1 vs. control, ***P< 0.001 PSY 1 Li2 vs. control, Dunnett’s test
(n 5 3). For each condition, the mean fluorescence intensity was nor-
malized to the correspondent cell number and to the control condi-
tion within each experiment.
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PSY. This model, although somewhat simplified, has
already successfully allowed unravelling novel molecular
mechanisms affected by the presence of PSY (Haq et al.,
2003; Giri et al., 2006, 2008). By using a 10 lM PSY
concentration in previous work, we quantitatively dem-
onstrated apoptotic cell death in the same model by
annexinn V/PI staining and flow cytometry (Voccoli
et al., 2014). These data gave us the basic information for
trying to rescue viability by acting on autophagy. Given
the results obtained by Ribbens et al. (2013), which sug-
gested an upregulation of autophagosomes formation
induced by PSY, we hypothesized that by helping this
degradation pathway we would be able to help cells in
PSY clearance and improve their tolerance to PSY, with
a consequent increase in cell viability.

First, we characterized the autophagic pathway in
the presence of PSY. To this end, LC3-I/-II and p62
expression were measured by Western blotting, and auto-
phagosome/autolysosome formation was imaged by LC3-
GFP/LC3-RFP-GFP transfection and confocal microsco-
py. Consistently with the results cited above, exogenous
PSY administration could stimulate autophagy also in
MO3.13 cells. LC3-positive vesicle formation was indeed
significantly augmented with respect to the case of non-
treated cells (Fig. 1a), indicating an enhanced production
of autophagosomes. At the molecular level, although we
did not found a clear trend for p62, LC3-II expression
was upregulated. The amount of LC3-II is indeed closely
correlated with the number of autophagosomes, serving
as a good indicator of autophagosome formation. Howev-
er, because LC3-II itself is degraded by autophagy, LC3
immunoblotting is sometimes interpreted inappropriately:
an LC3-II increase upon treatment might in fact also indi-
cate a blockage of the autophagic degradation. As sug-
gested by Mizushima et al. (2007), we repeated the
experiment in the presence of BAF, an inhibitor of auto-
phagosome–lysosome fusion, to block LC3-II degrada-
tion. LC3-II expression was in this case further increased,
indicating that autophagy was not blocked at the level of
autophagosome/lysosome fusion. p62 Can bind LC3,
thus serving as a selective substrate of autophagy, and for
this reason it would be expected to follow LC3 levels.
Actually, the expression level of p62 can also change
independently of autophagy (Ju et al., 2010; Puissant
et al., 2012; Xie et al., 2013), making data interpretation
difficult. In our case, although we did not find a variation
induced by PSY, the treatment showed an increasing
trend consistent with what we measured for LC3-II. To
show that the autophagic machinery is active to its final
stage, we imaged the delivery of LC3-RFP-GFP to the
lysosomes by confocal imaging in living cells. An impor-
tant increase in the number of autolysosomes was detected
in cells treated with PSY that, as expected, did not occur
in the presence of BAF (Fig. 1c). Therefore, we can con-
clude that exogenous PSY did not block autophagy in
our experimental model, which instead showed quite an
evident autophagy activation.

To stimulate autophagy further, we chose to use Li,
which is clinically accepted for the treatment of bipolar

disorders and whose neurotrophic and neuroprotective
properties are known (Malhi et al., 2013). Pretreatment
with Li was effective in regulating autophagy in various
neuropsychiatric diseases such as Huntington’s disease,
Alzheimer’s disease, Parkinson’s disease, prion disease,
and amyotrophic lateral sclerosis (Motoi et al., 2014).
Interestingly, autophagy was not always upregulated.
Conversely, it was reported that in a mouse model of
cerebral ischemia and Alzheimer’s disease Li can instead
lead to downregulation. We thus repeated the analysis
described above in cells pretreated with Li and exposed to
PSY. As shown in Figure 2b, autophagosome formation
was clearly stimulated by Li. The molecular analysis of
LC3-I/-II and p62 was instead less straightforward.
Nonetheless, the increasing trend of both these proteins
upon blocking of autophagic degradation by BAF is con-
sistent with the measured augmented number of autopha-
gosomes and with autophagic flux upregulation.

Therefore, the cytotoxic effect of PSY was essayed
upon Li pretreatment and was diminished. The cell cul-
ture was indeed less sensitive to PSY, and cell death was
reduced with a corresponding improvement in cell viabil-
ity (see Fig. 4). To test our hypothesis in which this thera-
peutic effect originates from a more efficient PSY
degradation, PSY accumulation in cells was quantified.
Although a decreasing trend was found in PSY intracellu-
lar content, this variation was not large enough to reach
statistical significance with our experimental pool. For
this reason, we must suppose that other mechanisms not
related to PSY clearance might contribute to the observed
cell viability rescue. For example, cytotoxic molecules
other than PSY, yet accumulating in Krabbe’s disease
(KD), might be better digested by Li-stimulated autoph-
agy. Smith et al. (2015) indeed identified the presence of
misfolded protein aggregates in both human and murine
KD brains, consisting primarily of aggregated a-
synuclein, and demonstrated that administration of PSY
facilitates a-synuclein aggregation in vitro. In light of this,
and given that autophagy stimulation has been successfully
targeted to ameliorate some a-synucleinopathies (Decres-
sac et al., 2013; Hu et al., 2016; Tian et al., 2016), we can
speculate about a connection between the clearance of
some aggregate-prone protein and improved cell viability.
Interestingly, cytosolic ROS production was not affected
by Li (Fig. 6). Oxidative stress has been one of the first
targets tested for counteracting PSY cytotoxicity. Admin-
istration of the antioxidant N-acetylcysteine (NAC) in
cell cultures exposed to exogenous PSY gave good results
for ameliorating cell viability, but, unfortunately, almost
no effect was seen with its administration in TWI mice as
dietary supplement (Hawkins-Salsbury et al., 2012). As in
our case, Li did not exert its protective effect by reducing
ROS production; other mechanisms related to PSY or
other cytotoxic protein reduction could come into play.
Altered autophagy and accumulation of lipids, especially
cholesterol and glycosphingolipids, have been reported
for a wide range of LSDs, including those without prima-
ry defects in glycosphingolipid or cholesterol degradation
(Settembre et al., 2008a,b). These lipids are the principal
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constituents of lipid rafts, specialized membrane microdo-
mains rich in signaling molecules and that influence
membrane fluidity (Tommasino et al., 2015). Remark-
ably, lipid rafts were reported to be disrupted in GLD,
and this was demonstrated to be caused by PSY accumu-
lation in lipid rafts. Lipid rafts are present not only in the
plasma membrane but also in other parts of the cell such
as the endoplasmic reticulum, mitochondria-associated
membranes, Golgi, mitochondria, and lysosomes (Ling-
wood et al., 2010; Sorice et al., 2012) and are involved in
many signaling cascades, including autophagy. It is possi-
ble that the abnormal accumulation of PSY affects the
physiology of lysosomal membranes, making the autoph-
agy pathway a good target for counteracting some of the
PSY effects. Intriguingly, also amyloidogenic proteins,
that, as previously mentioned, rapidly fibrillate in the
presence of PSY, have been demonstrate to interacts with
raft glycosphingolipids (Fantini et al., 2011). Finally, also
inflammation, a neglected part of GLD, could come into
play. It is known that the inflammasome, a molecular
platform activated by stress that regulates the activity of
caspases and cytokines, colocalizes with the autophago-
some and that a blocking of autophagy potentiates inflam-
masome activity, whereas stimulating autophagy limits it
(Shi et al., 2012). Recently it has been demonstrated that
PSY-treated oligodendrocytes show activation of TLR2
signaling, with consequent innate immune system activa-
tion (Snook et al., 2014); indeed, it is possible that
autophagy activation cold help the cell in attenuating the
inflammation response. Although additional studies are
required to elucidate the molecular mechanism correlated
with the Li improvement in cell viability in PSY-treated
oligodendrocytes, these data give a strong rationale to
investigate further the modulation of the autophagic path-
way in GLD.

CONCLUSIONS

This study, investigates autophagy as a therapeutic target
to counteract PSY cytotoxicity in the human oligoden-
drocyte cell model MO3.13. We reported that PSY
causes upregulation of the autophagic flux at the level of
autophagosomes formation and LC3-II and p62 expres-
sion. We showed that pretreatment with Li, a drug clini-
cally used to treat bipolar disorders, can further stimulate
autophagy, improving cell tolerance to PSY. We mea-
sured improved cell viability, with a corresponding reduc-
tion of cell apoptotic death. Finally, our data show that
PSY-induced cytosolic oxidative stress is not reduced by
Li, although it might help in PSY degradation. Altogether
these data provide novel information on the intracellular
pathways activated during PSY-induced toxicity and sug-
gest the autophagy pathway as a potential novel therapeu-
tic target for ameliorating the GLD phenotype.
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Review

Substrate Reduction Therapy for Krabbe’s
Disease

Scott A. Sands and Steven M. LeVine*

Department of Molecular and Integrative Physiology, University of Kansas Medical Center, Kansas City,
Kansas

Krabbe’s disease (KD) is a lysosomal storage disorder in
which galactosylceramide, a major glycosphingolipid of
myelin, and psychosine (galactose-sphingosine) cannot
be adequately metabolized because of a deficiency in
galactosylceramidase. Substrate reduction therapy (SRT)
has been tested in preclinical studies. The premise of
SRT is to reduce the synthesis of substrates that are not
adequately digested so that the substrate burden is low-
ered, resulting in less accumulation of unmetabolized
material. SRT is used for Gaucher’s disease, in which
inhibitors of the terminal biosynthetic step are used.
Unfortunately, an inhibitor for the final step of galactosyl-
ceramide biosynthesis, i.e., UDP glycosyltransferase 8
(a.k.a. UDP-galactose ceramide galactosyltransferase),
has not been found. Approaches that inhibit an earlier
biosynthetic step or that lessen the substrate burden by
other means, such as genetic manipulations, have been
tested in the twitcher mouse model of KD. Either as a
stand-alone therapy or in combination with other
approaches, SRT slowed the disease course, indicating
that this approach has potential therapeutic value. For
instance, in individuals with adult-onset disease, SRT the-
oretically could lessen the production of substrates so
that residual enzymatic activity could adequately manage
the lower substrate burden. In more severe forms of dis-
ease, SRT theoretically could be part of a combination
therapy. However, SRT has the potential to impair normal
function by reducing the synthesis of galactosylceramide
to levels that impede myelin function, or SRT could have
other deleterious effects. Thus, multiple issues need to be
resolved before this approach is ready for testing in
humans. VC 2016 Wiley Periodicals, Inc.

Key words: L-cycloserine; twitcher; galactose; galacto-
sylceramidase; UDP glycosyltransferase 8; lysosomal
storage diseases

Krabbe’s disease (KD) is a lysosomal storage disorder
in which the gene for the enzyme galactosylceramidase
(a.k.a. galactocerebrosidase or galactocerebroside b-
galactosidase; gene GALC) is rendered defective
through mutation (Suzuki and Suzuki, 1970; Rafi et al.,
1995). This results in the inadequate digestion of

galactosylceramide, a main lipid component of myelin,
and psychosine, a byproduct that can accumulate over
100-fold in the brain (Svennerholm et al., 1980). Psycho-
sine is thought to promote toxicity, resulting in extensive
demyelination (Miyatake and Suzuki, 1972; Tanaka et al.,
1989; Suzuki, 1998). The massive loss of oligodendro-
cytes/myelin is thought to account for the absence of gal-
actosylceramide accumulation in KD (Suzuki, 1998).

KD is also known as globoid cell leukodystrophy
because of the presence of globoid cells (swollen micro-
glia/macrophages filled with lipids, stained by Periodic
acid-Schiff, and often multinucleated) in the CNS
together with extensive demyelination (D’Agostino et al.,
1963; Malone et al., 1975; Ijichi et al., 2013). There are
five phenotypes of KD: 1) infantile (the majority of cases
[Duffner et al., 2011]) begins to manifest itself within the
first 6 months of life, 2) late infantile presents at 6–12
months, 3) juvenile onset presents at 1–10 years of age, 4)
adolescent onset occurs at 11–20 years of age, and 5) adult
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onset (for review see Duffner et al., 2012). Juvenile, ado-
lescent, and adult onsets, in general, have more slowly
developing and more varied phenotypes than infantile
phenotypes (Jalal et al., 2012). The level of residual galac-
tosylceramidase activity was positively correlated with a
later onset (i.e., late-onset phenotypes generally had
higher residual activity than the early infant phenotype;
Jalal et al., 2012). However, all phenotypes could also
present with very low or absent levels of activity (Jalal
et al., 2012), which can complicate the diagnosis of early-
infantile disease from neonatal screening (Wenger et al.,
2000; Duffner et al., 2009a). Furthermore, a positive asso-
ciation between residual enzyme levels and onset was not
observed in another study (Tappino et al., 2010). Thus,
more investigations are needed to clarify the relationship
of residual enzyme activity levels with the different forms
of KD. Psychosine measurements from blood spots are
also being considered for newborn screening (Turgeon
et al., 2015). Accurate information about the type of KD
could be important in determining therapeutic options,
especially as more become available. Hematopoietic cell
transplantation is currently the only treatment, but this
generally requires early detection (e.g., through newborn
screening), and it may have limited ability to halt disease
activity (Duffner 2009b; Lantos, 2011). Furthermore, the
procedure has many associated risks (Duffner 2009b; Lan-
tos, 2011). Thus, other experimental interventions are
being examined, and included among these experimental
approaches is substrate reduction therapy (SRT), which
lowers the production of the substrates that cannot be
properly digested by the defective enzyme.

The effectiveness of SRT as a monotherapy in KD
would be expected to be somewhat dependent on the
degree of residual activity present by the defective
enzyme. For individuals with extremely little or no galac-
tosylceramidase activity, which occurs often for the early-
infantile phenotype, SRT as a monotherapy likely would
not appreciably alter the disease course. However, in indi-
viduals with higher residual enzymatic activity, which can
occur in later-onset phenotypes such as adolescent or
adult phenotypes, SRT as a monotherapy has greater
potential to make a more meaningful impact. In addition
to a monotherapy, SRT could be used as part of a combi-
nation therapy. This would expand its potential therapeu-
tic value to individuals with an early-onset phenotype, to
individuals with little or no enzymatic activity, and/or to
individuals with later phenotypes being treated with
another intervention(s).

In theory, an optimal SRT agent would inhibit
UDP glycosyltransferase 8 (UGT8; a.k.a. UDP-galactose
ceramide galactosyltransferase or ceramide UDP galacto-
syltransferase [CGT]), the enzyme responsible for galacto-
sylceramide and presumably psychosine biosynthesis
(Morell and Radin, 1969; Costantino-Ceccarini and
Morell, 1972; Suzuki, 1998). This would be analogous to
successful SRT inhibitors used in Gaucher’s disease that
target the terminal biosynthetic step for glucosylceramide
and possibly glucosylsphingosine (Curtino and Caputto,
1972; Shayman, 2010; Dekker et al., 2011; Bennett and

Turcotte, 2015; Pavlova et al., 2015), which are the sub-
strates that are not digested in this disease. There are earlier
steps in the biosynthetic pathway for galactosylceramide/
psychosine that an inhibitor could target, but these would
be predicted to have a poorer toxicological profile. A suit-
able SRT agent would have to cross the blood–brain bar-
rier in order to affect oligodendrocytes, which produce a
copious amount of galactosylceramide that is used in mye-
lin. However, SRT must be able to affect more than oli-
godendrocytes, in that neurons in the CNS (Smith et al.,
2014) and Schwann cells of the PNS (Kagitani-Shimono
et al., 2008) are also affected in a model of KD, twitcher
mice (Kobayashi et al., 1980; Suzuki and Suzuki, 1983;
Shinoda et al., 1987). Of note, PNS disease is an important
clinical issue in KD. In addition, SRT must impact, either
directly or indirectly, areas other than the nervous system,
because liver activity and bone (Contreras et al., 2010) and
muscle (Cantuti-Castelvetri et al., 2015) are affected in
twitcher mice. It is likely that the optimal level of substrate
reduction will vary among these different cell types, which
presents an additional challenge for SRT to be effective.
An optimal SRT agent would also have low toxicity. Fur-
thermore, the ideal agent would have the property of
being easily titrated because too much biosynthetic inhibi-
tion would be predicted to affect myelin function nega-
tively. This Review discusses research findings that
provide the framework for SRT as a possible intervention
strategy for KD.

PREMISE OF SRT

SRT was proposed as an alternative to gene therapy for
lysosomal storage disorders in 1976 (Warren et al., 1976).
The premise of SRT is to partially reduce the synthesis of
the substrates, or their precursors, to lessen the accumula-
tion of substrates to be degraded by the defective or
replaced enzyme (Warren et al., 1976; Pastores, 2010).
This would move the cell system closer to homeostatic
levels (Pastores, 2010). In contrast to current enzyme
replacement therapy (e.g., imiglucerase, velaglucerase alfa,
or taliglucerase alfa used for Gaucher’s disease; for review
see Bennett and Turcotte, 2015), many compounds tested
for possible use as an SRT may be able to cross the
blood–brain barrier, which opens the possibility of treat-
ment of neurological signs that are present in several lyso-
somal storage diseases (for review see Hollak and
Wijburg, 2014). SRT compounds are also thought to
evade the generation of an immune response, and some
may be taken orally (Hollak and Wijburg, 2014).
Although not all lysosomal storage disorders have shown
benefits from SRT in human studies, such as Tay-Sachs
disease, some have benefited, i.e., Niemann-Pick type C,
mucopolysaccharidoses, and especially Gaucher’s disease
(Pastores, 2010; Hollak and Wijburg, 2014). These exam-
ples used SRT as a monotherapy, but SRT also holds
promise as part of a combination therapy, i.e., SRT
together with enzyme replacement therapy, adeno-
associated virus-mediated gene therapy, or other
approaches. Combination therapies that included SRT
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have been shown to be effective in slowing the disease
course in animal models of multiple lysosomal storage dis-
eases (e.g., Sandhoff’s, mucopolysaccharidoses, Gaucher’s
disease, and Fabry’s disease; Ashe et al., 2015; for review
see Gabig-Cimi�nska et al., 2015).

Genetic studies with mouse models provided an
early indication that SRT could be beneficial for KD. For
instance, mice were produced that were deficient in both
the biosynthesis and the catabolism of galactosylceramide/
psychosine. To understand these double-deficient mice, it
is necessary first to discuss the single-deficient mice. Gal-
actosylceramidase catabolizes galactosylceramide and psy-
chosine, and twitcher mice have a premature stop codon
mutation in the GALC gene (Sakai et al., 1996). Twitcher
mice have an enzymatic, biochemical, and pathological
profile similar to that of infant-onset KD (Kobayashi
et al., 1980; Suzuki and Suzuki, 1983; Shinoda et al.,
1987). Demyelination occurs in both the CNS and the
PNS (Kobayashi et al., 1980; Jacobs et al., 1982; Takaha-
shi and Suzuki, 1984). Tremors around the head and
weight loss are the first clinical signs, followed by more
widespread trembling, muscle weakness, and wasting
(Kobayashi et al., 1980). Survival of the twitcher mice is
often difficult beyond 45 days, although life span can be
lengthened with careful maintenance and forced feeding
(Suzuki and Suzuki, 1983).

UGT8 catalyzes the last enzymatic step in galacto-
sylceramide biosynthesis. The UGT8 gene (a.k.a. CGT)
was targeted for the creation of knockout (KO) mice
(Bosio et al., 1996; Coetzee et al., 1996; Ezoe et al.,
2000a). UGT8 KO mice exhibit tremor, truncated
growth, reduced locomotor and open field behavior,
hindlimb paralysis, and a shortened life span, with some
mice dying by 30 days and others surviving until �100
days (Bosio et al., 1996; Coetzee et al., 1996; Ezoe et al.,
2000a).

Mice deficient in both the production and the
breakdown of galactosylceramide and psychosine were
used to study the effects of UGT8 gene dosage on the dis-
ease course in twitcher mice (Ezoe et al., 2000a,b). In
twitcher mice that were UGT8 heterozygous (i.e., a sin-
gle copy of functioning UGT8), several improvements
over regular twitcher mice were observed (Ezoe et al.,
2000b). These improvements included a significantly lon-
ger life span, considerably less pathology than in age-
matched twitcher mice (less vacuolization, fewer micro-
glia/macrophages), two-thirds the accumulation of galac-
tosylceramide in the kidney, and two-thirds the
accumulation of psychosine in the brain (Ezoe et al.,
2000b). However, in double-KO mice (twitcher mice
with no functioning UGT8), life span was less than that
of UGT8 KO mice, and �50% of mice died from 20 to
30 postnatal days, with the longest surviving mice dying
at 70 days (Ezoe et al., 2000a). The early clinical signs, as
evidenced by mild ataxia and jerking head movements at
postnatal day 12, were similar to those of the UGT8 KO
mouse, but late pathology, as evidenced by weight loss,
wasting, and tremor at postnatal day 45, resembled clinical
signs observed in the twitcher mouse (Ezoe et al., 2000a).

These studies demonstrate that complete shutdown
of UGT8 together with KD does not generally lead to
improvements, while partial reduction of UGT8 confers a
clear benefit. The level of psychosine in heterozygous
UGT8-deficient/twitcher mice was two-thirds that in
regular twitcher mice, and not half as might be predicted,
suggesting that there was upregulation of the existing sin-
gle copy of UGT8 (Ezoe et al., 2000b). This raised the
question of whether there could have been further
improvements, e.g., longer life span, without creating
additional detriments if galactosylceramide synthesis and
psychosine levels were lowered to a greater degree (Ezoe
et al., 2000b). In theory, it might be possible to titrate the
amount of biosynthetic activity by testing different doses
of a pharmacological inhibitor of UGT8, if one is devel-
oped, to determine the optimal level of inhibition.

SRT: OBSERVATIONS FROM
GALACTOSEMIA

Because the addition of galactose, from UDP-galactose,
to ceramide is the final step of galactosylceramide synthe-
sis, lowering galactose levels has been examined as an
SRT in twitcher mice. Interestingly, this approach has
been used for galactosemia, which results from a defect in
galactose processing because of mutations in one of three
enzymes of the Leloir pathway. There are two hypotheses
accounting for the biochemical cause of clinical sympto-
mology in galactosemia (Lai et al., 2003; Lebea and Pre-
torius, 2005), and these two hypotheses are not
necessarily exclusive. The first involves a toxic accumula-
tion of products such as galactose 1-phosphate and galacti-
tol. Accumulation of these products likely causes multiple
symptoms of galactosemia such as vomiting, weight loss,
and jaundice (Chung, 1997: Lebea and Pretorius, 2005).
Many of these defects can be eliminated with a lactose/
galactose-free diet (for review see Lebea and Pretorius,
2005). However, some defects remain, most of which are
neurological such as dysarthria (Potter et al., 2013). The
second hypothesis is based on a deficit in UDP-galactose
(for review see Lebea and Pretorius, 2005), which could
account for some of the neurological deficits. A deficit of
UDP-galactose production would, in theory, impede gal-
actosylceramide production, which could affect myelina-
tion. Notably, altered myelin formation has been
observed in patients with galactosemia (Nelson et al.,
1992; Koch et al., 1992; Kaufman et al., 1995).

Galactosemia illustrates the importance of galactose
for proper myelination, and the role of galactosylceramide
is demonstrated in the UGT8 (a.k.a. CGT) KO mouse.
In this KO mouse, galactosylceramide is not made, and
nerve conduction of myelinated axons is essentially like
that of unmyelinated axons (Bosio et al., 1996). Pathology
develops (e.g., vacuolation and breakdown of myelin,
axonal spheroids, microglial activation), resulting in early
death of affected mice (Ezoe et al., 2000b). Extrapolation
of these results to SRT indicates that too much inhibition
of galactosylceramide biosynthesis could have dire
consequences.
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Because UDP-galactose is used by UGT8 for the
final step in galactosylceramide and presumably psycho-
sine synthesis, limiting galactose in the diet has been
examined in twitcher mice. Starting at postnatal day 15,
the replacement of the mother’s milk with a soy formula
together with isoflavones and antioxidants resulted in a
delay of symptomology, i.e., twitching, and a modest
increase in life span (Pannuzzo et al., 2010). However,
galactose reduction therapy via dietary restrictions can be
complicated because there are many biomolecules that
contain galactose (e.g., glycoproteins, glycolipids), and
galactose can be synthesized de novo within the body. In
fact, galactose synthesis was higher in young patients with
galactosemia compared with older patients and controls
(Berry et al., 2004; Schadewaldt et al., 2004). Many ques-
tions remain about limiting galactose ingestion as a possi-
ble therapeutic approach for KD. For instance, what level
of galactose reduction in the diet is necessary to lower gal-
actosylceramide production and lower psychosine levels
in order to positively impact the course of KD? What is
the optimal time for treatment to occur? Can a therapeu-
tic dosing regimen be identified that does not cause
unwanted side effects?

SRT: OBSERVATIONS FROM
GLUCOSYLTRANSFERASE INHIBITION

Several lysosomal storage diseases have responded posi-
tively to SRT, and an examination of these results may
give insights about future directions for research on SRT
for KD. Gaucher’s disease is a rare genetic disorder caus-
ing a deficiency of the enzyme b-glucocerebrosidase
(a.k.a. acid b-glucosidase, glucosylceramidase) that results
in the accumulation of glucosylceramide (for review see
Bennett and Turcotte, 2015; Shemesh et al., 2015). This
accumulation of glucosylceramide results in the formation
of Gaucher’s cells and leads to splenomegaly, hepatome-
galy, anemia, and bone destruction. There are three phe-
notypes of Gaucher’s disease, with type 1 not affecting
the CNS, while types 2 and 3 affect the CNS to varying
degrees. There is also an accumulation in the brain of glu-
cosylsphingosine, the glucose counterpart to psychosine,
in the neurological phenotypes in mice (Cabrera-Salazar
et al., 2012) and humans (Orvisky et al., 2002).

Gaucher’s disease can be treated either with enzyme
replacement therapy or with SRT. Enzyme replacement
therapy is effective in type 1 but is very costly and
requires i.v. administration. For SRT, which can be
administered orally, there are two options, miglustat and
eliglustat, both of which have been effective in treating
Gaucher’s disease type 1. Eliglustat, the newer and more
costly of the two treatments, is specifically targeted to
inhibit UDP-glucose ceramide glucosyltransferase (a.k.a.
glucosylceramide synthase), whereas miglustat can affect
other related enzymes and may account for a less favorable
side effect profile (Bennett and Turcotte, 2015). How-
ever, eliglustat is a substrate of p-glycoprotein, an ABC
transporter located at high levels along the blood–brain
barrier that prevents harmful compounds from penetrat-

ing the CNS (Miller, 2010), thus limiting any beneficial
CNS effects (Shayman, 2010; Larsen et al., 2012). There
is limited evidence indicating that with proper timing of
administration and in combination with enzyme replace-
ment therapy, miglustat might have some value for type 3
Gaucher’s disease (Capablo et al., 2007; Cox-Brinkmann
et al., 2008).

In addition to Gaucher’s disease, other diseases (e.g.,
Fabry’s, GM1 gangliosidosis, Sandhoff’s, Tay-Sachs) have
a deficiency in the ability to digest glucosylceramide-
based sphingolipids (Cox, 2005). N-
butyldeoxynojirimycin (NB-DNJ; miglustat) has been
examined in a mouse model of Tay-Sachs with encourag-
ing results, but these mice do not completely model the
human condition (Platt et al., 1997a) and SRT has not
been effective for humans with Tay-Sachs disease (Bembi
et al., 2006; Shapiro et al., 2009). This inability to trans-
late findings from mice to humans with Tay-Sachs disease
highlights a limitation of studies on mouse models.
NB-DNJ (Jeyakumar et al., 1999) and N-
butyldeoxygalactonojirimycin (NB-DGJ; Andersson
et al., 2004) are both effective in increasing the life span
in a mouse model of Sandhoff’s disease, in which there is
a genetic defect of the hexosaminidase b gene. Miglustat
as a monotherapy or as part of a combination therapy
resulted in some small improvements in human Sandh-
off’s patients (Masciullo et al., 2010; Villamizar-Schiller
et al., 2015). These results indicate that in addition to
Gaucher’s disease, conditions affecting the catabolism of
compounds produced downstream from glucosylcera-
mide can be positively impacted by SRT. Thus, SRT
can be directed to a step prior to the final biosynthetic
reaction of the substrates that cannot be properly
digested.

BIOSYNTHESIS PATHWAY OF
GALACTOSYLCERAMIDE

Examination of the biosynthetic pathway of galactosylcer-
amide could be useful for the identification of compounds
that have potential value as a SRT for KD. There are five
main steps involved in the de novo biosynthesis of galac-
tosylceramide, which occurs in the endoplasmic reticulum
(Fig. 1). The first step is a condensation step to form 3-
ketosphinganine (a.k.a., 3-ketodihydrosphingosine). This
reaction is catalyzed by serine palmitoyltransferase (SPT;
a.k.a. 3-ketodihydrosphingosine synthase) (reaction 1),
which is thought to be used by all sphingolipid-producing
organisms (for review see Hanada, 2003). SPT is a hetero-
dimer whose subunits are derived from the LCB1 (a.k.a.
SPTLC1) and LCB2 (a.k.a. SPTLC2) genes (Weiss and
Stoffel, 1997), with both subunits necessary for SPT activ-
ity (Hanada et al., 1998). This enzyme requires pyridoxal
50-phosphate (PLP) as a cofactor and is a member of the
PLP-dependent a-oxoamine synthase subfamily (Hanada,
2003; Lowther et al., 2010, 2012). SPT activity is
enriched in the endoplasmic reticulum and is essential for
sphingolipid biosynthesis (Hanada, 2003; Lowther et al.,
2012). Several inhibitors have been found for SPT, such
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as sphingofungin-B, lipoxamycin, myriocin, and L-
cycloserine (for review see Lowther et al., 2012), but their
hydrophobicity and toxicity profile has limited the use of
these compounds for SRT.

The second step in galactosylceramide biosynthesis
is the formation of sphinganine by a reductase step that is
catalyzed by 3-ketosphinganine reductase (a.k.a. 3-
ketodihydrosphingosine reductase; reaction 2). The pri-
mary 3-ketosphinganine reductase in mammalian cells

was found to be follicular lymphoma variant
translocation-1 (FVT-1; Kihara and Igarashi, 2004) and is
an integral membrane multimeric (possibly tetrameric)
protein localized to the endoplasmic reticulum (Gupta
et al., 2009). FVT-1 belongs to the short-chain dehydro-
genase/reductase family, which uses NADPH as a cofac-
tor (Kihara and Igarashi, 2004). To our knowledge, no
specific inhibitors of 3-ketosphinganine reductase have
been identified.

Fig. 1. De novo biosynthetic pathway for galactosylceramide (reactions 1–5). In addition to galacto-
sylceramide, psychosine is thought to be synthesized by UGT8 (reaction 5). The reaction for psy-
chosine production adds galactose to sphingosine, which can be derived from ceramide via acid
ceramidase (reaction 6). The catabolism of galactosylceramide and psychosine occurs by galactosyl-
ceramidase (reaction 7), the enzyme defective in KD. The production of sphingomyelin (reaction 8)
and glucosylceramide (reaction 9) from ceramide is shown.
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The third step is the formation of dihydroceramide
catalyzed by the fatty acyl-CoA-dependent dihydrocera-
mide synthase (a.k.a. ceramide synthase; CerS), which
involves the transfer of fatty acyl residues from fatty acyl-
CoA to sphinganine (reaction 3). A family of six distinct
genes and their protein products has been identified as
mammalian CerS (CerS1–6/Lass1–6), and all have a var-
ied distribution throughout the body and CNS (Becker
et al., 2008), each enzyme having a preference for differ-
ent acyl-CoA chain lengths (for review see Levy and
Futerman, 2010). Dihydroceramide synthase and cer-
amide synthase are the same enzyme, but, depending on
the product and which pathway is discussed (e.g., de
novo versus salvage, discussed below), different names are
often used. The enzyme inhibitor fumonisin B1 causes an
increase in sphinganine and an increase in apoptosis in
HT29 cells in vitro (Schmelz et al., 1997). Fumonisin B1
has also been shown to contribute to carcinogenicity and
toxicity in the kidney renal tubules in vivo in rats (Hard
et al., 2001). Fumonisin B1 is also toxic to the kidney and
liver of calves (Mathur et al., 2001), and in horses it can
give rise to a variety of negative effects, some of which
act on the nervous system (Foreman et al., 2004). Thus,
fumonisin B1 highlights the potential for toxicity of some
compounds that might be considered for SRT.

The fourth step is the generation of ceramide cata-
lyzed by dihydroceramide desaturase (a.k.a. sphingolipid
delta-4 desaturase), of which there are two isoforms, Des1
and Des2 (reaction 4). Des1 is ubiquitously distributed,
while Des2 is expressed primarily in the small intestine,
skin, and kidney (Omae et al., 2004). Des1 requires
NADPH or NADH as the electron donor and oxygen as
the electron acceptor (for review see Casasampere et al.,
2016). There are several inhibitors (Casasampere et al.,
2016), including vitamin E and sphingolipid analogs such
as g-tocotrienol, fenretinide, GT11, and XM462, the lat-
ter three inhibiting Des1 in the low micromolar range
(Triola et al., 2003; Munoz-Olaya et al., 2008; Rahma-
niyan et al., 2011). The inhibitor fenretinide has benefi-
cial effects for obesity and insulin resistance in mice fed
high-fat diets, and these effects are likely mediated
through the increase in dihydroceramide levels and the
decrease in ceramide accumulation (Mcilroy et al., 2016).

The last step in galactosylceramide (a.k.a. galactocer-
ebroside) biosynthesis is catalyzed by UGT8 (reaction 5),
which is a type 1 integral membrane high-mannose gly-
coprotein that is localized, as with the other enzymes in
this pathway, to the endoplasmic reticulum (Sprong et al.,
1998). Galactosylceramide is a major glycolipid of myelin
in rodents (Norton and Poduslo, 1973) and humans
(O’Brien and Sampson, 1965). Myelination is primarily a
postnatal event in rodents. UGT8 mRNA is not detected
in any forebrain or midbrain structures until postnatal day
2, although it is detected in the medulla oblongata at birth
(Shin et al., 1999). As discussed previously, UGT8 mutant
mice have severely dysfunctional nerve conduction, trem-
ors, and a shortened life span (Bosio et al., 1996; Coetzee
et al., 1996). In addition to catalyzing the formation of
galactosylceramide, a transferase, likely UGT8, appears to

catalyze the formation of psychosine from sphingosine
(reaction 5; Morell and Radin, 1969; Costantino-
Ceccarini and Morell, 1972; Suzuki, 1998), which can
arise from the breakdown of ceramide via acid ceramidase
(reaction 6; Gatt, 1963). The accumulation of psychosine
in KD (Svennerholm et al., 1980; Igisu and Suzuki, 1984;
Suzuki, 1998) results from the deficiency of galactosylcer-
amidase, which breaks down psychosine to sphingosine
and galactosylceramide to ceramide (reaction 7). Galacto-
sylceramidase uses saponin A as a cofactor, and saponin
A-deficient mice have a later-onset, slower form of dis-
ease compared with twitcher mice (Matsuda et al., 2001).
An inhibitor of UGT8 could lead to a slower production
of psychosine, which is thought to mediate toxicity in
KD (Tanaka et al., 1989; Suzuki, 1998).

A potential disadvantage of a theoretical inhibitor of
UGT8 is the possible accumulation of ceramide. In addi-
tion to the de novo biosynthetic pathway, ceramide can
arise via two other pathways in the cell, the salvage path-
way and the sphingomyelinase pathway. The salvage
pathway occurs in lysosomes and late endosomes (for
review see Kitatani et al., 2008). This pathway involves
the breakdown of complex sphingolipids to ceramide,
which can then be used or further converted to sphingo-
sine and fatty acid via acid ceramidase (reaction 6). Sphin-
gosine can then exit the lysosome and be used (Kitatani
et al., 2008). The sphingomyelinase pathway is found in
the Golgi apparatus, plasma membrane, and mitochondria
(for review see Kamil et al., 2016). This pathway involves
the breakdown of sphingomyelin to ceramide by acid
sphingomyelinase (not shown). Conversely, ceramide can
be converted to sphingomyelin via sphingomyelin syn-
thase (reaction 8). In the cochlea, a sphingomyelin/cer-
amide cycle was hypothesized to exist as a means to abate
ceramide accumulation. Gentamicin induced cochlea hair
cell loss in explant cultures was increased following the
addition of ceramide, supporting a pathogenic role for
ceramide (Nishimura et al., 2010). If sphingomyelin syn-
thase was activated by 2-hydroxyoleic acid or sphingo-
myelinase inhibited by GW4869, cochlea hair cell loss
was reduced following gentamicin, suggesting that the
sphingomyelin/ceramide cycle is involved in gentamicin-
induced cochlea hair cell loss (Chi et al., 2015).

Excess ceramide is thought to have negative effects
in the brain with regard to Alzheimer’s disease (Jazvin�sćak
Jembrek et al., 2015) and in the pancreas with regard to
insulin resistance and diabetes (Bikman and Summers,
2011). To gain insights into this possibility, findings from
research on SRT against glucosylceramide synthase can
be examined. In theory, an increase in ceramide might be
expected if glucosylceramide synthase (reaction 9 in Fig.
1) was inhibited, e.g., by miglustat (NB-DNJ). Ceramide
accumulation was not observed in vitro in neuroblastoma
cells after exposure to miglustat, but an increase did occur
following exposure to a second inhibitor of glucosylcera-
mide synthase, d,l-threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol (Bieberich et al., 1999). In nor-
mal mice treated with NB-DNJ, glycosphingolipids were
reduced in the liver whereas sphingomyelin levels

1266 Sands and LeVine

Journal of Neuroscience Research



increased, which might have been a result of shunting
excess ceramide to the production of sphingomyelin (Platt
et al., 1997b). The potential effect of an UGT8 inhibitor
can also be considered by evaluating results from the
UGT8 KO mouse. Although ceramide accumulation was
not observed in these mice, increases in glucosylceramides
(possibly composed of a-hydroxy fatty acids) and possibly
a-hydroxy fatty acid sphingomyelin were present, sug-
gesting that the ceramide that was meant to be incorpo-
rated into galactosylceramide was instead incorporated
into these sphingolipids (Bosio et al., 1996; Coetzee et al.,
1996).

Sphingosine, a breakdown product of ceramide via
acid ceramidase (reaction 6), can be phosphorylated by
sphingosine kinase to create sphingosine 1-phosphate (not
shown). Conversely, sphingosine 1-phosphate can be
enzymatically converted back to sphingosine by sphingo-
sine 1-phosphate phosphatase (not shown). Sphingosine
1-phosphate is substantially reduced in the twitcher
mouse pons and medulla (Esch et al., 2003), and,
although not a SRT, it is possible that a sphingosine 1-
phosphate agonist could have a beneficial role in KD.
FTY720 (fingolimod) is an analog of sphingosine 1-
phosphate and is an agonist of four of the five sphingosine
1-phosphate receptors (Brinkmann et al., 2002). It is cur-
rently marketed as Gilenya for use in multiple sclerosis
patients to reduce the relapse rate and lessen disease pro-
gression. In vitro studies show that fingolimod, when
added 1 hr before psychosine, was able to attenuate
psychosine-induced death of astrocytes and lessen
decreases of mitochondria membrane potential in astro-
cytes (O’Sullivan and Dev, 2015). Fingolimod also
reduced psychosine-elicited demyelination in a cerebellar
slice preparation (O’Sullivan and Dev, 2015). It is unclear
whether these results will translate to in vivo conditions.

SRT IN KD: L-CYCLOSERINE

SRT for KD could target the final step in galactosylcera-
mide synthesis, i.e., UGT8, or earlier steps in the biosyn-
thetic process. As mentioned previously, a specific
inhibitor of UGT8 is unknown, and published results on
the testing of compounds targeting earlier biosynthetic
steps in the context of KD are limited. Some compounds,
such as fumonisin B1, have a poor toxicological profile
(Mathur et al., 2001). This indicates that this compound
has a very low probability of therapeutic value in KD,
although this and other questionable compounds could
still provide useful information for academic purposes.
Other limitations include inhibitors that cannot cross the
blood–brain barrier. The most widely studied SRT in the
context of KD, i.e., in twitcher mice, is L-cycloserine.

L-cycloserine is a synthetic enantiomer of D-
cycloserine, which is a natural product isolated from Strep-
tomyces bacterial strains and is used as an antibiotic (for
review see Lowther et al., 2010). L-cycloserine is the
more potent inhibitor of SPT (Sundaram and Lev, 1984).
L-cycloserine interacts with PLP to form an adduct at the
active site of SPT to inactivate the enzyme (Ikushiro

et al., 2004; Lowther et al., 2010). L-cycloserine can
inhibit other PLP-dependent enzymes (Bailey et al.,.
1970; Fenn et al., 2005).

When applied to isolated brain microsomes L-
cycloserine inhibited SPT enzyme activity by 80%, and
when L-cycloserine was administered via i.p. injection it
resulted in a 70% reduction of SPT activity in brain
microsomes (Sundaram and Lev, 1984). Myelin is also
affected by L-cycloserine; the dry weight of myelin, the
total lipids of myelin, and myelin thickness were reduced
in L-cycloserine-treated young rats (Oshida et al., 2003).
Furthermore, myelin lipids decreased in the brain or in
isolated myelin following administration of L-cycloserine,
and among the lower lipids was galactosylceramide (Sun-
daram and Lev, 1984, 1985, 1989; Miller and Denisova,
1998; Oshida et al., 2003) and sulfatide (Sundaram and
Lev, 1984, 1985; Oshida et al., 2003). L-cycloserine also
affected other targets. It lowered the levels of some gan-
gliosides in vitro (Cinatl et al., 1999) and in vivo (Sun-
daram and Lev, 1984, 1985). L-cycloserine caused an
increase in GABA content, likely as a result of its inhibi-
tory effects on GABA transaminase (Chung et al., 1984),
and this increase in GABA can decrease neuronal firing
within the brain (Haas and Wieser, 1980). L-cycloserine
also inhibits alanine aminotransferase that is expressed in
the liver (Cornell et al., 1984).

L-cycloserine reduces psychosine levels. Because
psychosine accumulation is thought to have a key role in
mediating the pathology of KD (Igisu and Suzuki, 1984;
Tanaka et al., 1989; Suzuki, 1998), reducing its produc-
tion is of paramount importance. In vitro administration
of L-cycloserine reduced psychosine levels in cultured,
transformed neuroglial cells from twitcher mice (Ribbens
et al., 2014), and in vivo administration of L-cycloserine
reduced psychosine levels in the brains of twitcher mice
(Hawkins-Salsbury et al., 2015). In addition to having a
possible role for newborn screening, measurement of psy-
chosine levels in dried blood spots may become useful for
evaluating the effectiveness of interventions in KD (Tur-
geon et al., 2015).

L-cycloserine improved the clinical and pathological
course of disease in twitcher mice. When administration
was initiated on postnatal day 5, but not upon the onset
of twitching (�3 weeks), L-cycloserine (75 mg/kg every
other day for six injections followed by 25 mg/kg every
other day) increased the life span to 56.7 days compared
with 43.3 days for twitcher mice given PBS (LeVine
et al., 2000). A similar survival time was observed in a
second study using 25 mg/kg three times per week (Haw-
kins-Salsbury et al., 2015). After L-cycloserine administra-
tion, GFAP and lectin staining were decreased when
twitcher mice were examined at 37 days of age, an indica-
tion of less pathology from astrocytes and macrophages,
respectively (LeVine et al., 2000). Because genetic back-
ground can also increase the life span of twitcher mice
(Biswas et al., 2002), the effect of L-cycloserine was eval-
uated in this paradigm to see whether a further lengthen-
ing of life could be achieved. L-cycloserine lengthened
the life span of twitcher mice on a C57BL/6 3 CAST/Ei
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background from 52.3 days to 75.8 days (Biswas et al.,
2003). L-cycloserine used as a monotherapy for dogs
affected with KD, however, had no beneficial effect on
survival (Duffner et al., 2009b).

In addition to being tested as a monotherapy, L-
cycloserine in combination with other therapeutic
approaches has been examined. When combined with
bone marrow transplantation (BMT), L-cycloserine
increased the life span of twitcher mice to 112.2 days
compared with 50.7 days for twitcher mice given BMT
and PBS, and the number of lectin-positive cells
decreased in the longer-surviving double-treated mice
(Biswas and LeVine, 2002). Additionally, triple therapy,
which included L-cycloserine, BMT, and adeno-
associated virus 2/5-mediated gene therapy, increased the
life span of twitcher mice to 298.5 days (Hawkins-Sals-
bury et al., 2015). A decrease in some pathological meas-
ures (e.g., macrophage accumulation, astrocyte gliosis)
was also observed in these studies (Biswas and LeVine,
2002; Hawkins-Salsbury et al., 2015). L-cycloserine com-
bined with BMT was also tested in the canine model of
KD (Duffner et al., 2009b). Two treated affected dogs
had their life span increase to 1.5 and 4 years compared
with �0.5 years for untreated affected dogs (Duffner
et al., 2009b).

The positive results of L-cycloserine administration
must be tempered, however, because L-cycloserine is not
well tolerated at high doses (LeVine et al., 2000), particu-
larly in combination with other therapies (Hawkins-Sals-
bury et al., 2015). This sensitivity likely is due to
lowering of sphingosine levels below a critical point
because sphingosine and sphingolipids are involved in
several different cellular mechanisms (LeVine et al., 2000;
Hawkins-Salsbury et al., 2015). This suggests that an
inhibitor closer to the last step of galactosylceramide bio-
synthesis might have a more favorable outcome, i.e., less
toxicity (Biswas et al., 2003; Hawkins-Salsbury et al.,
2015). Recently, an assay to measure psychosine levels in
immortalized neuroglial cells from twitcher mice was
developed (Ribbens et al., 2014). Such an assay could be
helpful in a preliminary search for novel SRT
compounds.

POSSIBLE ROLE FOR SRT TARGETING
UGT8 IN CANCER BIOLOGY

In theory, UGT8 would be the optimal target for SRT in
KD. An inhibitor of UGT8 would not only be beneficial
for KD but theoretically it could be used in the field of
cancer biology. In breast cancer patients, a six-gene signa-
ture was predictive of lung metastases, with UGT8 being
one of the six genes (Landemaine et al., 2008). UGT8
expression is present at higher levels in metastatic tumors
and metastatic breast cancer cell lines compared with pri-
mary tumors and cell lines (DzieRgiel et al., 2010).
Increased UGT8 expression and subsequent accumulation
of galactosylceramide are associated with increases in Ki67
(a marker of proliferation) and lower incidence of apopto-
sis in a human breast cancer cell line (MDA-MB-231),

suggesting that galactosylceramide accumulation may
have a role in enhancing metastatic cell survival (Owc-
zarek et al., 2013). Galactosylceramide might also have a
role in other cancers because an increase in the level of
galactosylceramide was observed in HT29 colon cancer
cells (Kok et al., 2000), and repression of the galactosyl-
ceramidase enzyme was observed in larynx cancer cell
lines (G€or€och et al., 1999)

DISADVANTAGES OF SRT ON UGT8

While the advantages to finding a specific UGT8 inhibi-
tor in KD have been discussed, there are disadvantages to
using an enzyme inhibitor for treatment. Aside from
potential toxicity, a UGT8 inhibitor could decrease galac-
tosylceramide amounts to the point that too little myeli-
nation would occur, especially during development. A
block to this step could also result in an accumulation of
earlier substrates, which could affect function and devel-
opment of other CNS structures.

In addition to the CNS, UGT8 mRNA is also
located in other organs, e.g., small intestine, colon, kid-
ney, spleen, testis, trachea, and thyroid (Meech et al.,
2015). UGT8 mRNA can undergo changes in expression
levels following stress. For example, UGT8 mRNA is
increased in kidney podocytes upon high-glucose expo-
sure at 12 hr and remained elevated for 2 weeks in the
presence of high glucose (Jain et al., 2011). In addition,
UGT8 is involved in the galactosidation of bile acids,
which can lead to their elimination, e.g., in urine (Meech
et al., 2015). Thus, a UGT8 inhibitor would have the
potential to negatively impact normal functions in multi-
ple organs. SRT targeting a biosynthetic step prior to
UGT8 would also have to contend with disrupting nor-
mal cellular functions and toxicity. However, an optimal
dosing regimen may limit negative effects, either direct or
indirect, of inhibition of UGT8 or an earlier biosynthetic
step.

CONCLUSIONS

SRT requires further development before it can be tested
in humans with KD, but preclinical studies indicate that
the mechanism of action for SRT has potential for thera-
peutic value in this disease. By reducing the substrates
and/or their precursors, the accumulation of psychosine
may be reduced to less toxic levels, and residual galacto-
sylceramidase activity may be able to maintain a steady
state of low substrate levels. This approach could be con-
sidered as a monotherapy in patients with late-onset dis-
ease, e.g., adult onset, with higher residual enzymatic
activity. In addition, SRT has been shown to have added
value in preclinical studies when combined with other
experimental intervention strategies, such as BMT and
gene therapy. This indicates that SRT could have a role
in a combination treatment approach for patients with
early-onset disease or in individuals without residual gal-
actosylceramidase activity. The key to SRT being effec-
tive is the degree to which substrate reduction occurs and
the timing of reduction. As seen with L-cycloserine
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studies in twitcher mice, L-cycloserine can increase life
span as a monotherapy, but only if treatment begins early.
Unfortunately, L-cycloserine can be toxic, which might
be due to L-cycloserine inhibiting an early step in the
pathway for galactosylceramide synthesis. It is possible
that inhibition of a later biosynthetic step may result in
less toxicity. Currently, no inhibitor of UGT8, the termi-
nal step in galactosylceramide synthesis, has been identi-
fied. Thus, research into the development of less toxic,
downstream inhibitors is needed to move SRT closer to
being used in human patients with KD.
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Suppression of Galactocerebrosidase
Premature Termination Codon and
Rescue of Galactocerebrosidase
Activity in Twitcher Cells

Alice Luddi,* Laura Crifasi, Angela Capaldo, Paola Piomboni,
and Elvira Costantino-Ceccarini

Department of Molecular and Developmental Medicine, Siena University, Siena, Italy

Krabbe’s disease (KD) is a degenerative lysosomal
storage disease resulting from deficiency of b-
galactocerebrosidase activity. Over 100 mutations are
known to cause the disease, and these usually occur in
compound heterozygote patterns. In affected patients,
nonsense mutations leading to a nonfunctional enzyme
are often found associated with other mutations. The
twitcher mouse is a naturally occurring model of KD, con-
taining in b-galactocerebrosidase a premature stop
codon, W339X. Recent studies have shown that selected
compounds may induce the ribosomal bypass of prema-
ture stop codons without affecting the normal termination
codons. The rescue of b-galactocerebrosidase activity
induced by treatment with premature termination codon
(PTC) 124, a well-characterized compound known to
induce ribosomal read-through, was investigated on oli-
godendrocytes prepared from twitcher mice and on
human fibroblasts from patients bearing nonsense muta-
tions. The effectiveness of the nonsense-mediated mRNA
decay (NMD) inhibitor 1 (NMDI1), a newly identified inhibi-
tor of NMD, was also tested. Incubation of these cell lines
with PTC124 and NMDI1 increased the levels of mRNA
and rescued galactocerebrosidase enzymatic activity in a
dose-dependent manner. The low but sustained expres-
sion of b-galactocerebrosidase in oligodendrocytes was
sufficient to improve the morphology of the differentiated
cells. Our in vitro approach provides the basis for further
investigation of ribosomal read-through as an alternative
therapeutic strategy to ameliorate the quality of life in
selected KD patients. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe’s disease; premature termination
codon; oligodendrocytes; twitcher; NMDI1; PTC124;
lysosomal storage disease; NMD

Lysosomal storage disorders (LSDs) are a group of
genetically inherited diseases that result from the absence
of specific lysosomal hydrolases, causing accumulation of
the enzyme’s substrate in the lysosomes. Among the
LSDs, Krabbe’s disease (KD; or globoid cell leukodystrophy
[GLD]) is caused by mutations in the b-
galactocerebrosidase (GALC) gene (Suzuki and Suzuki,

1970). The cytotoxic lipid galactosylsphingosine (psycho-
sine) accumulates in the central and peripheral nervous
systems of patients because of insufficient GALC activity.
Psychosine plays a critical role in the degeneration and/or
dysfunction of oligodendrocytes and Schwann cells, lead-
ing to a demyelinating phenotype (Wenger et al., 2001).
Typically, the disease occurs among infants and takes a
rapidly fatal course, but late-onset forms also exist
(Aicardi, 1993; Wenger et al., 2001). The age of onset
and the clinical course are significantly different among
and within families. Many patients are compound hetero-
zygote, having different mutations in the two copies of
the GALC gene (Wenger et al., 1997; Fu et al., 1999), on
the one hand making genotype–phenotype correlations
difficult but on the other hand opening the way to alter-
native therapeutic strategies. These therapeutic strategies
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can be individually tailored from the preventive analysis
of the mutation carried by each patient. It is important to
note that GALC, just as other lysosomal enzymes, is con-
stitutively expressed, so restoration of only a small per-
centage (10–20%) of enzyme activity is sufficient to
obtain satisfactory clinical improvements (Leinekugel
et al., 1992; Schueler et al., 2004). Our in vitro studies
have demonstrated the feasibility of this approach (Berardi
et al., 2014). We have shown that a-lobeline and 30,40,7-
trihydroxyisoflavone, a novel chaperone not previously
tested on GALC, selectively increase the residual activity
of the defective enzyme in fibroblasts from patients bear-
ing different missense mutations.

In compound heterozygote patients, the missense
mutation is often associated with a nonsense mutation
that results in premature termination codon (PTC; Fu
et al., 1999). Nonsense mutations predispose mRNAs to
terminate translation prematurely, resulting in production
of a truncated, nonfunctional protein, or to be degraded
prematurely via nonsense-mediated mRNA decay
(NMD), a translational-dependent mRNA quality-
control mechanism that eliminates aberrant transcripts for
the prevention of abnormal protein production (Frisch-
meyer and Dietz, 1999; Holbrook et al., 2004;
M€uhlemann et al., 2008). The mutation occurring in the
twitcher mouse, the mouse model of GLD, introduces a
PTC leading to degradation of GALC mRNA because of
NMD (Lee et al., 2006).

NMD inhibitor 1 (NMDI1) has recently been
reported as a small-molecule inhibitor of the NMD path-
way. This compound seems to be less toxic and seems to
inhibit NMD more efficiently than compounds previ-
ously used (Durand et al., 2007).

Aminoglycosides suppress premature termination of
protein synthesis caused by nonsense mutations, allowing
loss of codon–anticodon fidelity (Malik et al., 2010; Zil-
berberg et al., 2010; Lee and Dougherty, 2012). Both G-
418 (geneticin) and gentamicin promote read-through of
nonsense mutations in cystic fibrosis transmembrane con-
ductance regulator gene, resulting in full-length protein
expression and restoration of cAMP-activated chloride
ion channel activity (Howard et al., 1996; Rowe et al.,
2007; Du et al., 2009). However, the high concentrations
of aminoglycosides required to attain a therapeutic effect
indicated that nontoxic compounds are required. The
newly identified chemical product PTC124 (Welch et al.,
2007) is capable of reading through premature stop
codons without affecting the normal termination codons,
and it is now in a phase 2 clinical trial on patients with
cystic fibrosis (Hyde and Gill, 2008; Kerem et al., 2008).
Pharmacological rescue efficiency of PTC124 has also
been demonstrated both in vitro and in vivo in other
genetic diseases (Bushby et al., 2014; Haas et al., 2015;
Matalonga et al., 2015). The present study evaluates the
efficacy of the combined treatment of PTC124 and
NMDI1 in fibroblasts and in oligodendrocytes obtained
from the twitcher mouse and in cultured fibroblasts from
human patients.

MATERIALS AND METHODS

Animals

Twitcher heterozygote breeding pairs (C57BL/6J) were
purchased from The Jackson Laboratory (Bar Harbor, ME) and
maintained in our institution under controlled conditions (228C
6 28C, 55% 6 5% humidity, 12-hr light/dark cycle), with
water and food available ad libitum. The genotypes of all new-
born mice were determined by a rapid PCR-based method
with DNA isolated from clipped tails (modified from Sakai
et al., 1996). All animals were treated according to the recom-
mendations of the European Convention for the Protection of
Vertebrate Animals used for experimental and other scientific
purposes and were approved by the institutional animal care
and use committee.

Primary Antibody Characterization and
Immunohistochemistry Controls

For galactocerebroside detection, mouse monoclonal
antibody O1 (produced in our laboratory from hybridoma) was
used. This antibody specifically recognizes galactocerebroside
and has been previously characterized (Sommer and Schachner,
1981). GALC immunolabeling was obtained with a polyclonal
rabbit antibody (RRID:AB_2108531; Santa Cruz Biotechnol-
ogy, Dallas, TX) whose specificity was tested in Western blot
assay. Technical information provided by the manufacturer
showed positive binding with GALC transfected cells but nega-
tive binding with GALC untransfected cells (Santa Cruz Bio-
technology). Controls for autofluorescence and secondary
antibody specificity were performed by incubating the speci-
mens in blocking solution and in the absence of the primary
antibodies. No fluorescence was observed in the controls.
Detailed information on the antibodies used is provided in
Table I.

Establishment of Continuous Oligodendrocyte Cell Line

The procedure for the isolation of primary mouse oligo-
dendrocyte cells has been described by Luddi et al. (2001).
Briefly, the primary cultures of wild-type (WT) and twitcher
oligodendrocytes were prepared from pooled cerebra of 2-day-
old mice. The clonal cell lines were obtained from purified pri-
mary oligodendrocytes cultured for an extended time in a
defined medium containing epidermal growth factor (EGF) and
fibroblast growth factor (FGF). Twitcher (OLPTW) and WT
(OLPII) mice were cloned by limited dilution and further puri-
fied by immunopanning and positive immunoselection on
plates coated with the A2B5 antibody. After repeated passages
in the presence of growth factors, stable progenitor cell lines
were established. Oligodendrocyte cells were cultured on poly-
D-lysine-coated dishes and maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma Aldrich, St. Louis, MO) con-
taining 30% conditioned medium from B104 neuroblastoma
cells, glucose 20 mM, stable glutamine 2 mM, gentamicin 30
lM, insulin 0.4 lM, 13 B27 supplement (Invitrogen, Carlsbad,
CA), T3 15 nM, 10 ng/ml platelet-derived growth factor-AA
(PDGF-AA), and 10 ng/ml basic FGF (Peprotech, Rocky Hill,
NJ) at 378C in a humidified CO2 incubator. Oligodendrocyte
progenitors were differentiated for 3–5 days in mature
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oligodendrocytes by culturing them on poly-D-lysine-coated
dishes in differentiation medium consisting of a DMEM/F12
mixture (Sigma Aldrich) containing stable glutamine 2 mM,
gentamicin 30 lM, D-galactose 13.9 mM, insulin 0.4 lM, 1 3

B27 supplement (Invitrogen), putresceine 100 lM, sodium sel-
enite 4.6 lM, progesterone 0.19 nM, and T3 505 nM. The
genotype of the two cell lines was periodically checked.

Immunocytochemical Analyses

Twitcher oligodendrocytes were plated at a concentration
of 10,000 cells/well on 12-mm coverslips precoated with poly-
D-lysine. Treated cells were fixed in 4% paraformaldehyde in
PBS. Cells were immunolabeled with an indirect procedure,
and all incubations were performed in blocker solution contain-
ing 5% goat serum. Briefly, the primary antibody monoclonal
O1 (1:7; Sommer and Schachner, 1981; see Table I) was incu-
bated for 1 hr at room temperature (RT). Slides were then
rinsed three times with phosphate-buffered saline (PBS; pH
7.4) and exposed to secondary antibody fluorescein isothio-
cyante (FITC)-labeled goat anti-mouse IgM (1:250; Sigma
Aldrich) for 60 min at RT in a dark chamber. Specificity of
immunostaining was confirmed by omission of primary anti-
body. After having been washed in PBS, the slides were
mounted in Prolong antifade containing DAPI (Life Technolo-
gies, Carlsbad, CA) as a nuclear marker. The slides were
observed with a Leica (Solms, Germany) DMB 6000 micro-
scope. Images were captured with a CFTR6500 digital camera.

Imaging

Images were collected on a Leica DMB 6000 microscope.
Green fluorescence (FITC) was visualized with 490-nm excita-
tion, and emission was detected with a 525-nm bandpass filter.
Blue fluorescence (DAPI) was visualized with 350-nm excita-
tion and a 470-nm bandpass emission filter. Images were taken
sequentially at each wavelength to avoid crossover between
channels. The quality of digital images obtained in LAS soft-
ware was optimized for publication in Photoshop 7.0 (Adobe
Systems, San Jose, CA) to provide TIFF images in the requested
formats and resolution.

Fibroblast Cell Culture

Fibroblasts from patients with Krabbe’s disease (KD;
pR69X 1 I394T; pK88X 1 Y490N) were kindly provided by
the genetic biobank of the Gaslini Institute (Genova, Italy).
Mutation nomenclature used throughout this article meets
Human Genome Variation Society nomenclature recommen-
dations requiring proteins to be numbered from the first methi-
onine of the complete 42-residue signal sequence. Fibroblast
cell lines from twitcher and WT mice were established in our
laboratory by following standard procedures. Fibroblast cell
lines were maintained in DMEM supplemented with 10% calf
serum (Sigma Aldrich) and 1% antibiotics and cultured at 378C
in a 95% air and 5% CO2 incubator.

GALC Enzymatic Activity Assay

GALC enzymatic activity was measured with the fluoro-
genic substrate 6-hexadecanoylamino-4-methylumbelliferyl-b-
D-galactoside (HMU-bGal; Moscerdam Substrates, Oegstgeest,
The Netherlands), as originally described (Wiederschain et al.,
1992). Preliminary studies comparing the natural substrate
[3H]galactosylceramide and HMU-bGal substrate were carried
out to test the reliability of the fluorogenic substrate for this
study. Because no significant differences in the results were
obtained, the fluorescent substrate was used for most of the
experiment described. Briefly, duplicates from each sample
containing 20 lg total protein from normal control fibroblasts
and 20 ll substrate solution were mixed in a 200-ll PCR tube
and incubated at 378C for 17 hr. After incubation, 200 ll stop
solution (0.5 M NaHCO3/0.5 MNa2CO3 buffer, pH 10.7, 1

0.25% Triton X-100) was added and mixed. The absorbance of
the supernatant was measured (excitation at 404 nm and emis-
sion at 460 nm) with an F-4500 fluorescence spectrometer
(Hitachi, Tokyo, Japan).

Compound Toxicity in Cell Culture

OLPTW seeded at 2 3 103 cells/well in a 96-well plate
were treated with NMDI1 and PTC124 at increasing concen-
trations (1–100 lM) for 72 hr. To determine cell toxicity of the
two compounds, cell viability was assessed with an XTT assay
kit (Sigma Aldrich) according to the manufacturer’s instruc-
tions. Cells were incubated with tetrazolium salts for 4 hr, and

TABLE I. Antibodies Used

Antigen Description of immunogen

Source, host species,

catalog No., RRID Concentration used

Primary

O1 Galactocerebroside Mouse monoclonal, produced in the

laboratory and purified according

to Sommer and Schachner, 1981

1:7

GALC Recombinant protein corresponding

to amino acids 31–330 of human

GALC

Santa Cruz Biotechnology, rabbit

polyclonal, sc-67352, AB_2108531

1:400

Secondary

Mouse IgM (l-chain-specific)

FITC antibody

Mouse IgM (l-chain-specific) Sigma-Aldrich, goat polyclonal,

F9259, AB_259799

1:250

Goat anti-rabbit IgG (H 1 L)-

HRP conjugate antibody

Goat rabbit IgG (H 1 L)-HRP

conjugate

AbD Serotec, goat polyclonal, 170-

6515, AB_11125142

1:3,000
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absorbance was measured at 450 nm with a 550 Ultramark
(Bio-Rad, Milan, Italy) microtiter plate reader. The experi-
ments were run in triplicate, and the results refer to the mean
of the three measurements.

RNA Extraction, Reverse Transcription, and qPCR

At the end of each treatment, OLPTW and OLPII were
harvested in 1 ml Trizol (Invitrogen), and total RNA was pre-
pared in accordance with the manufacturer’s protocol.
RNA quantity was measured with an ND-1000 Nanodrop

(Wilmington, DE) spectrometer. RNA integrity was assessed
by gel electrophoresis and by the A260:A280 ratio. cDNA was
generated from 500 ng for each RNA sample with the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA).

Three different qPCRs were carried out in triplicate on
1/10 dilutions of each cDNA in 20 ll reaction with 13 SsoFast
EvaGreen Supermix (Bio-Rad) on a CFX system (Bio-Rad)
according to the manufacturer’s instructions. The housekeeping
gene eukaryotic elongation factor 2 kinase (eEF2) was chosen
as the most suitable housekeeping gene and was used as an
internal control. All primers used, located on different exons,

Fig. 1. Phase-contrast microscopy of oligodendrocyte progenitors from WT (A) and twitcher (B)
mice. The cells appear birefringent and show the bipolar shape morphology. Immunostaining of dif-
ferentiated OLPII (C) and OLPTW (D) with O1 antibody (green) and DAPI (blue). After 60 hr of
differentiation, OLPTW failed to differentiate properly. Scale bars 5 25 lm.
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were designed in Primer3 software. GALC primers were for-
ward 50-CTACGTGCTAGACGACTCC-30 and reverse 50-
TTACTAGAAGCCGGGAGGTTG-30; eEF2 primers were
forward 50-GGACTGTGTGTCTGGCGTG-30 and reverse
50-GCCCGGTCCATCTTGTTC-30. During preliminary
qPCR assays, the optimal primer concentration was determined
for each primer pair (300 nM final). For each pair of primers,
the reactions were optimized to provide maximal amplification
efficiency for each gene (>90%), which was calculated with rel-
ative standard curves with serial 1:4 dilutions of template
cDNA and dedicated software; amplicons were sequenced to
confirm the specificity. Absence of residual genomic DNA was
verified by total RNA without reverse transcription. CFX runs
consisted of a hot start at 958C for 3 min, followed by 45 cycles
of a two-step protocol: 10 sec at 958C and 20 sec at Tm (598C
for eEF2 and 608C for GALC), with fluorescence detection at
the end of each extension step. Melt curve analysis was also per-
formed to confirm specific products. Nontemplate controls
were not amplified or showed 10 cycle threshold (Ct) higher
than the average Ct of the genes. Final results were expressed as
fold differences in gene expression relative to the normalized
calibrator (eE2F), calculated by the DDCt method as follows: n-
fold 5 2-(DCtsample 2 DCtcalibrator), where DCt values of the sam-
ple and calibrator were determined by subtracting the average
Ct value of the transcript under investigation from the average
Ct value of the eE2F gene for each sample. Raw Ct values
were imported into GenEx Pro (version 4.3.5) and analyzed.

SDS-PAGE and Immunoblot

In total 30 lg protein from oligodendrocyte lysates and 3
lg protein from MAR52 were separated on 10% SDS-PAGE
and transferred to nitrocellulose. The nitrocellulose membranes
were blocked with 3% nonfat powdered milk in Tris-buffered
saline (TBS; 20 mM Tris-HCl, pH 7.5, 500 mM NaCl) and
incubated overnight at 48C with anti-GALC rabbit polyclonal
antibody (Santa Cruz Biotechnology; see Table I). After several
washes with TBS-Tween 0.2% (TBST), blots were incubated
for 1 hr at RT with the secondary antibodies conjugated with
horseradish peroxidase (HRP; AbD Serotec, Kidlington,
United Kingdom; see Table I). After having been extensively
rinsed in TBST, labeled proteins were developed with an
Immun-Star HRP chemiluminescent kit (Bio-Rad) according
to the manufacturer’s instructions. Images were digitalized in
ChemiDoc Quantity One (Bio-Rad, Milan, Italy).

Statistical Analysis

Statistical analysis was performed in GenEx Pro and Prism
4.0 (GraphPad Software, LaJolla, CA). The selected reference
gene eEF2 was used to normalize Ct values, and quantities
were calculated in relation to the maximum Ct value. All
experiments were performed in triplicate and repeated three
times. The results refer to the mean of all measurements. Statis-
tical significance was evaluated by nonparametric tests. Differ-
ences among groups of data were tested by the Kruskal-Wallis
test or the Mann-Whitney test. Statistical significance was set at
P < 0.05.

RESULTS

Establishment of an Immortalized
Oligodendrocyte Cell Line From Twitcher and
WT Mice

Immortalized oligodendrocyte cell lines, OLPII and
OLPTW, were established from the CNS of 2- or 3-day-
old WT and twitcher mice, respectively. GALC activity
measured in the OLPII and the OLPTW cells with radio-
active galactosylceramide as substrate was 8 nmol/hr/mg
and 0.02 nmol/hr/mg, respectively. The oligodendrocyte
cells were expanded in vitro in a defined medium con-
taining PDGF and FGF. Under light microscopic obser-
vation, the cells appeared birefringent and showed the
bipolar shape morphology typical of the oligodendrocyte
precursors (Fig. 1A,B). Both cell types expressed A2B5
(data not shown). Differentiated OLPII profoundly mod-
ify their morphology by losing the bipolar shape and
acquiring the highly branched phenotype typical of differ-
entiated oligodendrocytes, as shown by staining with the

Fig. 2. Viability of OLPTW progenitors following 72 hr of treatment
with NMDI1 1–100 lM (A) or PTC124 1–100 lM (B). Cell viabil-
ity, assessed by XTT assay, was determined and plotted as a percent-
age of untreated cells (vehicle). The compounds were not toxic for
OLPTW in the concentration range of 1–50 lM. Values are mean of
three reactions 6 SD. *P < 0.05, statistically significant difference in
cell viability.
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O1 antibody (Fig. 1C). OLPTW cells, although synthe-
sizing galactocerebroside (Fig. 1D), failed to differentiate
properly. This finding is consistent with anomalies previ-
ously reported for primary twitcher oligodendrocytes
(Luddi et al., 2001). It should be noted that, although the
survival of the OLPTW progenitors was similar to that of
OLPII, after differentiation, the survival of OLPTW
never exceeded 72 hr. In conclusion, these cell lines show
biochemical characteristics and differentiation properties
similar to those of primary oligodendrocytes.

NMDI1 and PTC124 Show No Toxicity on
Oligodendrocyte Cultures

To assess whether NMDI1 or PTC124 treatment
had toxic effects on the viability of OLPTW, cells were
incubated with increasing concentrations of each com-
pound. The cells tolerated low concentrations of NMDI1
(1–5 lM) well; however, at higher concentrations, the
cell viability was significantly reduced (Fig. 2A). No
changes in viability were observed at a PTC124 concen-
tration in the range of 1–50 lM, whereas, at a higher
concentration (100 lM), a decrease in cell viability of
about 30% was detected (Fig. 2B). The data show that
these compounds have no detectable cell toxicity at the
concentrations used.

NMDI1 and PTC124 Treatment Suppresses GALC
mRNA NMD

GALC expression was analyzed in both OLPII and
OLPTW to determine the level of NMD in the twitcher
compared with WT cells. Data reported in the literature
suggest that GALC is affected by NMD (Lee et al., 2006).
When GALC mRNA levels were analyzed by qPCR, a
reduction of �80% was found in OLPTW compared
with OLPII cells, confirming the occurrence in the

twitcher cells of GALC NMD (Fig. 3A). From this result,
we tested in OLPTW the effectiveness of NMDI1/
PTC124 combined treatment to evaluate their efficacy in
suppressing GALC mRNA decay. The data obtained
clearly showed that the combined treatment of NMDI1 5
lM and PTC124 50 lM induced a statistically significant
increase in GALC mRNA, even if a complete restoration
of GALC mRNA levels was not achieved (Fig. 3A).
When twitcher fibroblasts were treated with the same
combination of the two compounds, an increase of more
than threefold in GALC mRNA was obtained (Fig. 3B),
suggesting that, in these cells, the rescue efficacy of this
treatment was more efficient. GALC mRNA levels of
OLPII, a cell line that would not be expected to respond
to PTC124 or NMDI1, remain unchanged following this
treatment, confirming the specificity of this approach
(data not shown). Administration of either NMDI1 or
PTC124 separately did not show any significant effect on
mRNA levels in twitcher oligodendrocytes or fibroblasts
(see Supp. Info. Figs. (1 and 2)), suggesting that the com-
bined administration of these compounds elicits a synergic
effect.

NMDI1 and PTC124 Mediated GALC Enzyme
Activity

The residual activity of OLPTW is only 2% that of
the OLPII, whereas, in twitcher fibroblast, GALC activity
is 6% of control. To assess the effectiveness of NMDI1/
PTC124 treatment on GALC activity, we treated
OLPTW and twitcher fibroblasts with NMDI1 5 lM and
PTC124 50 lM for 72 hr. As shown in Figure 4 (top),
the enzyme activity of treated OLPTW was increased
about 50% over the untreated cells (P < 0.05). Control
experiments were initially performed comparing the
GALC activity of OLPTW with WT. To evaluate the

Fig. 3. Relative GALC mRNA levels in OLP (A) and twitcher (B) fibroblasts following NMDI1
and PTC124 treatment for 72 hr. The relative gene expression was normalized to the eEF-2 refer-
ence gene and compared with that of OLPII cells (A) or with untreated WT fibroblasts (B; consid-
ered equal to 1). The efficacy of the compounds in suppressing NMD is shown. The data were
corrected for PCR primer efficiencies, and the three technical repeats were averaged. Bars represent
mean 6 SEM. *P < 0.05, statistically significant difference in mRNA levels.
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efficacy of the translational read-through, we analyzed the
presence of the 50-kD N-terminal fragment of GALC in
lysates of NMDI1/PTC124-treated and untreated
OLPTW by Western blot. An immunoreactive band was
identified in the treated but not in the untreated cells
(Fig. 4, middle), suggesting translational read-through of
GALC. Mar52 cells, a glial cell line transfected with
GALC mouse cDNA (Strazza et al., 2009), were used as
positive control. In the fibroblast cultures, a threefold

increase in enzyme activity was measured (Fig. 4, bot-
tom), suggesting, again, that this treatment is more effi-
cient in fibroblasts than in oligodendrocytes, most likely
reflecting the more efficient GALC mRNA rescue
observed in fibroblasts.

Because the amino acid introduced during the trans-
lational read-through is random, it is possible that the
protein obtained with PTC124 treatment does not have
the correct tertiary structure. From our previous data
showing chaperone-mediated rescue of GALC activity in
human fibroblasts carrying missense mutations (Berardi
et al., 2014), we asked whether the combined treatment
of pharmacological chaperones and ribosomal read-
through would lead to proper folding of the newly syn-
thesized protein and to higher enzyme activity. Incuba-
tion of OLPTW for 48 hr with NMDI1 5 lM, PTC 124
50 lM, and a-lobeline 10 lM resulted in a significant
increase in GALC activity compared with that measured
in OLPTW-treated with only NMDI1 and PTC124 (Fig.
5). These results indicate that the use of an effective chap-
erone helps the newly synthesized protein to attain the
right folding and to enhance the enzyme activity. This
finding explains the apparently controversial results show-
ing a relatively small increase in enzyme activity com-
pared with the amount of translational read-through
product detected in Western blot.

Finally, we evaluated OLPTW differentiation on
ribosomal read-through-inducing compound treatment to
determine whether treated cells may attain a proper dif-
ferentiated shape. Even when the proposed treatment
appeared to be unable to restore the differentiation profile
characteristic of OLPII completely (Fig. 6A), the treated
OLPTW showed an improved morphology, with an
increase in process branching (Fig. 6C) compared with
the untreated cells (Fig. 6B). It should be pointed out
that, as shown in Figure 6C, not all cells changed mor-
phology, and some cell death was still observed.

Fig. 4. GALC activity of oligodendrocytes (top) and fibroblast (bot-
tom) from twitcher mice following NMDI1 and PTC124 treatment
for 72 hr. A dose-dependent increase in GALC activity is shown.
GALC activity in the treated cells was normalized with respect to
OLPII (top) or to untreated WT fibroblasts (bottom). *P < 0.05 stat-
istically significant difference in cell viability. Middle: Western blot
analysis of 30 lg protein from oligodendrocyte lysates and 3 lg pro-
tein from MAR52. An immunoreactive band corresponding to the
MAR52-positive control was identified in the OLPII and OLPTW
treated with NMDI1 5 lM and PTC124 50 lM for 72 hr but not in
the untreated cells.

Fig. 5. GALC activity of OLPTW treated with NMDI1 5 lM and
PTC124 10 lM (light gray bars) and in OLPTW treated with
NMDI1 5 lM, PTC124 10 lM, and a-lobeline 10 lM (dark gray
bars). After 48 hr, a significant increase in GALC activity was
observed. GALC activity was normalized with respect to untreated
cells. *P < 0.05.
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NMDI1 and PTC124 Treatment on Human
Fibroblasts

To determine whether NMDI1/PTC124-mediated
translational readthrough of the nonsense mutations
induced GALC activity in human fibroblasts, we tested
two cell lines derived from compound heterozygote
patients bearing the nonsense mutation (pR69X 1

I394T; pK88X 1 Y490N). As shown in Figure 7, both
human fibroblasts significantly increased GALC activity
after NMDI1 and PTC124 combined treatment.

DISCUSSION

The feasibility of treating nonsense mutations and restor-
ing full-length functional protein with aminoglycosides

Fig. 6. Immunofluorescence staining of O1 (green) on OLPII (A), OLPTW untreated (B), and
OLPTW treated with NMDI1 5 lM and PTC124 50 lM (C) for 60 hr in differentiation medium.
Nuclei are counterstained with DAPI (blue). Treated OLPTW show an improved morphology,
with an increase in process branching compared with the untreated cells. Scale bars 5 25 lm.

Fig. 7. GALC activity of fibroblast from human heterozygote compounds for pR69X 1 I394T (A)
or pK88X 1 Y490N (B) mutation following NMDI1 and PTC124 treatment for 72 hr. A dose-
dependent increase in GALC activity is shown. GALC activity was normalized with respect to
untreated cells. *P < 0.05.
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and other compounds has been recently demonstrated in
several preclinical and clinical studies (Howard et al.,
1996; Malik et al., 2010; Lee and Dougherty, 2012; Mat-
alonga et al., 2015). From a clinical point of view, the use
of small molecules able to induce ribosomal read-through
and bypassing PTCs, hence correcting nonsense muta-
tions, can be considered a therapeutic option for mono-
genic diseases, including LSDs. Under these pathological
conditions, in fact, given the high number of disease-
inducing mutations so far identified, the development of a
tailored therapy could represent a successful strategy for
the treatment of selected patients. In addition, the
expected slight increase in enzyme activity resulting from
nonsense suppression should be useful for these patholo-
gies and for KD given that it has been reported that small
amounts of functional protein (10–20% of enzymatic
activity) may be considered therapeutically relevant (Lei-
nekugel et al., 1992; Schueler et al., 2004).

We established and characterized two oligodendro-
cyte progenitor cell lines obtained from twitcher and WT
mice. These cells have biochemical and morphologic
characteristics similar to those of the primary cells. In
addition, as previously reported for the brain of mutant
mice (Lee et al., 2006), we demonstrated by quantitative
mRNA expression analysis the occurrence of NMD in
the twitcher cell line. These results show that these cell
lines can be considered a reliable tool for testing in vitro
the efficacy of new pharmacological compounds or novel
therapeutic strategies.

Emetine, wortmannin, and caffeine, among others,
have been used to inhibit mRNA decay (Usuki et al.,
2004; Lee et al., 2006), but these compounds have been
reported to be cytotoxic and to decrease the mitotic index
(Smirnova et al., 2003). Our studies show that NMDI1, a
newly identified NMD inhibitor (Durand et al., 2007),
has low cell toxicity and is able to counteract mRNA
NMD safely.

PTC124, currently the only compound used in clini-
cal trials, is known to induce ribosomal read-through effec-
tively in different diseases caused by nonsense mutations
(Kerem et al., 2008; Bushby et al., 2014; Haas et al., 2015;
Matalonga et al., 2015). In fact, its oral bioavailability is an
advantage compared with aminoglycosides, which are not
suitable for oral formulation. In addition, aminoglycosides
must be used at high doses to be effective, making these
compounds cytotoxic (G�omez-Grau et al., 2015).

Our results show that NMDI1 and PTC124 com-
bined treatment in twitcher oligodendrocytes and fibro-
blasts significantly increases GALC mRNA expression
levels and enzyme activity. The efficiency of PTC124 in
correcting premature termination codons is dependent on
the PTC stop codon, with the highest read-through of
UGA followed by UAG and then UAA (Welch et al.,
2007). In the twitcher cells and in the human fibroblasts
with the R69X mutation the stop codon is UGA,
whereas in those with the K88X mutation the stop codon
is UAG. The efficiency of the read-through depends also
on the nucleotide immediately after the stop codon in the
following sequence C > U > A > G. In the twitcher

cells, the nucleotide that follows the PTC is U, whereas
in the human fibroblasts it is C. These combinations seem
to favor an efficient read-through by eliciting a synergic
effect. We hypothesize that this phenomenon can be
explained by what is referred to as the pioneer round of
translation (Ishigaki et al., 2001). It is known that, in this
step, PTCs are recognized, and, if not properly corrected,
the targeted mRNAs are degraded by 50–30 decay, thus
increasing NMD activity. It has been demonstrated that
NMDI1 inhibits nucleus-associated as well as cytoplasmic
NMD (Durand et al., 2007). It is possible that a low dos-
age of NMDI1 increases mRNA stability by inhibiting
nuclear and cytoplasmic NMD. PTC124, allowing the
first pioneer round of translation, blocks NMD and
implements the levels of mRNA, explaining the synergis-
tic effect of NMDI1.

The differences found in the recovery of GALC
enzyme activity can be accounted for by the effective dose
response and by the difference in cellular uptake or in the
baseline level of expression in the different cells examined.
Many new data available in the literature, including our
research, show that a measurable recovery in mRNA, pro-
tein levels, and enzyme activity favors the feasibility of this
approach, providing evidence that this mutation-specific
therapy could be applied to many genetic disorders.

KD is a neurodegenerative LSD, and any therapeutic
agent to be used for treatment must be able to cross the
blood–brain barrier (BBB). In twitcher mice, this structure
appears to remain intact (Kondo et al., 1987), despite the
fact that disruption of the BBB is a common feature of most
neurodegenerative disorders (Sarkar et al., 2011). Although
NMDI1 has been demonstrated to cross the BBB (Keeling
et al., 2013), data on PTC124 crossing the BBB are contra-
dictory (Du et al., 2009; Sarkar et al., 2011; Keeling et al.,
2013; G�omez-Grau et al., 2015). To help PTC124 to cross
the BBB, fusion with human insulin receptor has been pro-
posed (Delgado-Escueta and Bourgeois, 2008).

Therapeutic strategies for lysosomal diseases involv-
ing the CNS are focused on gene therapy and enzyme
replacement therapy. The potential of gene therapy for
KD has been fully explored in the twitcher mouse.
Attempts to treat the mouse models of GLD with differ-
ent viral vectors containing GALC cDNA have resulted
in a significant expression of the transgene, prolonged sur-
vival, and some improvements in the pathological find-
ings (Shen et al., 2001; Galbiati et al., 2009; Strazza et al.,
2009; Lin et al., 2011; Rafi et al., 2012; Lattanzi et al.,
2014). Recently, Rafi et al. (2015) reported that i.v.
injection of AAVrh10-GALC following hematopoietic
stem cell transplantation induced extended life span and
significant improvements in the nervous system of
twitcher mice. Currently, no therapy for KD patients is
available. The only approved treatment for human
patients is hematopoietic stem cell transplantation (Krivit
et al., 1998; Escolar et al., 2005). This treatment is suitable
only for patients who do not yet have significant neuro-
logical symptoms, and long-term followup has shown that
this treatment is not completely satisfactory (Wenger
et al., 2013).
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In recent years, many efforts have focused on the
development of new drugs for the treatment of neurolog-
ical LSDs. The potential of small pharmacological mole-
cules to cross the BBB and the fact that a small increase in
enzyme activity is sufficient to provide clinical benefits
has encouraged new research approaches allowing devel-
opment of noninvasive treatment. Future developments
will determine the potential applicability of these new
approaches to KD, making it possible to use different
therapies for the infantile and the late-onset forms of the
disease in an attempt to provide, for the less-severe forms,
hope for treatment.
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This Review describes some in vitro approaches used to
investigate the mechanisms involved in Krabbe’s disease,
with particular regard to the cellular systems employed to
study processes of inflammation, apoptosis, and angio-
genesis. The aim was to update the knowledge on the
results obtained from in vitro models of this neurodegen-
erative disorder and provide stimuli for future research.
For a long time, the nonavailability of established neural
cells has limited the understanding of neuropathogenic
mechanisms in Krabbe’s leukodystrophy. More recently,
the development of new Krabbe’s disease cell models
has allowed the identification of neurologically relevant
pathogenic cascades, including the major role of elevated
psychosine levels. Thus, direct and/or indirect roles of
psychosine in the release of cytokines, reactive oxygen
species, and nitric oxide and in the activation of kinases,
caspases, and angiogenic factors results should be clear-
er. In parallel, it is now understood that the presence of
globoid cells precedes oligodendrocyte apoptosis and
demyelination. The information described here will help to
continue the research on Krabbe’s leukodystrophy and
on potential new therapeutic approaches for this disease
that even today, despite numerous attempts, is without
cure. VC 2016 Wiley Periodicals, Inc.

Key words: apoptosis; angiogenesis; cell models; glo-
boid cell leukodystrophy; inflammation; in vitro
experiment

Krabbe’s disease (KD) is an autosomal recessively
inherited neurodegenerative disorder characterized by
demyelination in the centralnervous system (CNS) and
peripheral nervous system (PNS) with the consequent loss
of all cognitive and nerve functions until death (Suzuki
and Suzuki, 1970). Diffuse demyelination, gliosis, loss of
oligodendrocytes, and presence of globoid cells are the
“hallmarks” of the pathology. For this reason, KD is also
called globoid cell leukodystrophy (GLD) for the presence in
the white matter of phagocyte-lineage cells, the globoid
cells, characteristic of galactocerebroside accumulation,
which can be identified by the presence of periodic acid–
Schiff (PAS)-positive material (Wenger et al., 1997).

Ranked among the lipidosis, KD is caused by genet-
ic defects in the activity of galactosylceramidase (GALC),
the lysosomal enzyme (hydrolase) that degrades two
important components, galactosylceramide (gal-cer) and
galactosylsphingosine (psychosine; Hideki and Suzuki,
1984; Graziano and Cardile, 2015). The inadequate deg-
radation of these glycosphingolipids involves an accumu-
lation of uncatabolized products. Despite the GALC
deficiency, gal-cer does not dramatically increase in the
brain of patients with KD. On the contrary, psychosine
accumulates in the brain (Miyatake and Suzuki, 1972;
Vanier and Svennerholm, 1976; Svennerholm et al.,
1980; Suzuki, 1998), causing apoptotic death of myelin-
generating cells, oligodendrocytes in CNS, and Schwann
cells in PNS (Hannun and Bell, 1987; Tanaka and Web-
ster, 1993). Until now, the exact mechanism of psycho-
sine cytotoxicity has not yet been fully elucidated, and
several different mechanisms have been postulated to
account for its cytotoxic action.

SIGNIFICANCE

This Review describes some past and present approaches in vitro that

have allowed identification of the pathogenic mechanisms involved in

Krabbe’s leukodystrophy. Several studies with neuronal and non-

neuronal primary cultures and cell lines have investigated many pro-

cesses, such as neurotoxicity, inflammation, neuroprotection, and

therapeutic approaches. Here particular attention is focused on some

cellular systems used to investigate processes of inflammation, apopto-

sis, and angiogenesis in Krabbe’s disease. The knowledge on models

and mechanisms obtained through in vitro experiments can be a stim-

ulus for further research both in vitro and in vivo.
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Over the last years, many advances in understanding
the normal brain functions and the pathological processes
involved in neurodegeneration have emerged from work
undertaken in in vitro models. Thus, studies with primary
cultures and cell lines of neurons, microglia, astrocytes,
and oligodendrocytes have been used to investigate many
processes such as neurotoxicity, inflammation, and neuro-
protection and to screen for novel therapiesy to treat neu-
rodegenerative disorders, including KD (Gibbons and
Dragunow, 2010).

To update the knowledge on cell models and meth-
ods used to study molecular mechanisms and so to pro-
vide specific stimuli for future research, this Review
presents a mix of past and present in vitro investigations
on KD. We focus our attention on some in vitro
approaches with particular regard to the cell systems used
to investigate processes of inflammation, apoptosis, and
angiogenesis.

KD AND INFLAMMATION

Activation of the immune system with inflammatory
components has been shown to be present in mice with
KD (Matsushima et al., 1994; Wu et al., 2001), and sever-
al groups have reported the expression of proinflamma-
tory cytokines (IL-6, TNF-a) and chemokines (MCP-1,
IP-10, MIP-1a MIP-1b and RANTES) in both twitcher
mouse brain and cell cultures (LeVine and Brown, 1997;
Wu et al., 2001; Giri et al., 2002; Haq et al., 2003). To
understand the inflammatory phenomena of KD better,
psychosine has been added to neuronal, oligodendrocyte,
Schwann, and/or fibroblast cell cultures, and high levels
of psychosine have been shown to induce several signal-
ing responses, which mimic KD/twitcher disease condi-
tion in vivo. Iit was hypothesized that, in KD, the
toxicity of supraphysiologic levels of psychosine kills oli-
godendrocytes or inhibits their maturation (Won et al.,
2013), resulting in severe demyelination. However, when
oligodendrocytes from twitcher mice were transplanted to
shiverer mice, another mouse model for demyelination,
the twitcher oligodendrocytes were capable of myelinat-
ing the shiverer axons (Kondo et al., 2005). This suggests
that demyelination in KD is not attributable exclusively
to oligodendrocytes dying by lipid accumulation, based
on their capability to myelinate axons in different cellular
environment. With regard to oligodendrocytes, cell death
induction by proinflammatory cytokines such as TNF-a
IL-6 (Taniike et al., 1999; Jatana et al., 2002; Haq et al.,
2003), and inducible nitric oxide synthase (iNOS) activa-
tion and further potentiating the nuclear translocation of
AP-1 and C/EBP without modulating the cytokine-
mediated transcription activity of nuclear factor-jB (NF-
jB) have been described (Giri et al., 2002). Giri et al.
reported for the first time the induction of iNOS in KD
brain and the potentiation of the cytokine-mediated
induction of iNOS and production of NO in psychosine-
treated cultured C6 glial cells and rat primary astrocytes.
This research indicated a role for MAP kinases and tran-
scription factors AP-1 and C/EBP in psychosine-

mediated induction of iNOS (Giri et al., 2002). There-
fore, psychosine potentiated the LPS-induced expression
of iNOS and the production of proinflammatory cyto-
kines (IL-1, TNF-a, and IL-6) in a dose-dependent man-
ner in rat primary astrocytes. Upregulation of cytokine/
LPS-mediated induction of iNOS protein and production
of NO by psychosine was due to sustained synthesis of
iNOS mRNA. These observations indicate that psycho-
sine, which accumulates in KD because of the mutation
in galactocerebrosidase enzyme, under inflammatory con-
ditions leads to the production of NO, which plays a role
in the pathogenesis of the disease. Induction of NO by
psychosine under inflammatory conditions may be the
basis for the oligodendrocyte loss, because ONOO– gen-
erated by the reaction of NO and O2

2 is known to modify
cellular components (protein, lipids, and DNA) leads to
inactivation of cellular functions and, finally, to cell death.
Moreover, the same authors documented that psychosine-
induced oligodendrocyte death is mediated via generation
of lysophosphatidylcholine (LPC) and arachidonic acid
(AA) by the activation of secretory phospholipase A2
(sPLA2; PLA2 at low-molecular-mass: 13.5–16.8 kDa).
LPC is recognized to act as a chemoattractant for mono-
cytes and T lymphocytes and as an enhancer for the pro-
duction of INF-g by activated T cells, thus promoting an
inflammatory reaction (Giri et al., 2006).

Mohri et al. (2006a,b) described upregulation of
lipocalin-type prostaglandin (PG) D synthase (L-PGDS), a
dually functional protein acting both as a PGD2-
synthesizing enzyme and as an extracellular transporter of
various lipophilic small molecules in the CNS of twitcher
mice. Using primary cultures of mouse microglia and
astrocytes, the authors demonstrated that psychosine-
activated microglia produces a large amount of PGD2
synthesized by HPGDS and that astrocytes express both
DP1 and DP2 receptors activated by PGD2. Pharmaco-
logical blockade of HPGDS or genetic ablation of DP1 in
the twitcher mouse resulted in decreased astrogliosis and
microgliosis, accompanying by less demyelination. This
was the first example of a PGD2-mediated microglia–
astrocyte interaction that enhances neuroinflammation
and demyelination. It was demonstrated that in vitro gly-
cosphingolipids such as D-galactosyl-beta1-10-sphingosine
and D-glucosyl-beta1-10-sphingosine damage human nat-
ural killer (NK) cells, inducing apoptosis, globoid-like
formation, and multinucleation (Maghazachi et al., 2004).

Besides direct actions of psychosine, pathology in
twitcher mice is thought to be mediated, in part, by acti-
vated macrophages/microglia independent of lymphocyte
infiltration into the CNS (Matsushima et al., 1994). Mye-
lin and/or oligodendrocyte debris produced by oligoden-
drocyte death in KD activates microglial cells, which are
the primary mediators of neuroinflammation (Farooqui
et al., 2007). Activated microglia become phagocytic and
secrete a variety of cytokines, including the proinflamma-
tory cytokines TNF-a, IL-1b and INF-g. These cyto-
kines augment and perpetuate microgliosis (Merrill and
Benveniste, 1996) and induce astrocytes to become
hypertrophic and undergo reactive astrocytosis (Back and
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Volpe, 1998). Activated macrophages/microglia can pro-
duce reactive metabolites, such as NO (Zielasek et al.,
1992; Banati et al., 1993) and TNF-a (Glabinski et al.,
1995; Renno et al., 1995) that are cytotoxic to oligoden-
drocytes and/or myelin in vitro (Selmaj and Raine, 1988;
Zajicek et al., 1992; Merrill et al., 1993) and play a patho-
genic role in KD (Matsushima et al., 1994). In addition to
TNF-a, other cytokines are involved. For example, IL-6
expression can be induced in astrocytes (Benviste et al.,
1990; Norris et al., 1994) or microglia when TNF-a
(Benviste et al., 1990; Norris et al., 1994) or myelin debris
(Williams et al., 1994) is added to the culture medium,
respectively.

An emerging trend in understanding the neurode-
generative diseases of the CNS is the increasing promi-
nence of the role of astrocytes, no longer a passive
support network for neurons, but the abundant popula-
tion of astrocytes in the CNS has been documented to
have a primary role in a variety of neurological condi-
tions. This topic was well described in a recent review
(Verkhratsky et al., 2012) in which it was reported that
dysfunction of astrocytes underlies development of CNS
inflammation (Sharma et al., 2010). Astrocytes regulate
fundamentally important functions to maintain CNS
homeostasis. Altered astrocytic function is now recog-
nized as a primary contributing factor to an increasing
number of neurological diseases.

Recently, astrocytes were implicated in the patho-
genesis of neuropathology in KD. It was determined that
astrocytic expression of matrix metalloproteinase (MMP)-
3, an extracellular protease, is dramatically increased at the
time of clinical disease onset in twitcher mice. Further-
more, its expression continues to rise with disease pro-
gression (Ijichi et al., 2013). This astrocytic MMP3,
which potentially targets myelin protein proteolytically, is
a primary mediator of the formation of multinucleated
globoid cells and highly activated phagocytes and a hall-
mark of KD pathology (Ijichi et al., 2013). Thus, astro-
cytic reactivity in the CNS of KD may not represent a
secondary response to demyelination but rather may be a
primary response to accumulated psychosine that can con-
tribute significantly to the pathogenesis of KD (Claycomb
et al., 2013). Claycomb et al. concluded that further study
on the regulation of astrocyte reactivity in this disease
might represent a new avenue for understanding the etiol-
ogy of neuropathology in KD.

It is now almost certain that elevated levels of psy-
chosine elicit unique cellular reactions, such as formation
of multinucleated cells (globoid cells) from resident
microglia/macrophages and reactive astrogliosis. Activated
glial cells produce various inflammatory cytokines and
related mediators and chemokines, including macrophage
chemoattractant protein-1, which are likely to play an
important role in recruiting peripheral macrophages into
the brain. These recruited macrophages further upregulate
the inflammatory disease and participate in the progressive
demyelinating process in KD and in twitcher mice.

Some authors have described how, when psychosine
is added to the human myelomonocyte cell line U937,

cleavage furrows formed either incompletely or almost
completely. Moreover, psychosine has the ability to
inhibit cytokinesis and to induce the formation of multi-
nuclear globoid-like cells in U937 cells (Kanazawa et al.,
2000).

For a long time, globoid cells have been thought to
be a secondary consequence of chronic demyelination.
However, some studies examining the temporal associa-
tion of globoid cells to the white matter pathology of KD
have identified the presence of globoid cells preceding
oligodendrocyte apoptosis and overt demyelination (Pol-
lanen and Brody, 1990). The temporal sequence of devel-
opment of the neuropathology in KD suggests that
globoid cells are formed in advance of demyelination
(Martin et al., 1981). Thus, more recently, Claycomb
et al. (2014) provided a template for the development of a
protocol for the study of globoid cell formation using pri-
mary mixed glial cultures, which include both astrocytes
and microglia. This cell model represents an important
advantage for its utility in assessing the contributions and
interplay between astrocytes and microglia (Claycomb
et al., 2014). Because glycosphingolipids, such as psycho-
sine and several other sphingolipids, are poorly expressed
in cells and tissue other than those originating from the
nervous system. Ribbens et al. (2014) developed and
characterized a new cell model for KD. They obtained
brain samples from twitcher mice, the natural mouse
model with GALC deficiency, and immortalized the pri-
mary neuroglial cultured cells with SV40 large T antigen,
generating the 145M-Twi and the 145C-Wt cell lines
from twitcher and control mice, respectively. Both cell
lines expressed specific oligodendrocyte markers, includ-
ing A2B5 and GalC (Ribbens et al., 2014). These estab-
lished 145M-Twi cells can be a powerful research tool for
investigating the neurologically relevant pathways in KD.

KD AND APOPTOSIS

Cytotoxicity of psychosine in vitro and the fatal effects of
intracranial-injected psychosine led to the conclusion
(known as the psychosine hypothesis) that progressive
accumulation of psychosine is the critical biochemical
pathogenetic mechanism of cell death in KD brain
(Suzuki, 1998). Several groups have reported that the
mode of oligodendrocyte death induced by psychosine is
apoptosis. DNA fragmentation, a marker of apoptosis,
was detected in MOCH-1 (glia-derived) cells and cul-
tured fibroblasts that were incubated with psychosine
(Tohyama et al., 2001). The percentage of glia-derived
cells that underwent apoptosis was significantly higher
than that of fibroblasts, which suggests a susceptibility of
oligodendrocytes to apoptosis (Tohyama et al., 2001).

It was demonstrated that psychosine is a potent
inhibitor of protein kinase C (PKC) in vitro (Hannun and
Bell, 1987). PKC is a family of protein kinases with many
biological functions, including regulation of cell growth,
regulation of transcription, and modification of mem-
brane structure. Disruption of the signal transduction
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pathways involved in these functions could eventually
lead to cell death (Hannun and Bell, 1987).

A study by Yamada et al. (1996) showed that
growth and proliferation of twitcher Schwann cells in
response to a number of growth factors that act through
the PKC pathway were reduced compared with normal
Schwann cells. This is in agreement with the study by
Hannun and Bell (1987) indicating impairment of PKC
signaling by psychosine. However, this inhibition of PKC
contrasts somewhat with more recent research showing
that psychosine mediates the activation of sPLA2 in the
brains of both KD patients and twitchers (Giri et al.,
2006). sPLA2 hydrolyzes phospholipids to generate fatty
acids, which have been shown to enhance activation of
PKC (Nishizuka, 1995).

An important mediator of apoptotic signaling is the
c-Jun N-terminal kinase/stress-activated protein kinase
(JNK/SAPK), a subgroup of mitogen-activated protein
kinases (MAPKs; Sorger et al., 1997; Widmann et al.,
1999; Lin et al., 2003). It was observed that psychosine
treatment resulted in the upregulation of AP-1 phosphor-
ylation and, hence, activation of JNK. Activated JNK, in
turn, resulted in the activation of c-jun through phos-
phorylation of the latter, which is a transcription factor of
the AP-1 family. The results of a electrophoretic mobility
shift assay (EMSA) clearly showed that psychosine upre-
gulates the AP-1 transcription machinery. These observa-
tions were confirmed by transfection studies using the
dominant negative form of c-jun, which showed that the
apoptotic effect of psychosine was less prominent in the
human oligodendrocyte cells expressing dominant nega-
tive c-jun (Haq et al., 2003). A different study reported
that psychosine downregulates the phosphoinositide 3-
kinase (PI3K)-Akt survival pathway inhibiting the phos-
phorylation of Akt and Erk1/Erk2 (Erk1/2), which are
the main antiapoptotic pathways of the IGF-1 receptor
(IGF-1R; Zaka et al., 2005).

Another important regulator of apoptosis is thought
to be NF-jB. Accumulating evidence suggests that NF-
jB has either a proapoptotic or an antiapoptotic function,
depending on the cell type and the death stimulus (Lin
et al., 1995, 1998; Beg and Baltimore, 1996; van Antwerp
et al., 1996). Several proapoptotic genes, such as c-myc,
p53, Fas ligand, and the IL-1b-converting enzyme caspase
1, have NF-jB binding sequences in their promoter
regions (La Rosa et al., 1994; Wu and Lozano, 1994;
Baeuerle and Baltimore, 1996; Qin et al., 1999), indicat-
ing that NF-jB acts as a proapoptotic transcription factor.
In contrast, NF-jB activity appears to be necessary for
the activation of genes that suppress some type of apopto-
sis. Antiapoptotic genes that are regulated by NF-jB
include manganese superoxide dismutase (Wang et al.,
1996) and the zinc finger protein (Opipari et al., 1992).
However, the precise factors that determine the ability of
NF-jB to regulate these divergent biological actions are
unknown. Treatment of oligodendrocytes with psycho-
sine was found to reduce both nuclear translocation and
DNA binding of NF-jB (Haq et al., 2003). In that study,
cultured oligodendrocyte cells were treated with LPS, an

inducer of NF-jB activation, which resulted in increased
DNA binding activity of NF-jB. However, the addition
of psychosine to LPS-treated cells reduced this DNA
binding activity and resulted in a higher concentration of
cytosolic IjBa, a member of a family of cellular proteins
that function to inhibit NF-jB. As reported above, the
same study established that the DNA binding activity of
AP-1, a downstream product of the JNK signaling cas-
cade, was increased in psychosine-treated cells, suggesting
that psychosine also upregulates the JNK signal transduc-
tion pathway (Haq et al., 2003). Together, upregulation
of the JNK pathway and downregulation of NF- jB by
psychosine could result in cell apoptosis. In summary, the
data described here are consistent with the proposal that
MAPKs mediate a central role in psychosine-induced
apoptosis, in part by downregulating the prosurvival (NF-
jB) and upregulating the stress-mediated (JNK/AP-1)
signal transduction pathways.

Apoptotic cells and expression of apoptosis-related
molecule such as TNF-a and its receptor 1 was observed
in twitcher mouse brains and in brains of KD patients,
underscoring the hypothesis that induction of inflamma-
tion during progressive accumulation of psychosine is one
of the main biochemical and pathogenetic mechanisms of
cell death in the KD brain (Giri et al., 2008). This same
study, performed with rat primary astrocytes, primary oli-
godendrocytes, and oligodendrocyte cell line (MO3.13),
delineated an explicit role for AMPK in psychosine-
induced inflammation in astrocytes without directly
affecting the cell death of oligodendrocytes. It was docu-
mented that psychosine mediates inactivation of AMPK,
which results in lipid alteration both in astrocytes and oli-
godendrocytes. Although AMPK activator did not rescue
oligodendrocytes from psychosine-mediated cell death, in
primary astrocytes it downregulated psychosine-mediated
production of NO and expression of proinflammatory
cytokines and mediators (iNOS and Cox-2), suggesting a
specific role of AMPK in oligodendrocytes and astrocytes
(Giri et al., 2008).

As described above, inflammatory cytokines are
known to induce the PLA2 enzyme system. PLA2s
hydrolyze phospholipids at the sn-2 position and generate
lysolipids and free fatty acids, including AA. These media-
tors are critically involved in the regulation of several
physiological events, including cell death (Capper et al.,
2001; Dennis, 1994). Psychosine mediates its proapop-
totic signaling through the PLA2 pathway rather than as
the originally suggested consequence of its lytic activity
(psychosine hypothesis; Giri et al., 2006). LPC is a well-
known lysolipid, responsible for inducing demyelination
in an animal model and cell death of mature oligodendro-
cytes and their progenitors in vitro. Giri et al. showed
that the mechanism of action of psychosine-mediated oli-
godendrocyte cell death is via activation of sPLA2 and
generation of LPC and AA.. These effects of psychosine
were independent of the presumed receptor of psycho-
sine, T-cell death-associated gene 8 (TDAG8). In con-
trast, Im et al. (2001) previously reported that TDAG8 is
a putative receptor for psychosine and that its
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overexpression results in the formation of multinuclear
cells by psychosine.

PPAR-a regulates the transcription of peroxisomal
enzymes, and this receptor was also found to be decreased
in twitcher brains (Haq et al., 2006). This is somewhat
contradictory to the fact that sPLA2-IIA has been
reported to exert its effect through PPAR-a activation
(Farooqui et al., 2007). That is, if the sPLA2 activated by
psychosine is sPLA2-IIA, then there should be increased
levels of PPAR-a rather than decreased levels. Inhibition
of sPLA2 reduced the degree of downregulation of
PPAR-a in psychosine-treated oligodendrocytes (Haq
et al., 2006), indicating that dysfunction of peroxisomal
functions in the twitcher may be due to psychosine-
mediated activation of sPLA2. Given the important role
of many peroxisomal enzymes in reactive oxygen species
(ROS) synthesis and degradation (Schrader and Fahimi,
2004), dysfunction of these organelles could lead to altera-
tions in the expression of these enzymes to favor either a
net increase or a net decrease in ROS. The former out-
come is supported by depleted levels of glutathione in
both psychosine-treated oligodendrocytes and the twitch-
er brain (Haq et al., 2003; Khan et al., 2005).

Voccoli et al. (2014) addressed the role of calcium
dynamics during psychosine-induced cell death. Using
the human oligodendrocyte cell line MO3.13, they
reported that cell death by psychosine is accompanied by
robust cytosolic and mitochondrial calcium (Ca21) eleva-
tions and by mitochondrial ROS production.

One of the characteristic biochemical events associ-
ated with apoptosis is the activation of caspases, a family
of cysteine proteases with specificity for aspartate residues
in the target proteins. Psychosine led to the activation of
caspases 9 and 3, but not caspase 8, which suggests that
psychosine can directly act at the level of mitochondria.
To prove this point, isolated mitochondria were treated
directly with psychosine. and this treatment resulted in
the release of cytochrome c. The fact that the incubation
of mitochondria with psychosine induced release of cyto-
chrome c suggests that psychosine by itself could initiate
apoptosis without the requirement for additional mole-
cules. The facts that cytochrome c has multiple lipid bind-
ing sites and that lipid-bound cytochrome c shows a
lower affinity for attachment to artificial membranes
(Subramanian et al., 1998) strengthen this hypothesis.
This observation was further supported by the finding
that treatment of whole cells with psychosine also led to
the release of cytochrome c and to the cleavage of procas-
pase 3, as observed by the appearance of the cleaved form
of the enzyme.

More recently, psychosine-induced apoptosis in cul-
tured cells has been found to involve activation of caspases
9, 8, and 3 (Haq et al., 2003; Zaka and Wenger, 2004;
Giri et al., 2006, 2008). Caspase 9 was activated by bind-
ing to a protein cofactor, called Apaf-1, in the presence of
cytochrome c (Li et al., 1997). The finding that cells
incubated with psychosine release cytochrome c from
mitochondria is in agreement with this (Haq et al., 2003).
However, cytochrome c release from mitochondria can

also occur in the late stages of apoptosis, after caspase acti-
vation (Hengartner, 2000). Activation of caspase 9 in turn
activates caspase 3 (Li et al., 1997), and apoptosis results.
Caspase 8 is activated in a manner different from that of
caspase 9, usually by a variety of death receptors, includ-
ing type 1 tumor necrosis factor receptor (TNF-R1) and
the Fas receptor (Earnshaw et al., 1999). Caspase 8 is also
known to activate caspase 3 in vitro (Stennicke et al.,
1998). which may explain why no other downstream cas-
pases have yet been detected in psychosine-mediated apo-
ptosis. The presence of both caspase 8 and caspase 9
indicates that more than one apoptotic pathway may be
mediated by psychosine. Moreover, psychosine was found
to change the mitochondrial membrane potential and
activate caspase 9. These effects of psychosine were
reversed when cells were pretreated with the antioxidant
molecules N-acetyl-L-cysteine (NAC) or procysteine
(Singh et al., 1998; Pannuzzo et al., 2010; Voccoli et al.,
2014). To determine the nature of the cell death induced
by psychosine in MO3.13 cells, the occurrence of inter-
nucleosomal degradation of nuclear DNA, a typical bio-
chemical marker of apoptosis, was investigated. Nuclear
degradation was first analyzed with a TUNEL assay. To
confirm the internucleosomal DNA cleavage characteris-
tic of apoptosis, cytoplasmic DNA isolated from cells
treated in a similar manner was subjected to agarose gel
electrophoresis. To ascertain whether caspase 3 might be
activated by proteolysis of the inactive proenzyme, the
level of caspase 3 proenzyme and its degradation product
formation during psychosine-induced apoptosis was ana-
lyzed by Western blot analysis (Haq et al., 2003).

Ribbens et al. (2014), using 145M-Twi cells,
showed biochemical and cellular disturbances related to
KD neuropathogenesis, including remarkable caspase 3
activation, release of cytochrome c into the cytosol, and
expansion of the lysosomal compartment. Under treat-
ment with glycosphingolipids, 145M-Twi cells showed
increased levels of LC3B, a marker of autophagy.

Recently, it was confirmed that PI3K is involved in
the apoptotic effects of psychosine in wild-type and
twitcher oligodendrocyte progenitors through a down-
stream pathway involving the activation of PTEN and
caspase-3 and the subsequent activation of the proapop-
totic Bcl-2 family protein Bad. The research showed that
psychosine induces an increase of connexin (Cx) 43 lev-
els, too (Graziano et al., 2016). Cx43 is known for its
effects on cell death or survival. Capable of a direct inter-
action with a- and b- tubulin, a key role in programmed
cell death induction has been described for Cx43 by inter-
acting with Bax to initiate the mithocondrial apoptotic
pathway (Sun et al., 2012).

KD AND ANGIOGENESIS

Angiogenesis, the growth of new blood vessels from pre-
existing ones, plays a pivotal role in various physiological
and pathological conditions (Carmeliet and Jain, 2011).
The effects of GALC deficiency on CNS microvasculari-
zation and angiogenesis have been investigated in twitcher
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mice and cortical brain biopsies from KD patients (Belleri
et al., 2013). GALC deficiency, with consequent psycho-
sine accumulation, induces significant defects in the endo-
thelium of the postnatal brain of twitcher mice.
Moreover, twitcher endothelium shows a progressively
reduced capacity to respond to proangiogenic factors. In
addition, RNA interference-mediated GALC gene silenc-
ing hampers the proangiogenic response of human endo-
thelial cells to vascular endothelial growth factor (VEGF).
More recently, microvascular corrosion casting followed
by scanning electron microscopy morphometry con-
firmed the presence of significant alterations of the func-
tional angioarchitecture of the brain cortex of twitcher
mice with reduction in microvascular density, vascular
branch remodeling, and intussusceptive angiogenesis.
Intussusceptive microvascular growth, confirmed by his-
tological analysis, was paralleled by alterations of the
expression of intussusception-related genes in twitcher
brain (Giacomini et al., 2015). These observations suggest
that GALC deficiency affects not only the glial/neuronal
compartment of the neurovascular brain unit but also its
vascular moiety. Neovascularization plays an important
role in the development of the CNS and protects it from
neurological disorders (Greenberg and Jin, 2005; Segura
et al., 2009). The tight cross-talk among glial, neuronal,
and endothelial cells in the CNS is underscored by the
capacity of angiogenic factors, including VEGF-A and
fibroblast growth factor-2 (FGF2), to modulate neuro-
genesis and neuroprotection (Ment et al., 1997; Green-
berg and Jin, 2005; Zacchigna et al., 2008; Segura et al.,
2009). In turn, neurotrophic factors may regulate angio-
genesis. To investigate the effect of GALC deficiency and
psychosine accumulation on CNS microvascularization
and the angiogenic process, studies have been conducted
with endothelial cells. The data demonstrate that psycho-
sine is endowed with antiangiogenic activity by causing
actin cytoskeleton disassembly (Belleri et al., 2013).

Previous observations had shown the ability of psy-
chosine to affect actin reorganization, leading to the for-
mation of multinuclear globoid cells (Kanazawa et al.,
2000; Kozutsumi et al., 2002). On this basis, the effect of
psychosine on different components of the endothelial
cell cytoskeleton was evaluated. In particular, the capacity
of psychosine to affect different steps in the angiogenesis
process, including endothelial cell migration and extracel-
lular matrix invasion, was investigated. Migration of
endothelial cells following the mechanical wounding of a
cell monolayer was characterized by the repositioning of
the cell microtubule organization center from a random
distribution to a biased localization in front of the nucleus,
toward the direction of cell migration (Ueda et al., 1997).
Psychosine has been identified as an endothelial actin-
disassembling agent endowed with antiangiogenic activity
in vitro and in vivo. Psychosine inhibits, in murine aortic
endothelial cells and brain microvascular endothelial cells,
different steps of the angiogenesis process in vitro, includ-
ing endothelial cell proliferation and migration and extra-
cellular matrix invasion and sprouting and hampers the
activity exerted in vivo by the potent proangiogenic

factor FGF2 in the chick embryo chorioallantoic mem-
brane (CAM) and murine Matrigel plug assays (Belleri
et al., 2013). The results by Belleri et al. (2013) revealed a
new neuropathogenic aspect of globoid cell leukodystro-
phy in which the deficiency of GALC activity affects the
ability of the blood microvasculature to respond to angio-
genic stimuli not only in the nervous system but also in
somatic organs. This may contribute to worsening KD
evolution and may adversely affect therapeutic interven-
tions, including bone marrow repopulation following
haematopoietic stem cell transplantation (Visigalli et al.,
2010). Finally, it remains challenging to establish whether
vascular alterations in KD represent the outcome of the
astrocytic/neuronal injury, with a consequent deficiency
in the production of trophic angioneurins (Lee et al.,
2009) or are due to a direct damage of endothelial cell
functions.

CONCLUSIONS

Since 1916, the year in which KD was described for the
first time as the presence of globoid cells in the brain, a
number of experimental in vitro approaches have been
used to understand the mechanisms causing and contrib-
uting to the neurological processes of KD and to test the
mechanistic role of psychosine. In summary, it was shown
that psychosine 1) is an inhibitor of PKC (Strasberg,
1986; Hannun and Bell, 1987; White et al., 2009); 2) dis-
rupts mitochondrial function (Taketomi and Nishimura,
1964; Li et al., 1997; Hengartner, 2000; Haq et al., 2003;
Voccoli et al., 2014) and the integrity of membranes (Var-
tanian et al., 1989); 3) disrupts the architecture of lipids
rafts, disturbing plasma membrane integrity and inhibiting
PKC translocation to the plasma membrane (Giri et al.,
2006; White et al., 2009; Zigdon et al., 2014); 4) causes
the processes, but not the soma, of oligodendrocytes to
disintegrate (Hawkins-Salsbury et al., 2013); 5) affects
neurofilament phosphorylation in a motor neuron cell
line, leading to impaired axonal transport (Cantuti-Castel-
vetri et al., 2012); 6) produces multinucleation of micro-
glia resembling the characteristic globoid cells (Claycomb
et al., 2014); 7) inhibits in murine aortic endothelial cells
and brain microvascular endothelial cells different steps of
the angiogenesis process in vitro (Belleri et al., 2013); and
8) induces apoptosis through activation of caspases 9, 8,
and 3 (Haq et al., 2003; Zaka and Wenger, 2004; Giri
et al., 2006, 2008).

Thus, direct and/or indirect roles of psychosine in
the release of cytokines, ROS and NO and in the activa-
tion of kinases, caspases, and angiogenic factors results are
now clearer. However, numerous processes and mecha-
nisms involved in KD have still to be clarified, such as the
temporal sequence of the development of events involved
in KD or the contributions and interplay among astro-
cytes, microglia, and oligodendrocytes. The novel in vitro
systems described in this Review may be useful models in
which to study the formation and function of psychosine,
and the results here summarized could be useful stimuli
for further researches both in vitro and in vivo.
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Enzyme replacement therapy and substrate reduction
therapy have proved useful in reversing many pathologi-
cal consequences of many nonneural lysosomal storage
diseases but have not yet reversed pathology or influ-
enced disease outcome in Krabbe’s disease (KD). This
Review discusses the relative merits of stem cell therapy,
molecular chaperone therapy, gene therapy, substrate
reduction therapy, enzyme replacement therapy, and
combination therapy. Given the limitations of these
approaches, this Review introduces the idea of using tiny,
6-nm, intensely fluorescent quantum dots (QDs) to deliver
a cell-penetrating peptide and 6 histidine residue-tagged
b-D-galactocerebrosidase across the blood–brain barrier.
We can therefore follow the fate of injected material and
ensure that all targets are reached and that accumulated
material is degraded. Uptake of lysosomal hydrolases is
a complex process, and the cell-penetrating peptide
JB577 is uniquely able to promote endosomal egress of
the QD cargo. This Review further shows that uptake
may depend on the charge of the coating of the QD, spe-
cifically, that negative charge directs the cargo to neu-
rons. Because KD involves primarily glia, specifically
oligodendroglia, we experiment with many coatings and
discover a coating (polyethylene glycol 600 amino) that
has a positive charge and targets oligodendrocytes. A
similar effect is achieved by treating with chondroitinase
ABC to degrade the extracellular matrix, indicating that
enzyme replacement has several hurdles to overcome
before it can become a routine CNS therapy. VC 2016 Wiley

Periodicals, Inc.

Key words: lysosomal storage disease; globoid cell leu-
kodystrophy; Krabbe’s disease; GALC; quantum dots;
JB577; enzyme replacement therapy; hematopoietic
stem cell transplantation

Delivering a protein across a cell membrane and
having it retain its biological function inside the cell is a
major challenge in biology and medicine because of the
blood–brain barrier (BBB). Many cells have developed a
type of receptor (a “coated pit”) that facilitates the uptake
of nutritive proteins such as lipoproteins (the apolipopro-
tein E low-density lipoprotein [apo-E LDL] receptor) and
transferrin, but, for the most part, they have not evolved

to take up proteins from the extracellular space, so pro-
teins are endocytosed at a very low rate (Masliah and
Spencer, 2015). Notable exceptions to this rule are the
lysosomal hydrolases, some of which use a phosphorylated
sugar (mannose-6-phosphate) and a specific receptor to
exchange enzymes between cells. This specialized system
has been taken advantage of to carry out enzyme replace-
ment therapy (ERT) in nonneural sphingolipid storage
diseases such as Gaucher’s and Fabry’s diseases (Sleat et al.,
2013). However, it is not clear that such exchange occurs
in the CNS, and it took over 20 years to perfect the cellu-
lar uptake of these lysosomal hydrolases by non-CNS
tissue. This involved modification of carbohydrate
chains to elude mannose receptors in the liver, and the
precise details are as closely guarded as the formula for
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Coca-Cola. Furthermore, despite this success, enzyme
replacement for other CNS lysosomal storage diseases
(LSDs) has been less successful (San Filippo [MPSIII],
Pompe, and others), and the enzyme is not delivered to
human brain cells. This Review discusses the current
approaches to therapy and the prospects for developing a
delivery system to replace defective enzymes in a CNS
disease such as Krabbe’s disease (KD). This involves using
fluorescent membrane-penetrating quantum dots (QDs)
as the base, solubilizing the QDs with specific charged
coatings (Susumu et al., 2007), and attaching both a
cell-penetrating peptide and a 6 histidine residue (His6)-
tagged galactosylceramide (GalCer):b-galactocerebrosidase
(GALC) to Zn on the surface of the QD (Delehanty et al.,
2010; Susumu et al., 2011; Walters et al., 2012; Boeneman
et al., 2013; Agarwal et al., 2015; Walters, 2015).

Lysosomal hydrolases can resist extracellular degra-
dation, but then they must traverse through nonfenes-
trated capillaries, pass through pericyte and astrocyte
endfoot processes, and finally diffuse through a highly
negatively charged extracellular matrix (ECM; proteogly-
cans) before reaching the target, be it neurons, astrocytes,
or oligodendrocytes (Schwartz and Domowicz, 2014;
Masliah and Spencer, 2015). Fortunately, there are clues
with respect to how one might achieve this from the
many viruses (such as HIV) that have evolved mechanisms
of cell penetration by using positively charged peptide
sequences within their coat proteins, such as the lysine-
rich TAT sequence in HIV (Meng et al., 2014). Thus,
the combination of a polylysine sequence and a low-
density lipoprotein (LDL) receptor-binding sequence
from apo-E in a 39-amino-acid peptide facilitated CNS
uptake of a lysosomal enzyme (tripeptidylpeptidase-1;
TPP1) following IV injection into a mouse (Meng et al.,
2014). This Review proposes that one can take advantage
of unique cell-penetrating peptides coupled to QDs and,
by modifying the charge of the coating charge, deliver
enzymes such as GalCer:b-D-galactocerebrosidase to its
oligodendrocyte target cell in the CNS and discusses how
this might repair pathological processes. Several studies
have shown exogenous enzyme to increase the life span
of enzyme-deficient mice or dogs (Vuillemenot et al.,
2011; Meng et al., 2014), so the challenge is to translate
this to humans. The roadblocks to replacing aberrant,
toxic proteins in the CNS are enormous, so this is merely
a start down a long road; however, the current lack of
success in healing a damaged CNS in KD requires such
new ideas and new reagents.

CURRENT STATUS OF THERAPY FOR KD

Hematopoietic Stem Cell Transplantation in KD

KD (also known as globoid cell leukodystrophy) is an
autosomal recessive disorder resulting from mutations in
the gene for the lysosomal enzyme GalCer:b-D-galacto-
cerebrosidase (Suzuki and Suzuki, 1970). The enzyme
deficiency leads to the accumulation of GalCer and a
cytotoxic metabolite psychosine (galactosylsphingosine)
and to the rapid degeneration of myelinating cells

(Wenger et al., 2001). The only approved treatment for
presymptomatic infantile patients and later-onset patients
is hematopoietic stem cell transplantation (HSCT), but
this treatment is less than ideal; most patients still develop
progressive problems with gait and language. Several nat-
urally occurring animal models are available for therapeu-
tic efforts to treat KD, the most often studied being the
twitcher mouse; these mice have been shown to respond
favorably to a range of therapies (Suzuki and Suzuki,
1995; Wenger et al., 2001; Fig. 1).

Embryonic Stem Cells for KD Therapy

Stem cells (Olig2 embryonic stem cells) can be
induced into oligodendrocyte precursor cells (OPCs)
with cytokines and a multistep differentiation procedure.
Target oligodendrocyte markers can be monitored by
reverse transcriptase-PCR and immunocytochemistry,
and the toxicity of the stored psychosine to OPCs is read-
ily determined by a cell proliferation assay. The OPCs are
labeled with the lipophilic long-chain dialkylcarbocyanine
DiR-D12731, which has excitation and emission maxima
in the near-infrared region (in which many tissues are
optically transparent) and is transplanted into the brains of
twitcher mice (Kuai et al., 2015). Transplanted cells are
typically detected by in vivo multispectral imaging sys-
tems and real-time PCR. In one such study, 76% of the
OPCs were found to be positive for enhanced green fluo-
rescent protein (eGFP1), the eGFP expression being
driven by the Olig2 promoter. Such OPCs were more
resistant to psychosine toxicity, and the GalCer level in
OPCs was also significantly higher than in other cells,
suggesting that enzyme was being expressed in the correct
(lysosomal) subcellular compartment and that some
remyelination might be taking place.

In other studies, when Dir-labeled OPCs were
injected into the forebrain of postnatal day 10 twitcher
mice, the transplanted OPCs were myelin basic protein
(MBP) positive and remained along the injection tract as
observed by fluorescent microscopy (Hawkins-Salsbury
et al., 2015). The level of the Dir fluorescent signal and
eGFP mRNA significantly decreased at days 10 and 20
after injection, as indicated by an in vivo multispectral
imaging system and real-time PCR. Unfortunately,
because of poor cell survival and limited migration ability,
there was no significant improvement in brain GALC
activity, MBP level, life span, body weight, or behavioral
deficits of the twitcher mice.

Molecular Chaperone Therapy

The GALC inhibitor N-octyl-4-epi-b-valienamine
(NOEV) acts as a chaperone to promote refolding of
mutant protein in KD (twitcher) mice as well as a murine
GM1-gangliosidosis model (Hossain et al., 2015).
NOEV strongly inhibited GALC activity in cell lysates of
GALC-transfected COS1 cells, but in vitro NOEV treat-
ment stabilized GALC activity under heat denaturation
conditions and significantly increased the enzyme activity
of mutants with late-onset forms. A similar chaperone
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effect for other lysosomal hydrolases has been reported,
for example, in infantile Batten disease, in which the defi-
cient enzyme is palmitoyl:protein thioesterase (PPT1;
Hobert and Dawson, 2006; Dawson et al., 2010). One
chaperone (migalastat) has been approved for human use
as a chaperone in a-galactosidase-deficient Fabry’s
patients, but NOEV (Warnock et al., 2015) has not yet
been tested in KD patients. When NOEV was added to
cultured COS1 cells expressing mutant GALC activity
and human skin fibroblasts from KD patients, it increased
GALC by enhancing the maturation of GALC precursor
to its mature, active form. NOEV most likely binds to the
active site of human GALC protein and has potential for
patients with KD resulting from the late-onset mutations.

However, its use in humans has been hindered by the
problems of delivering the chaperone into the human
brain without toxicity.

Gene Therapy

The absence of GALC activity leads to accumula-
tion of the toxic psychosine and preferential loss of myeli-
nating cells, leading to astrogliosis and axonopathy. Thus,
cerebellar ataxia is one of the dominant manifestations in
adolescents and adults affected with KD. To study the
efficacy of cerebellum-targeted gene therapy on the cere-
bellar neuropathology in twitcher mouse therapy, Rafi
et al. (2015) attempted to reverse the degeneration of
Purkinje cells, Bergmann glia, and granule cells by
intracerebellar-mediated gene therapy. This efficiently
corrected the enzymatic deficiency in the cerebellum,
leading to reduced neuroinflammation and demyelin-
ation. However, the number, dendritic territory, and axo-
nal processes of Purkinje cells remained normal in the
cerebellum of treated twitcher mice, in which radial fibers
of Bergmann glia spanned the molecular layer and collat-
eral branches ensheathed the dendritic processes of Pur-
kinje cells. Encouragingly, the aberrant expression of
neurotrophic factors was reversed in the cerebellum of
treated twitcher mice, indicating that the preservation of
cellular function and neuronal architecture was being
achieved. The life span of the treated twitcher mice was
significantly prolonged, and their neurobehavioral per-
formance was improved. These findings underscore the
complexity of cerebellar neurodegeneration in KD but
emphasize the potential effectiveness of gene therapy in
reducing neuropathological deficits in KD (Lin et al.,
2015). However, there are significant current problems
with the safety of such therapies for humans, and gene
therapy is still a work in progress.

Substrate Reduction Therapy

The theoretical basis for substrate reduction therapy
(SRT) is that, if the synthesis of the storage material can
be reduced (in this case GalCer) with a low-molecular-
weight inhibitor, the storage burden can be reduced. This
works in Gaucher’s disease (Cerdelga, at a cost of
$300,0001/year/patient) to inhibit GlcCer synthesis, and
SRT works to some extent in Fabry’s disease but not in
Niemann-Pick type C or other LSDs (Andersson et al.,
2004; Shayman, 2014; Marshall et al., 2015). It is now
being used in combination with other therapies.

Combined Gene Therapy, SRT, and HSCT

Because KD has proved highly refractory to virtually
every experimental therapy attempted, twitcher mice
have been simultaneously treated with CNS-directed
gene therapy, substrate reduction therapy, and bone mar-
row transplantation (BMT). This approach attempted to
target the primary pathogenic mechanism (GALC
deficiency) and two secondary consequences of GALC
simultaneously, namely, psychosine accumulation and

Fig. 1. Summary of approaches to KD therapy. Blue, adenoviral infec-
tion introduces gene for GALC into the CNS genome producing
GALC in all cells infected. Green, GALC enzyme with M-6-P binds
receptor, is endocytosed, and (hopefully) egresses from the endosome
and progresses to the lysosome. Red, chaperone (e.g., NOEV) is
endocytosed and (may) escape from the endosome and reach the
endoplasmic reticulum (ER; where it can promote proper folding of
misfolded GALC or turn off the unfolded protein response) resulting
from point mutations in the GALC gene. Orange, QDs with
PEG600NH2 positively charged coat and surface Zn bind HIS6-
GALC enzyme and JB577 cell-penetrating peptide and gain entry to
lysosomes, where QDs are detached and enzyme degrades storage
material. This construct should, theoretically, be able to cross the BBB
by virtue of its lipophilic character and the vKIKK sequence in
JB577. Black, SRT. The ceramide:galactosyltransferase inhibitor (a
theoretical derivative of 1-phenyl-2-decanoylamino-3-morpholino-1-
propanol or NOEV) gains entry to ER and inhibits de novo synthesis
of GALC, resulting in less storage of GalCer and, more importantly,
less GalSph (psychosine). Because there are currently no useful inhibi-
tors of the galactosyltransferase and there is no easy way of achieving
reduced synthesis of psychosine, another approach to SRT would
be to inhibit the galactosyltransferase enzyme by RNAi-based technol-
ogy with the VKIKK sequence in JB577 to bind the siRNA for the
Cer:galactosyltransferase.
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neuroinflammation. The SRT part used cycloserine, a
general inhibitor of sphingolipid synthesis, so the positive
results were surprising. The simultaneous treatment of
multiple pathogenic targets resulted in an unprecedented
increase in life span with improved motor function, per-
sistent GALC expression, nearly normal psychosine levels,
and decreased neuroinflammation in the treated twitcher
mice (Hawkins-Salisbury et al., 2015). Thus, treating
both the primary pathogenic mechanism and several sec-
ondary targets could be the way to treat humans with
KD. Because cycloserine is not FDA approved, it might
be possible to get the same inhibition of psychosine syn-
thesis with low doses of myriocin.

Neonatal Lentiviral Vector-Mediated Intracerebral
Gene Therapy Combined With Transplantation of
GALC-Overexpressing Neural Stem Cells to
Synergize With BMT

This combination also provided a dramatic exten-
sion of life span and extensive clinical-pathological rescue
in the KD murine model (Ungari et al., 2015). It could
be demonstrated that timely and long-lasting delivery of
functional GALC to affected tissues resulted from the
complementary mode of action of the treatments. In par-
ticular, the contribution of neural stem cell transplantation
and intracerebral gene therapy during the early, asymp-
tomatic stage of the disease was thought to be instrumen-
tal to enhancing long-term therapeutic improvement
compared with BMT alone. The study also clarified the
relative inputs of the CNS, PNS, and periphery to KD

and the relative contribution of treatments to the final
therapeutic outcome. This has important implications for
treatment strategies proposed for humans, and the study
gives proof-of-concept for efficacy, tolerability, and clini-
cal relevance of the combined gene/cell therapies pro-
posed. This combined approach may eventually
constitute a feasible and effective therapeutic opportunity
for children affected by KD if a suitable viral vector, such
as adenoassociated virus serotype 9, can be found (Lin
et al., 2015).

ERT

After the success of ERT for non-CNS LSDs, such
as Gaucher’s disease (Shayman, 2014; Marshal et al.,
2015), a significant advance has been the development of
a “humanized” mouse model of KD by inserting a
human GALC cDNA containing an adult-onset patient
mutation into the murine GALC gene. Such mice were
found to exhibit all the pathological hallmarks of KD,
including psychosine accumulation, neuroinflammation,
CNS infiltration of macrophages, astrogliosis, and demy-
elination (Matthes et al., 2015). Residual GALC activities
in mouse tissues were low, and the mice had a reduced
life span of 46 days. The usefulness of this model for
enzyme replacement is that, by expressing the human
transgene, the mice did not develop an immune response
against rhGALC, making it suitable for therapies based
on human enzyme. Intravenously injected rhGALC was
believed to cross the BBB and to be targeted to lyso-
somes of brain macrophages, astrocytes, and neurons, but
this was not experimentally verified. High-dose ERT
was started at postnatal day 21 and reduced the elevated
psychosine levels in the PNS and the CNS by 15%.
However, it did not reduce neuroinflammation or demy-
elination, so the BBB still remains a barrier to treatment
of KD. A summary of commercial ERT efforts is shown
in Table I.

Because of all the problems associated with these
approaches to therapy, researchers have tried to develop a
new approach to the treatment of diseases such as KD by
using nanoparticles to stabilize and deliver enzyme to spe-
cific brain cell types. Several nanoparticles have been used

TABLE I. Commercial Attempts To Correct LSDs in Humans

Company Disease Approach Effective in CNS

Genzyme Gaucher’s; Hunter/Hurler’s; Mara-

teaux-Lamy’s

Purified enzyme substrate reduction

(Cerdelga)

No

Shire Gaucher’s; Fabry’s Enzyme No

Bio-Marin Batten’s CLN2 (TPP1) Enzyme No

Amicus Fabry’s; Pompe’s Chaperone (migalastat) No

Lysogene MPS III-a; GMI-gangliosidosis Gene therapy No

Alcyone Lifesciences Microfabrication technology for tar-

geted drug therapy (human stem

cells)

No

Stem-Cell Inc. Batten CLN1 Human stem cells ?

TABLE II. Nanoparticles: Comparison of QDs and Endosomal

Escape Peptides With Other Particles

Type Size (nM) Peptide origin

QD 10 JB577 modular peptide

Gold 20 Prion

Gold 25 Nuclear entry

Superparamagnetic iron oxide 45 HIV-TAT

Liposomes <100 Influenza fusogenic peptide

Polyglycolic acid <100 ER insertion sequence

Silica 25–105 HIV-TAT
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as delivery systems, but CdSeZnS QDs have many advan-
tages over other types of nanoparticle (Table II).

Development of a Nanoparticle Delivery System
to Oligodendrocytes

Developing a delivery system that would per-
mit us to attach a protein to a fluorescent entity so
that we could follow its fate in brain tissue. The
rabies virus is able to infect the CNS through receptor-
mediated anterograde transport, and, by using the rabies
virus 29-amino-acid sequence to facilitate transport across
the BBB and a rhodamine tag, we could show some neu-
ronal labeling in rat hippocampal slices. However, using a
lysine-rich cell-penetrating lipopepetide (similar in theory
to the lysine/arginine-rich HIV-TAT, which penetrates
the CNS to induce “neuro-AIDS”), Santra et al. (2005)
were able to obtain better neuronal delivery, and we have
since built on this idea. The lipopeptide we used (JB577
[AcW•G•(palmitoyl)] diaminopropyl•VKIKK•P9•G2•H6)
works on a principle similar to the lysine-rich peptide
found in the HIV GP120 glycoprotein coat of HIV
(GRKKRRQRRRGYKCNH2) but has an additional
palmitate (linked by an amide bond to a cysteine substi-
tute Dap [DAP1]), which seems to improve its
membrane-penetrating properties. DAP1 was originally
synthesized as an inhibitor of PPT1 (Dawson et al., 2010)
that could act as a chaperone to refold misfolded PPT1
protein. To couple the lipopeptide to the QD, we solubi-
lized the QDs (Fig. 2) and then attached a His6 sequence
to DAP1 to bind to the Zn on the surface of a CdSe/ZnS
QD (Fig. 3). These CdSeZnS (6–9 mm) QDs are solubi-
lized in the U.S. Naval Laboratories by coating with dihy-
drolipoic acid–polyethylene glycol-based polymers or
zwitterionic ligands, such as compact ligand 4 (CL4; Fig.
2), which allows up to 50 His6 peptides to bind to one
QD. Our leading cell-penetrating peptide JB577 has the

unique property (among >50 related peptides tested) of
penetrating cell membranes to promote endosomal egress
(Delehanty et al., 2010; Boeneman et al., 2013). This is a
critical requirement for delivery to the brain.

The secret to success was that the Zn coat, which
encloses the semiconductor crystalline CdSe core, binds
tightly to a sequence of His6. Use of Zn or Ni columns is
a common way of purifying His-tagged recombinant pro-
teins, and we were able to test a range of proteins (from
His6-green fluorescent protein to lysosomal hydrolases)
for preservation of activity following attachment to the
modified QDs (Walters et al., 2015). We have attached
other proteins to QDs using this approach, but some
require a proline spacer (as used for JB577), and all prob-
ably have unique half-lives in vivo. We attached the His6
and a detector sequence such as FLAG to the C-terminal
end (Fig. 3) because lysosomal hydrolases such as GAL-C
are N-terminally processed proteolytically and then
become resistant to degradation by proteases and glycosi-
dases. To get the QD endocytosed by the cell and
released from the endosome into the cytosol or the lyso-
some, we screened dozens of potential cell-penetrating
peptides, but only lipopeptide JB577, designed by us to
be an inhibitor of the lysosomal enzyme PPT1 (Dawson
et al., 2010) and based on the Ras4A sequence, was able
to achieve this goal (Santra, 2005; Delehanty et al., 2010;
Susumu et al., 2011; Walters et al., 2012, 2015; Boene-
man et al., 2013; Agarwal et al., 2015). Omitting the
lysine-rich VKIKK sequence resulted in loss of endosomal
egress. We have patented this approach (U.S. patent No.
8,835,172). Thus, by using the JB577 lipopeptide
WG(N-palmitoyl)DapVKIKKP9G2H6, we have been
able to achieve the goal of endosomal uptake, release into
the cytosol, and delivery to the lysosome. See Figure 3 for
details of a construct that could be used to deliver enzyme
to the brain. When such a construct was injected into six-
cell-thick rat hippocampal slices (Walters et al., 2012,

Fig. 2. Structure of CLs CL4, CL2, and CL1 used to solubilize CdSe/ZnS QDs and to provide a
charged surface for targeting the QDs plus TPP1 cargo to neurons (CL4) or glia (CL1). More con-
ventional positively charged coats would use PEG600 with primary amino groups (Li et al (2012;
Walters et al., 2015) to give a net positive charge.
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2015), the QDs appeared to be delivered specifically to
neurons, with little delivery to glial cells (Fig. 4).

Effect of surface charge on uptake in a
multicellular, myelinating rat hippocampal slice
preparation. As part of our initial studies on rat
neonatal hippocampal slices, we made the serendipitous
discovery that the solubilizing coating on the QDs was a

major factor in deciding the cellular targeting of the QD
complex; namely, a negatively charged CL coat (CL4)
heavily favored neurons (Walters et al., 2015; Dawson,
2014), and a positively charged coat (PEG600NH2)
favored glial cells, especially oligodendrocytes. This
opened up the possibility for GALC protein delivery to
vulnerable oligodendrocytes in KD (Walters et al., 2015)

Fig. 3. A: Schematic representation of QD with attached peptide/
GALC-ENZ. Red, crystalline semiconductor 6 nm core is Cd/Se.
White, surface coat is Zn. Yellow, solubilizing coat is negatively
charged CL4 (neuron targeting; see Fig. 2) or polyethylene glycol
polymer 600 with NH2 positive charge for oligodendrocytes (Wal-
ters et al., 2015). Blue, cell-penetrating palmitoylated VKIKK pep-
tide (Dap1) has an HIS6 attachment sequence to bind it to Zn and

a peptide spacer (G2P9) to promote attachment. Green, enzyme
(e.g., GALC) has a C-terminal FLAG (to show lysosomal uptake)
HIS6 and a spacer to attach 20–35 molecules to the QD. B:
Space-filling model of a QD bound to JB577 through a Zn–His6
association, showing the site of attachment of RNAi sequences
that could be used to suppress synthesis of specific enzymes (for
example, Cer:glucosyltransferase) and affect SRT.
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and was attributed to the fact that glial cells secrete a
much more complex and extensive ECM than most neu-
rons, as shown in Figure 5. In addition to proteoglycans
(chondroitin sulfates [CSs], hyaluronic acids, and heparin
sulfates), there are negatively charged, sialic acid-rich
phosphatidylinositol-linked, GlcNAc-Asn-linked, and
GalNAc-Ser-linked glycoproteins in the ECM and the
glymphatic system (Iliff et al., 2012). Finally there are
membrane-associated glycosphingolipids associated with
extracellular membranous sheets as well as the cell body
(gangliosides and sulfatides), and, in KD, the abnormal
GalCer and psychosine components play a critical role in
the pathogenesis of the disease. All these molecules must
play a role in modulating the fate of exogenous enzyme
en route to the lysosome.

We then discovered that an enzymic digestion of
the ECM with chondrotinase ABC in these five-cell-
thick hippocampal slices could greatly facilitate uptake of
peptide/protein by oligodendrocytes (Walters et al., 2015;
Fig. 6A–C). A similar approach of CS digestion has been
used to break up reactive astrocytes and glial scars in spinal
cord injury, and sometimes this increases the chances of
recovery in mouse models of spinal cord injury (Galtery
et al., 2007; Mountney et al., 2013). Chondroitinase
ABC cleaves a particularly broad range of galactosamino-
glycan (GalAG) substrates, including CS, dermatan sulfate,
and to a much lesser extent hyaluronic acid (a large
polymer of repeating b-D-glucuronic acid [1!3]) linked
to N-acetyl-D-glucosamine (GlcNAc) disaccharides

Fig. 4. Preferential uptake of QDs (QD-CL4-JB577 [red]) by pyrami-
dal neurons in rat hippocampal slices showing very little uptake by
microglia (stained green with Alexa Fluor isolectin GSlB4 from Griffo-
nia simplicifolia) or glia (GFAP data not shown; for details, see Walters
et al., 2012).

Fig. 5. Representation of the ECM surrounding a neural cell. The
quantitative and qualitative composition is variable (e.g., in the peri-
neural net), but neurons tend to have less negatively charged ECM
than glial cells (especially reactive glial cells following injury); this
should be considered when designating a vehicle to deliver enzyme,
chaperones, or substrate-reducing drugs to cells. Major proteoglycans
are CSs, heparan sulfates (which are linked to proteins through

Gal-Gal-xylosyl-serine), and hyaluronic acid. Sialic-acid-containing
glycoproteins can be GlcNAc-Asn (N), GalNAc-Ser (O), or phospha-
tidylinositol (PI) linked. Negatively charged glycosphingolipids include
gangliosides and sulfatides. Sulfatide is 3-O-GalCer and, therefore, is
metabolically related to the galactosylsphingosine (psychosine) storage
material in KD. ECM can be digested with bacterial chondroitinase
ABC, heparanase, and sialidase (neuraminidase).
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(Schwartz and Domowicz, 2014). Sulfated GalAGs are
composed of disaccharide repeat units of sulfated uronic
acid (a-L-iduronic acid) or GlcA. These basic disaccha-
ride units are linearly associated via b-(1!4) linkages to
form polymers of CS attached at multiple points along a
core protein. Biosynthesis of CS involves sulfation of the
sugar backbone at various positions, which generates fur-
ther diversity in their oligosaccharide sequences (Fig. 5).
CS is commonly O-sulfated at the C-4 of the
N-acetylgalactosamine (chondroitin-4-sulfate), the C-6 of
the N-acetylgalactosamine (chondroitin-6-sulfate), or
iduronic acid and C4 of GalNAc. Other rare modifica-
tions in CS, such as 2-O or 3-O sulfation of the GlcA
moieties, have also been reported (Schwartz and
Domowicz, 2013), and digestion of the ECM prior to
therapy should be given serious consideration in the
future because the ECM is a major factor to be considered
when designing ERT.

FUTURE DIRECTIONS

First, toxicity with the Cd core may be an issue, but we
have not observed any toxicity with our QDs. After it has
been established where and when the QDs go, the metal
core can be replaced with biodegradeable QDs. To be
successful, the enzyme must be stable in the specific path-
ological environment of the KD brain, and, by recombi-
nantly engineering lysosomal enzymes such as GALC
to have a C-terminal His6 tag (they are typically
N-terminally processed) and a FLAG tag, we can bind the
His6 protein to the Zn on the surface of the QD and
ensure that the GALC reaches the damaged parts of the
brain.

Second, we must study the fate of GALC inside tis-
sues by fluorescence microscopy and electron microscopy
(Figs. 4–7) to ensure that it reaches the majority of cells
because all cells express the defect. We can achieve this
by addition of a C-terminal FLAG tag so that we can

Fig. 6. Chondrotinase digestion increases uptake of QDs by oligoden-
drocytes. A: Rat hippocampal fate of QD-CL4-JB577 showing endo-
somal uptake and selective entry into neuronal cells at the CA1/CA3
border of the hippocampus but not into cells of the astrocyte-rich
layer (bottom left; Walters et al., 2012). B: Treatment with chondroi-
tinase ABC has little effect on neuronal uptake. C: Treatment with

chondroitinase ABC increases uptake into MBP-positive (green) cells
(oligodendrocytes) by 50% (see merged color). D: Similar treatment
does not increase uptake of QDs (red) by microglia (green) stained
with isolectin antibody by >10% (for details of quantification see
Walters et al., 2015).
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assess with a highly specific antibody just how long the
protein stays attached to the QD. The embryonic chick is
an especially useful system for screening newly developed
enzyme–QD constructs (Agarwal et al., 2015; Fig. 7A,B).
By injecting the QD-peptide/enzyme construct into the
spinal canal of day 4 embryos, by day 6 extensive penetra-
tion of the spinal cord can be readily observed (Fig. 7A).
The QDs spread to all parts of the brain, and develop-
mental milestones are achieved on time (Agarwal et al.,
2015). QDs then spread to all parts of the developing
brain, and by day 15 the chorionic villus acquires most of
the QDs, which are then most likely excreted, leaving the
enzyme in the brain.

Third, a mechanism is required for directing GALC
enzyme to oligodendrocytes to reverse their degeneration,
and this enzyme must be able to traverse the ECM (Fig.
5). We then must show that the GALC ends up in lyso-
somes. Here we can take advantage of the electron-dense
nature of the QD to use EM to show where QDs go sub-
cellularly in the target cell (Walters et al., 2012; Fig. 7)
and match this with lysosomal fluorescence such as Lyso-
Tracker or anti-FLAG antibody (because only the GALC
has this epitope). As discussed above, injection of QD-
CL4-JB577-enzyme labels mainly neurons (Fig. 6A).
Many cells, especially astrocytes, do not take up nega-
tively charged QDs. However, we can treat with
chondroitinase ABC and use a positively charged coating
for the QD to increase oligodendrocyte uptake to >50%
(Fig. 6B), whereas microglia are essentially unaffected
(Fig. 6C). Neuraminidase treatment to remove negatively
charged sialic acids has thus far had no effect on uptake by
neurons. This evidence of lack of uptake by microglia
is especially important because we do not want the

microglia to remove enzyme that should be targeted to
lysosomes. We believe that this QD approach is uniquely
capable of delivering enzymes such as GALC to cells in
the CNS such as oligodendrocytes. This opens up many
future possibilities, including not only proteins but also
small RNAs and other cell-modifying molecules.

Fourth, the major test will be to show that JB577-
coated QDs can deliver enzyme across capillaries, pass
through pericytes and astrocyte endfoot processes, and
finally diffuse to the target through a highly negatively
charged ECM consisting of proteoglycans, glycoproteins,
and gangliosides. Treating KD therapeutically requires a
means of targeting the lysosomal enzyme to oligodendro-
cytes, which we believe we have achieved by coating the
QDs with positively charged CL PEG600NH2 (Walters
et al., 2015). We have been able to achieve a similar result
in actively myelinating rat hippocampal brain slices by
pretreating with chondroitinase ABC to digest much of
the ECM that surrounds the oligodendrocyte (Walters
et al., 2015). The role of cell surface charge in cell uptake
(endocytosis) has not been previously studied and repre-
sents a new concept in facilitating translational efforts in
the CNS such as ERT. Our novel results suggest a
method for directing the targeting and fate of clinically
relevant cargo in the brain through manipulation of both
the vehicle’s charge and the charge of the target location.

The final problem to overcome is how to measure
success in ERT of twitcher mice/KD model systems and
eventually in humans. First, improved function and
increased life span have been used in many studies, and
these are good measures of success (or lack of it). Second,
measuring the unique storage product psychosine
(detected by tandem mass spectometry [MS/MS];

Fig. 7. QDs are taken up extensively by neuroblasts in early chick embryo development. A: Ubiq-
uitous distribution of QDs throughout spinal cord of a day 6 embryonic chick in which we had
injected QD-CL4-JB577 into the spinal canal at day 4 (for details see Agarwal et al., 2015). B: The
extensively QD-labeled choroid plexus at day 15 following injection at day 4.
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Dawson, 2015) is a powerful technique, and, by using a
matrix-assisted laser desorption/ionization approach, one
can quantify lipids in tiny areas of tissue, down to the uni-
cellular level. Although these approaches are not generally
available, they can be accessed via Core facilities. GalCer
is often reduced rather than stored because of hypomyeli-
nation, but this can be quantified by high-performance
thin layer chromatography (or MS/MS). GalCer is an
important marker for KD because it is synthesized only
by oligodendrocytes and kidney cells. Third, reduced
myelin is the hallmark of all forms of KD, so microscopy
or MBP Western blotting can be used to assess the effi-
cacy of therapy. Fourth, GALC enzyme assay requires a
3H-labeled substrate, but increased activity can be fol-
lowed. However, the main caveat here is that the enzyme
detected may not be in the cell or in the lysosomal com-
partment. Finally, after treatment with QDs 1 JB 1
HIS6/FLAG-tagged GALC, we can show, by single cell
confocal imaging, that GALC is inside the cell (anti-
HIS6) and then released from endosomes (FLAG staining
of lysosomes). We have extensive evidence that there is
endosomal egress for up to 72 hr (Boeneman et al., 2013).

CONCLUSIONS

Most therapeutic molecules fail to cross the BBB, a neu-
rovascular unit composed of endothelial cells, astrocytes,
pericytes, and neurons. Physical attempts to open the
BBB, for example, with osmotic gents such as mannitol,
can damage the brain, so one emphasis in treating KD
and related LSDs has focused on specific solutions, such as
incorporating sequences from the brain LDL transporter
together with a polylysine peptide sequence (e.g., Meng
et al., 2014) or taking advantage of drugs that modify
adenosine receptor signaling (Carman et al., 2013). A key
element of BBB function is the expression of ATP-
binding drug efflux transporters, which remove drugs that
might cross the BBB. To overcome this, the drug should
have a certain amount of lipophilicity (a fatty acid) and
regions of positive charge (lysine rich), all of which are
possessed by JB577, and only by JB577, in our studies.
There is increasing evidence that ceramide has a role in
multidrug resistance and BBB penetration, and, unlike
SM and GlcCer, which project outward from the cell sur-
face, ceramide readily translocates across the membrane.
Highly malignant tumor cells have high activity of Cer:-
glucosyltransferase, and conversion of Cer to GlcCer is an
escape system from ceramide-induced apoptosis (palmi-
toylated peptides appear to mimic ceramide in cell-
penetrating ability, and it was recognized a number of
years ago that some CdSe/ZnS QDs could cross the BBB
[Santra et al., 2005]). The addition of JB577 has further
enhanced this capability.

The general consensus is that psychosine is the toxic
agent in KD (Suzuki and Suzuki, 1995; Won et al.,
2013). If combination therapy is critical, a future possible
approach, given that we do not have a really specific
inhibitor of GalCer or psychosine synthesis, is to use
RNAi techniques to knockdown the Cer:galactosyltrans-

ferase. RNA interference is more potent than antisense
alone but has been restricted by RNA instability (Haus-
secker and Kay, 2015). Double-stranded RNA sequences
(�70 bp) are exported to the cytoplasm where DICER
cleaves them into SiRNA of �21 nucleotides. By embed-
ding the RNA in nanoparticles, companies such as Silen-
seed (targeting mutant K-Ras) and Arrowhead (DPC
liposomes) have been able to protect the RNA suffi-
ciently to achieve target-specific RNA knockdown. Li
et al. (2012) have shown that RNAi can be delivered
directly bound to the QD coat and that QD-JB is a devel-
opment of this approach to protect and deliver to the
CNS. When coupled with VKIKK as the RNA attach-
ment site, this may help in KD therapy by inhibiting syn-
thesis of GalCer through knockdown of GalC synthase.
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Globoid cell leukodystrophy (GLD), or Krabbe’s disease,
is a lysosomal storage disorder resulting from deficiency
of the lysosomal hydrolase galactosylceramidase. The
infantile forms are characterized by a unique relentless
and aggressive progression with a wide range of neuro-
logical symptoms and complications. Here we review and
discuss the basic concepts and the novel mechanisms
identified as key contributors to the peculiar GLD pathol-
ogy, highlighting their therapeutic implications. Then, we
evaluate evidence from extensive experimental studies on
GLD animal models that have highlighted fundamental
requirements to obtain substantial therapeutic benefit,
including early and timely intervention, high levels of enzy-
matic reconstitution, and global targeting of affected tis-
sues. Continuous efforts in understanding GLD
pathophysiology, the interplay between various therapies,
and the mechanisms of disease correction upon interven-
tion may allow advancing research with innovative
approaches and prioritizing treatment strategies to
develop more efficacious treatments. VC 2016 Wiley

Periodicals, Inc.

Key words: globoid cell leukodystrophy; GLD; Krabbe’s
disease; lysosomal hydrolase galactosylceramidase

GLOBOID CELL LEUKODYSTROPHY: A
THERAPEUTIC CHALLENGE

Globoid cell Leukodystrophy (GLD), or Krabbe’s
disease, is a severe genetic lysosomal storage disorder
(LSD) caused by mutations in lysosomal galactosylcerami-
dase (GALC). GALC deficiency results in the inability to
degrade several galactosphingolipids (GSL) such as galac-
tosylceramide (GalCer) and lactosylceramide. However, it
is recognized that abnormal increase of the toxic lysolipid
derivative galactosylsphingosine (psychosine) in myelinat-
ing cells and, to a minor extent, in neurons of the central
and peripheral nervous systems (CNS, PNS) represents
the main pathogenic event that ultimately causes global
deterioration of white matter tracts and neurodegenera-
tion (Suzuki, 2003).

Distinct GLD clinical forms (early infantile, late
infantile, juvenile, and adult) are usually classified based

on the age of onset and progression of clinical symptoms.
The early infantile form accounts for 85–90% of all the
cases, with an estimated incidence of 1 in 100,000 live
births. The onset of symptoms occurs within the first 6
months of life. The disease progression is then aggressive
and relentless, characterized by seizures, sensory loss, and
pronounced neuroinflammation that lead to decay of
motor and cognitive skills; death occurs within few years
of symptom onset. In general, rapidity of disease progres-
sion and prognosis are worse for the early infantile com-
pared with the other disease presentations. As in other
LSD, the pathological course is highly variable even
among affected siblings, with no clearcut genotype/phe-
notype correlation (Wraith, 2004; Pastores, 2009).

Allogeneic hematopoietic stem cell transplant
(HSCT; bone marrow or umbilical cord blood transplan-
tation) is the only treatment that reached clinical applica-
tion for GLD (Krivit et al., 1998; Escolar et al., 2005).
The rationale for transplanting HSC in GLD and similar
LSD lies in the possibility of repopulating the patient’s

SIGNIFICANCE

We review and discuss the challenges and perspectives of advanced

basic, preclinical, and clinical research in developing innovative and

more efficacious therapy for globoid cell leukodystrophy (GLD). Our

focus is to highlight the therapeutic implications of confirmed and

novel pathogenic mechanisms identified as key contributors to the

peculiar GLD pathology.

Contract grant sponsor: Fondazione Veronesi Post Doctoral Fellowship

(to A.R.); Contract grant sponsor: Fondazione Telethon; Contract grant

number: TGTB1102; Contract grant sponsor: European Leukodystro-

phies Association; Contract grant number: ELA 2014-011I1.

*Correspondence to: Angela Gritti, San Raffaele Telethon Institute for

Gene Therapy (SR-Tiget), Division of Regenerative Medicine, Stem

Cells and Gene Therapy, IRCCS San Raffaele Scientific Institute, Via

Olgettina 60, 20132 Milan, Italy. E-mail: gritti.angela@hsr.it

Received 11 February 2016; Revised 25 March 2016; Accepted 30

March 2016

Published online 17 September 2016 in Wiley Online Library

(wileyonlinelibrary.com). DOI: 10.1002/jnr.23752

VC 2016 Wiley Periodicals, Inc.

Journal of Neuroscience Research 94:1304–1317 (2016)



hematopoietic system with normal cells that provide a sta-
ble source of functional enzyme available for cross-
correction of affected cells in several tissues and organs,
including the CNS. Tissue macrophages represent the
major effectors in the catabolism of storage material, and
their dysfunctional activity resulting from the lack of the
lysosomal hydrolase greatly affects tissue homeostasis and
promotes/maintains tissue inflammation. Thus, replace-
ment of affected macrophages by metabolically competent
HSC progeny could not only restore a critical scavenging
function (Lund, 2013) but also contribute to downregu-
late neuroinflammation (Biffi et al., 2011a). This is of par-
ticular relevance in the CNS, in which normal donors’
macrophages and microglia supply functional enzyme for
cross-correction of resident neurons and oligodendro-
cytes, whose dysfunction/death is the major cause of
pathology in GLD.

Clinical evidence suggests that HSCT may alter the
natural history of the infantile form of the disease if per-
formed in the asymptomatic stage, delaying the onset and
progression of neurological symptoms. While untreated
patients experience overwhelming spasticity, blindness,
and early death, newborns undergoing transplantation
maintain normal vision and hearing and normal cognitive
development, except for the areas influenced by gross
motor development. The variable rescue of motor func-
tion observed in transplanted children (from nearly nor-
mal activity to inability to walk without assistance) may
be attributed to the diverse effect of treatment in rescu-
ing/promoting central myelination. In contrast, HSCT
does not result in substantial neurologic stabilization or
improvement if performed in symptomatic infantile GLD
patients, likely because the treatment cannot counteract
the severe demyelinating sensorimotor neuropathy that is
usually present at diagnosis (Duffner et al., 2009b; Gelinas
et al., 2012). Unless there is a family history of the disease,
patients with the infantile and most aggressive forms are
often diagnosed after symptom onset and miss the win-
dow of opportunity for effective HSCT. Therefore, in
GLD more than in other neurodegenerative LSD, there
are important topics that require attention in the perspec-
tive of improving therapeutic options. Specifically:

a) Accurate newborn screening is needed to identify
patients prior to the onset of symptoms. This
would require: 1) implementation of expensive
screening program as a public health measure, an
action that is challenged by the rarity of the dis-
ease; 2) optimization of the accuracy and cost
effectiveness of the screening; and 3) evaluation
of the effect of a positive screen on families, also
considering the risk/benefit of the available treat-
ment and the long-term prognosis (Kemper
et al., 2010; Ross, 2015). Screening based on
measurement of GALC activity is available in
some states in the United States (Duffner et al.,
2009a). The procedure consists of analysis of
GALC enzymatic activity on dried blood spots
from newborns using mass spectrometry,

followed by molecular analysis if GALC levels
fall �12% of the daily mean. If one or more
mutations are identified, babies are referred for
follow up diagnostic testing and neurological
examination. Recent reports from the 8-year
experience in the State of New York (>1.9 mil-
lions of screened individuals) show that the posi-
tive predictive value of the screening is 1.4%,
considering confirmed infantile cases (Orsini
et al., 2016). A method to measure psychosine in
dried blood spots is under evaluation and may
become a second-tier assay to improve screening
performance (Matern et al., 2013; Chuang et al.,
2014). Interestingly, a recent report highlighted
that altered trafficking to the lysosome and proc-
essing of GALC correlates with GLD severity
and is modulated by cis-polymorphisms (Shin
et al., 2016). Thus, GALC activity measured in
the lysosomal fraction as compared to that meas-
ured in whole-cell lysates may better predict
which infants are at high-risk for the infantile
phenotype while distinguishing other children
who will develop later-onset phenotypes.

b) Reliable biomarkers and objective measures of
disease progression are needed to determine
whether an asymptomatic infant will develop
early-infantile disease (Parikh et al., 2015).
Results of conventional MRI and neurophysio-
logic tools are not standardized for use in the
neonatal period (Escolar et al., 2006) and hardly
provide a reliable correlation with the disease
stage. Diffusion tensor imaging (DTI) with quan-
titative tractography represents an excellent bio-
marker of early white matter dysfunction in
presymptomatic infants and can be useful for
evaluating infants with Krabbe’s disease identified
through newborn screening or to predict neuro-
developmental outcome after treatment (Escolar
et al., 2009; Gupta et al., 2015).

c) Novel and more effective treatments that target in
a timely and effective manner all affected tissues,
and particularly the CNS, are required. Indeed, in
addition to the intrinsic morbidity and mortality
of HSCT, the main reason for its suboptimal ther-
apeutic efficacy in GLD is the disproportion
between a slow pace of microglial/macrophage
cell replacement in the affected nervous tissue
(expected to be in the range of 12–24 months in
humans; Biffi, 2015) and the levels of enzymatic
activity reconstitution needed to face the rapidity
of disease progression (Escolar et al., 2006; Gelinas
et al., 2012; Biffi, 2015).

GLD PATHOPHYSIOLOGY

GALC and Its Substrates

GALC functionality is essential for the normal
catabolism and recycling of GSL, which are main
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components of eukaryotic cell membranes. In the acid
lysosomal environment, GALC is responsible for the
hydrolysis of the terminal galactose moiety from these
molecules. Substrates of GALC include GalCer, the
primary lipid constituent of myelin, and its lysolipid
derivative psychosine (Hill et al., 2015). GSL catabo-
lism/recycling is closely related to myelin turnover
(Merrill, 2011). The high susceptibility of myelin-
producing cells (oligodendrocytes and Schwann cells) to
GSL accumulation explains the prominent central and
peripheral demyelination in GLD animal models and
patients. In particular, the peak of GalCer production
coincides with active myelination (during the first 1.5
years in humans and between 15 and 25 days in rodents;
Graziano and Cardile, 2015). Therefore, the consequen-
ces of GALC dysfunction are initially negligible, and
children reach the initial milestones typical of their age.
The buildup of myelin at the beginning is normal; then
myelin turnover brings the enzymatic defect to evident
expression (Wenger et al., 2000). Furthermore, impair-
ment of GalCer breakdown causes formation of free
GalCer molecules, which in turn elicits infiltration of
macrophages into the brain. The phagocytosis of GalCer
and other undegraded sphingolipids by macrophages
triggers a microglial response, generating neuroinflam-
mation and the formation of the pathognomonic feature
of GLD: the “globoid cells.” They are multinucleated
giant cells with ballooned cytoplasm, containing finely
fibrillary to granular material, and are found in the white
matter of patients and animal models (Suzuki, 2003).
However, loss of myelin-forming cells is not imputable
to impaired GalCer clearance, because GalCer does not
actually accumulate in lysosomes or in myelin sheets of
affected cells (Suzuki, 2003). Instead, it is well accepted
that pathology arises from the accumulation of psycho-
sine. This molecule is produced by GalCer N-
deacylation and by galactosylation of sphingosine (Sph)
by ceramide galactosyltransferase (CGT, an enzyme spe-
cifically expressed in myelin-forming cells). It is synthe-
sized during the active myelination period, when a large
amount of Sph is available and CGT is highly active
(Cleland and Kennedy, 1960; Xu et al., 2010). In the
normal brain, psychosine is present at nanomolar con-
centration because of its rapid breakdown to Sph and
galactose by GALC, whereas in Krabbe’s infants and in
animal models it reaches micromolar concentrations
(Marcus and Popko, 2002). Importantly, psychosine
storage correlates with the severity of pathological con-
ditions (Suzuki, 2003). The “psychosine hypothesis”
(Miyatake and Suzuki, 1972) was introduced to explain
the unique features of Krabbe’s disease, which are not
shared by closely related diseases, such as MLD. In GLD,
myelin membranes are lost before the defect in turnover
can trap cerebroside or other abnormal constituents
within the myelin sheaths. Thus, early and marked loss
of oligodendrocytes results in rapid and inexorable
breakdown of the myelin sheaths in the CNS, prevent-
ing any further remyelination (Suzuki, 2003).

Direct and Indirect Effects of Psychosine

Psychosine-mediated cytotoxicity of oligodendro-
cytes and other cell types has been associated with multi-
ple mechanisms involving several cellular processes and
signaling pathways (Ballabio and Gieselmann, 2009).
Specifically:

a) Psychosine is a basic cationic lipid that preferen-
tially accumulates in lipid rafts (White et al.,
2011). Psychosine-mediated reduced response to
growth factors in Schwann cells likely accounts
for the loss of myelin-producing cells in the PNS
of GLD mutants (Yamada and Suzuki, 1996).

b) Psychosine is involved in globoid cell formation
by 1) directly impairing cytokinesis following
mitosis (Im et al., 2001; Claycomb et al., 2014),
2) enhancing GalCer cytoplasmic inclusions (by
dissolving lysosomal membranes with its
detergent-like structure; Dupree et al., 1998),
and 3) mediating microglia-specific activation
and acquisition of a multinucleated globoid cell
phenotype (Ijichi et al., 2013).

c) Psychosine alters peroxisomal functions by direct
inhibition of sPLA2 (Haq et al., 2006) or
through TNFa and IL-6 upregulation (Contreras
et al., 2008). In turn, peroxisomal dysfunction
leads to increased ROS production, which has
also been correlated with intracellular calcium
elevation in oligodendroglial cells (Voccoli et al.,
2014). Indeed, altered levels of glutathione are
found in psychosine-treated oligodendrocytes and
brain tissues of GLD mouse models (Khan et al.,
2005; Meisingset et al., 2013). In line with these
observations, the presence of metabolic distur-
bances in carbohydrate and lipid metabolisms,
energy transformation, nervous transmission, and
ion transport across membranes have been linked
to alterations in axonal–oligodendroglial and syn-
aptic–astrocytic interactions (Meisingset et al.,
2013). These concepts are supported by the distinct
metabolic signature that characterizes GLD mice
and patients’ nervous tissues compared with nonaf-
fected individuals (Kodama et al., 1982). Notably,
neurochemical and neuropathological alterations
follow a similar temporal- and regional-dependent
progression in GLD mice (Meisingset et al., 2013).

d) Psychosine mediates the inflammatory response
and cytokine expression in astrocytes through
iNOS production and downregulation of the
AMPK pathway, enhancing the contribution of
this cell type to the neuroinflammatory compo-
nent of the disease (Giri et al., 2002, 2008).

e) A detrimental role of psychosine on vascular sys-
tem accounts for alterations in the brain
angioarchitecture of GLD mouse models (Belleri
et al., 2013; Giacomini et al., 2015).

f) In addition to demyelination, neuronal defects
have been described for GLD patients (Dunn
et al., 1969; Itoh et al., 2002; Siddiqi et al.,
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2006b). In the GLD mouse model, psychosine-
induced neuronal dysfunction in CNS, PNS, and
nonneural tissues (i.e., the thymus) have been
identified (Dolcetta et al., 2005; Galbiati et al.,
2007, 2009). In particular, neuronal dysfunction
precedes the onset of demyelination, suggesting
premature neuronal vulnerability (Suzuki, 1990;
Castelvetri et al., 2011; Teixeira et al., 2014).
Psychosine-induced axonal dysfunction starts
before the death of the neuronal body, in the so-
called dying-back axonopathy (Smith et al.,
2011), the ultimate consequence of deregulated
fast axonal transport (FAT) that causes accumula-
tion of vesicular cargoes and axonal swellings
(Castelvetri et al., 2011). Inhibition of FAT is
further exacerbated by demyelination, on which
FAT relies (Castelvetri et al., 2011). A more
intriguing hypothesis to explain psychosine-
induced direct neuronal toxicity implies a role of
this molecule in promoting a-synuclein-like
inclusions, which have been identified in brain
samples from GLD mouse and patients affected
with the infantile- and late-onset forms of the
disease (Smith et al., 2015). These findings sup-
port proteasomal dysfunction as a contributor to
GLD pathology, similarly to what has been
described for other neurodegenerative conditions.
In this perspective, it is reasonable to hypothesize
a link between defective proteasomal function
and defective autophagy (Pacheco and Lieber-
man, 2008). Defective autophagosome–lysosome
fusion resulting in accumulation of toxic metabo-
lites and cell death has been proposed for several
neurodegenerative LSD (Settembre et al., 2008)
but has never been reported for GLD. These
pathways may indeed be implicated in the
decline of cellular function that ultimately results
in the appearance of clinical symptoms and are
worth investigating in appropriate GLD models.

g) Psychosine contributes to muscle pathology act-
ing at multiple levels (decreasing Akt signaling
and increasing ubiquitination of muscle proteins
and their degradation), ultimately resulting in
presynaptic and postsynaptic defects in the neuro-
muscular junction (Cantuti-Castelvetri et al.,
2015).

In conclusion, the primary enzymatic defect in GLD
results in the destruction of myelin sheaths as well as in
early and direct loss of oligodendrocytes and dysfunction
of Schwann cells. Acute/chronic demyelination leads to
secondary events, such as neuroinflammation and axonal
degeneration that maintain/enhance tissue damage. The
recently identified cell-autonomous neuronal involve-
ment further amplifies the consequences of early loss of
myelinating cells. This complex and probably still incom-
plete scenario underlying GLD pathogenesis has major
therapeutic implications.

FROM PATHOPHYSIOLOGY TO THERAPY

Requirements for Effective Therapies

A number of issues have to be considered in the per-
spective of developing safe and effective therapeutic strat-
egies based on enzyme replacement for GLD.

a) Early intervention is fundamental to modify dis-
ease course (Jardim et al., 2010). Specifically, the
time of intervention should consider the time
required for a given treatment to start exerting its
benefit at the appropriate target sites.

b) Timely, robust, long-lasting targeting of all the
affected organs is necessary to achieve complete
disease correction (Hawkins-Salsbury et al.,
2011).

c) Variable levels of enzyme activity provided by
treatment(s) (from less than physiological to
supraphysiological) might be necessary to restore
normal function in different LSD (Sands and
Davidson, 2006; Biffi et al., 2011a; Tomanin
et al., 2012; Parenti et al., 2013). Also, levels of
enzymatic activity required to achieve therapeutic
benefit may vary in different affected cells/tissues
and in different stages of disease progression.

Aside from the examples in preclinical studies (dis-
cussed below), these issues are best described when
reviewing some recent clinical data obtained in an inno-
vative phase I/II HSC gene therapy (GT) trial for patients
affected by infantile/early juvenile metachromatic leuko-
dystrophy (MLD). MLD is due to genetic deficiency of
the lysosomal enzyme arylsulfatase A (ARSA), the
enzyme that hydrolyzes the sulfate group from sulfatide,
producing GalCer. Thus, MLD is metabolically related to
GLD and characterized by severe CNS and PNS involve-
ment. In patients with early-onset forms, allogeneic
HSCT has very limited effects, likely because of insuffi-
cient levels of the enzyme available to nervous tissues.
Lentiviral-mediated ex vivo GT employing autologous
HSC and an optimized myeloablative protocol results in
high levels of gene marking and expression of supranor-
mal ARSA activity in the transplanted cells. This, in turn,
leads to more efficient enzyme production and secretion
in the hematopoietic compartment and, importantly, in
the cerebrospinal fluid, resulting in substantial improve-
ment of CNS pathology and overall halt of the disease
progression (Biffi et al., 2013). The initial findings are
now supported by results of the long-term follow up on a
large cohort of treated MLD patients (Biffi, 2015; Sessa
et al., 2016). In addition, these new data will provide
important information on the degree of reversion of the
pathological phenotype upon treatment in the sympto-
matic stage. Although ex vivo HSC GT might address the
issue of enzyme overexpression in HSC and microglial
progeny in the CNS, there is no preclinical evidence
indicating faster kinetics of microglia reconstitution when
using gene-corrected cells. More importantly, it is still
unclear whether the HSC GT approach will be applicable
to and similarly effective in GLD, which, despite sharing
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common pathological traits and having clinical similar-
ities, presents with peculiar features that may impact feasi-
bility and efficacy of the treatment. Indeed, although
stable supraphysiological ARSA levels are well tolerated
in HSC with maintenance of the complex functions of
the hematopoietic system (Capotondo et al., 2007; Biffi
et al., 2013), toxicity resulting from GALC overexpres-
sion in HSC requires a complex gene transfer vector
design to downregulate transgene expression in donor
HSC while allowing its full (over)expression in the thera-
peutically relevant myeloid progeny (Gentner et al., 2011;
Ungari et al., 2015). In addition, intrinsic defects in the
bone marrow and neurogenic niches of GLD mouse
model (Visigalli et al., 2010; Gentner et al., 2011; San-
tambrogio et al., 2012) and difficulties in reaching supra-
physiological GALC levels in these tissues are suggestive
of a peculiar molecular and biochemical characteristics of
GALC enzyme, with stringent regulation of its expression
(Visigalli and Biffi, 2011; Ricca et al., 2015). Finally, the
unique rapidity of myelin disruption and the relentless
progression of GLD pose issues with regard to the timing
and the effectiveness of therapeutic intervention, which
have to be addressed in relevant experimental settings
(Fig. 1).

Lessons From Preclinical Studies

Understanding the complex GLD pathophysiology
allows focusing on the different cellular targets and on the
timeline of disease progression to plan a clinically relevant,
multitarget approach. In turn, the careful assessment of
therapeutic mechanisms underlying disease correction
upon experimental treatments in relevant animal models
is critical to highlight their strength and pitfalls, with the
goal of continuous refinement and optimization.

The most widely used mammalian GLD model is
the Twitcher mouse (Suzuki and Suzuki, 1995), which
bears an autosomal recessive mutation in the galc gene
that has no counterpart in humans (Kobayashi et al.,
1980). Twitcher mice are indistinguishable at birth from
their unaffected littermates; the onset of symptoms occurs
at about postnatal day (PND) 21. As the disease pro-
gresses, animals experience severe tremors, paralysis of
hind legs and neck muscles, and important weight loss.
The lifespan of inbred homozygous Twitcher mice
(C57BL/6 background) rarely extends beyond PND40
(Suzuki and Taniike, 1995). Pathological changes are
almost limited to the nervous system and overall recapitu-
late human pathology, although less severe early CNS
demyelination and more extensive PNS pathology char-
acterize Twitcher mice as compared with GLD patients
(Olmstead, 1987; Suzuki, 1990). The Twitcher mouse
represents an invaluable tool for studying GLD pathoge-
nesis and for testing novel treatment strategies and has
been more broadly used than transgenic mice bearing
human mutations, i.e., Trs mouse (Luzi et al., 2001), twi-
5J mouse (Potter et al., 2013), and the recently described
H168C mouse (Matthes et al., 2015). Canine and nonhu-
man primate models of GLD presenting pathological signs

consistent with the human disease are also available
(Wenger, 2000). Although the use of these large animal
models poses obvious issues in terms of sample size and
experimental protocols, the complexity of their brain
structures, their longevity, and their genetic diversity, will
be of paramount importance for the evaluation of safety
and efficacy of candidate innovative therapies before clini-
cal translation (Hemsley and Hopwood, 2010; Meneghini
et al., 2016).

Several approaches based on pharmacological ther-
apy and enzyme replacement strategies, including gene/
cell therapy, as individual intervention and in combina-
tion, have been tested in GLD models (Fig. 2) and are dis-
cussed below.

ERT. The presence of the BBB represents an
obstacle for experimental approaches based on infusion of
the recombinant enzyme in GLD. Indeed, systemic ERT
provides very modest amounts of enzyme in the brain of
GLD mice, resulting in negligible long-term therapeutic
improvement (Lee et al., 2005; Matthes et al., 2015).
Chimeric proteins have been investigated to promote
enzyme transport across the BBB. As an example, the
protein transduction domain (PTD) from HIV Tat fused
with murine GALC (Tat-PTD) increased the secretion
rate and M6Pr-independent uptake of murine GALC in
vitro (Zhang et al., 2008). Similar results have recently
been reported with the human GALC (Meng et al.,
2013). However, the efficacy of these approaches upon in
vivo delivery remains to be elucidated. Limited efficacy of
ERT in GLD mice has been shown following intracere-
broventricular administration of the GALC enzyme (Lee
et al., 2007).

Pharmacological chaperons. Small molecules
that can easily reach the CNS after systemic injection are
under evaluation for milder GLD forms in which mutations
result in protein misfolding and reduced/abolished enzy-
matic activity (Lee et al., 2010; Hill et al., 2015; Hossain
et al., 2015). Indication of their potential therapeutic bene-
fit is predicted by studies elucidating the complex biochem-
ical structure of GALC (Deane et al., 2011; Hill et al.,
2013; Hossain et al., 2015). Accurate in vitro and in vivo
testing will be required to prove their therapeutic efficacy,
taking into consideration that this approach can be applied
only to patients carrying chaperone-responsive mutations.

In vivo and ex vivo GT strategies. These
approaches are expected to provide rapid and robust
enzymatic supply to the affected tissues upon early inter-
vention and have been extensively investigated in GLD
models. Two main issues have to be assessed in any GT
approach before envisaging clinical application. First, the
development of host immune responses against the viral
vector or the transgene product may result in the clear-
ance of gene-modified cells or neutralization of the thera-
peutic protein. Second, the risk associated with insertional
mutagenesis has to be considered when integrating vec-
tors are used. A great deal of work is currently underway
to circumvent, regulate, or suppress unwanted immune
responses (Kajaste-Rudnitski and Naldini, 2015;
Mingozzi et al., 2013); to regulate transgene expression
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(i.e., miRNA; Gentner and Naldini, 2012); and/or to
better understand insertional mutagenesis mechanisms
(Biffi et al., 2011b) to optimize vector design (Montini
et al., 2009; Corrigan-Curay et al., 2012). These efforts
have produced advanced vector systems that have entered
clinical trials for stringent validation (D’Costa et al., 2009;
Mingozzi et al., 2013; Naldini, 2015). Information from
these trials will be crucial to understand potential safety or
efficacy problems and to design strategies to overcome
them.

Intracerebral gene delivery. The majority of preclinical
and clinical studies of in vivo GT in LSD are based on the
use of adeno-associated vectors (AAV) and lentiviral vec-
tors (LV), which are characterized by distinct cell/tissue
tropism, particle distribution, persistence, immune issues,
and oncogenic risk. Viral vectors hardly cross the BBB,
with the exception of AAV9 (Dayton et al., 2012). Thus,
vector delivery accomplished by intraparenchymal or
intrathecal injections has been preferred for neuropathic
LSD. This results in rapid protein expression (and rescue
of enzymatic activity) directly at the site of disease, with
various degree of off-target dissemination, depending on
the viral vector used (higher for AAV than for LV).

Because the CNS is considered an immune-privileged
site, the immune response to the vector and/or transgene
may be less robust. Moreover, targeting the ependyma
(through intraventricular injections; Katz et al., 2015) or
highly interconnected white matter regions (Passini et al.,
2004; Martino et al., 2005; Lattanzi et al., 2010), as well
as deep nuclei with numerous afferents and projections
(Cearley and Wolfe, 2007), greatly improves the distribu-
tion of lysosomal enzymes, reducing the number of injec-
tions required to obtain therapeutically relevant enzyme
levels and, in turn, limiting invasiveness and toxicity
related to the procedure (Lattanzi et al., 2014). AAV-
based intracerebral gene delivery has reached clinical test-
ing for several LSD (Worgall et al., 2008; Leone et al.,
2012; Tardieu et al., 2014). Clinical findings indicate a
favorable safety profile of this approach, although efficacy
is overall unclear. Based on promising results obtained in
rodents (Piguet et al., 2012) and nonhuman primates
(NHPs; Colle et al., 2010), a phase I/II clinical trial aimed
to assess safety and therapeutic potential of intracerebral
AAV-mediated gene delivery of a functional ARSA
enzyme in late infantile MLD patients has started recently
(ClinicalTrials.gov Identifier: NCT01801709). Although

Fig. 1. Representative diagram showing stereotyped patterns of GLD
progression in the Twitcher mouse. The cascade of pathological
events corresponds to different steps of symptomatic manifestations.
The design of therapeutic approach for GLD requires a deep under-
standing of all these events/targets and the identification of the time

points at which therapeutic intervention is still feasible and/or effica-
cious (inspired by Jardim et al., 2010, and Platt, 2015). Pictures repre-
sent: lectin-positive cells (globoid cells), CD68-positive cells (activated
microglia; A. Ricca, unpublished pictures), and micrograph of sciatic
nerve sections (reproduced from Ricca et al., 2015).
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AAV appear suitable for CNS delivery, there are limita-
tions to their application imposed by preexisting immu-
nity to the viruses (High and Aubourg, 2011; Mingozzi
and High, 2011) and the size of the transgene that can be
inserted in the vector backbone (Grieger and Samulski,
2012).

LV accommodate larger gene inserts than AAV, dis-
play low immunogenicity upon intracerebral (Lattanzi
et al., 2014) and systemic (Cantore et al., 2015) delivery,
and transduce mammalian neuronal and glial cells with
high efficiency (Hendriks et al., 2007; Lattanzi et al.,
2010). The results of the first clinical trial using a LV-
based GT vector (ProSavin) to treat chronic Parkinson’s
disease show favorable safety profile and indication of effi-
cacy in all treated patients (Palfi et al., 2014).

Several experimental approaches using AAV have
been used in GLD mice. Intracerebral administrations of
AAV1-GALC (Rafi et al., 2005) and AAV2/5-GALC
(Lin et al., 2005) in neonatal GLD mice result in sustained
expression of GALC activity and variable clinical–patho-
logical improvement, which significantly increases upon
massive AAV-mediated gene delivery achieved with mul-
tiple injections and different delivery routes (Rafi et al.,
2012), an approach that poses obvious safety concerns in
the perspective of clinical translation.

A single injection of LV-GALC in white matter
tracts of GLD mice provides a rapid and long-lasting
source of therapeutic enzyme and amelioration of the
severe CNS pathology, with lack of adverse effects and
no evidence of immune response and insertional

Fig. 2. Single and combined experimental approaches evaluated in
GLD murine models. A: Single therapeutic approaches tested individ-
ually on GLD murine models include cell therapy (hematopoietic,
neural, and mesenchymal stem cell-based therapies), intrathecal and
intravenous enzyme replacement therapy (ERT), substrate reduction
therapy (SRT), anti inflammatory drug-based therapy (anti-INF), and

gene therapy (GT) strategies with AAV or LV, through systemic and/
or intracerebral administration. B: Combinations of experimental strat-
egies have been tested in GLD murine models with the aim of target-
ing the global disease. Selected references of the most recent studies
evaluating individual and combined strategies are provided (see text
for more details).
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genotoxicity (Lattanzi et al., 2010, 2014). Importantly,
the safety, feasibility and potential efficacy of the intrace-
rebral LV GT platform delivering functional lysosomal
enzymes in the CNS of normal and Krabbe’s-affected
NHPs has been recently evaluated (Meneghini et al.,
2016), and strongly supports the rationale for its clinical
development.

Transplantation of stem/progenitor cells. Stem/pro-
genitor cell populations of different origin are emerging as
promising cell sources for CNS-directed approaches.
Mesenchymal stem cells (MSC; derived from BM and
other tissues) have been evaluated in several LSD, includ-
ing GLD, because they can produce and secrete lysosomal
enzymes, are hypoimmunogenic (thus being suitable for
allogeneic transplantation) and able to promote immuno-
suppression. Intracerebral transplantation of MSC in
Twitcher mice decreases neuroinflammation but provides
only minimal clinical improvement. The transient thera-
peutic effect is due to the rapid clearance of transplanted
MSC, which do not stably engraft in nervous tissues.
Indeed, negligible levels of enzymatic activity are detected
in CNS tissues of transplanted mice (Ripoll et al., 2011).
Only mild behavioral improvements are reported also fol-
lowing systemic MSC injection in Twitcher mice, despite
an increase of Schwann cell precursor proliferation and
axonal density (Li and Sands, 2014).

Neural stem/progenitor cells (NSC) stably and func-
tionally integrate in the host CNS cytoarchitecture (Plu-
chino et al., 2009). Beneficial effects of NSC
transplantation (NSCT) have been demonstrated in LSD
with severe neurological involvement (de Filippis, 2011;
Selden et al., 2013; Kim, 2014). In GLD mice, trans-
planted NSC act as a long-lasting source of physiological
(as WT cells) or supraphysiological (upon gene correc-
tion) levels of GALC enzyme (Neri et al., 2011). In addi-
tion to the enzymatic supply, the therapeutic benefit of
NSC is mediated by indirect mechanisms that are alterna-
tive and/or complementary to the moderate cell replace-
ment and include immunomodulation and
neuroprotection (Martino and Pluchino, 2006; Giusto
et al., 2014). Current attempts to employ NSC therapy in
clinical trials for LSD and other neurodegenerative dis-
eases are focused mostly on the use of human NSC
derived from the fetal brain (Selden et al., 2013). An
exciting (even if challenging) perspective for future clini-
cal application is the one based on NSC generation from
patient-specific induced pluripotent stem cells (iPSC), for
which gene transfer constitutes a critical requirement.
Rigorous preclinical studies will be needed to assess the
efficacy and, most importantly, the safety of IPSC-based
approaches before they can be translated into clinical
application (Phillips, 2012; Pen and Jensen, 2016).

Hematopoietic stem/progenitor cells migrate to and
engraft in CNS, PNS, and periphery upon transplanta-
tion, serving as a stable source of enzyme in affected tis-
sues. Many experimental attempts evaluating HSCT in
GLD models have been made over the years (Yeager
et al., 1984; Hoogerbrugge and Valerio, 1998; Yagi et al.,
2005), showing variable amelioration of neurological

symptoms and visceral pathology and prolonged life span,
depending mostly on the levels of chimerism. Optimiza-
tion of transplant protocols could substantially contribute
to increase HSCT-associated benefit by improving the
speed and extent of enzyme delivery to affected tissues,
particularly to the brain. Recent important studies dem-
onstrated that a proper conditioning regimen able to
ablate brain-resident bona fide microglia progenitors
(mediated by irradiation and, to a greater extent, by the
alkylating drug Busulfan) favors microglia turnover by
creating space for the engraftment and proliferation of
early HSC-derived progenitors migrating to the brain
(Capotondo et al., 2012). These important preclinical
studies have allowed the design of effective myeloablative
protocols that have been applied in the ex vivo HSC GT
clinical trial for MLD patients (Biffi et al., 2013; Sessa
et al., 2016).

The feasibility of an ex vivo HSC GT using the
innovative miR126-regulated LV, which detargets GALC
expression in HSC while allowing supraphysiological
GALC levels in the effector myeloid progeny, has been
validated in a milder GLD model (Gentner et al., 2011).
The recent application of this novel vector design in the
contest of the human GALC transgene (Ungari et al.,
2015) paves the way to clinical translation of ex vivo
HSC GT for GLD. As mentioned before, this strategy
might address the issue of enzyme overexpression in HSC
and microglial progeny in the CNS, but there is still the
need for approaches ensuring rapid and sustained enzy-
matic levels in the whole CNS before the onset of symp-
toms or, at least, at the very early stages of the disease, to
counteract/prevent irreversible CNS damage that charac-
terizes GLD.

Combined therapies. Results of the preclinical
studies discussed above clearly highlight that the multior-
gan and multicomponent pathophysiology of GLD ham-
per the possibility to achieve full correction with a single
approach (Hawkins-Salsbury et al., 2011). The concept
and application of combination therapy are well estab-
lished in medicine and involves drugs that target two or
more unique steps in a disease process to maximize the
clinical benefit for the patient (additive or synergistic ben-
efit; Platt, 2015). Several efforts have been put in devel-
oping combined approaches that could treat the global
phenotype (CNS, PNS, and periphery) of GLD murine
models. The rationale underlying every approach is the
need for early intervention to target CNS followed by a
second intervention aimed to correct the PNS and vis-
ceral organs and, possibly, to reinforce the enzymatic sup-
ply to CNS.

Most of the combined therapies developed for GLD
included BM transplant (BMT), which has been coupled
with SRT (Biswas and LeVine, 2002), systemic/intrathecal
ERT (Qin et al., 2012), intracerebral/intrathecal injection
of AAV vectors (Lin et al., 2007; Reddy et al., 2011), or
systemic injection of LV (Galbiati et al., 2009) or even SRT
coupled to multiple intracerebral AAV injections
(Hawkins-Salsbury et al., 2015). Despite these preclinical
studies in murine models have shown a variable extent of
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additivity or synergy of the treatments, many results remain
controversial. In particular, the contribution of BMT in
ameliorating CNS and even PNS motor functions is not
clearly defined, ranging from moderately beneficial (Lin
et al., 2007; Galbiati et al., 2009; Hawkins-Salsbury et al.,
2015) to ineffective (Reddy et al., 2012). In addition, the
therapeutically relevant level of GALC activity needed in
various tissues/organs along the progression of the disease
has not been completely elucidated. Finally, massive AAV-
mediated gene delivery achieved with multiple injections
and different delivery routes was required either alone
(Rafi et al., 2012) or in combination with BMT (Reddy
et al., 2011) to ensure significant benefits, challenging the
safety profile and the overall feasibility of the procedure.

Proof of concept of efficacy, tolerability, and clinical
relevance has been recently provided in a study showing
that transplantation of GALC-overexpressing NSCs or LV-
based intracerebral GT synergize with BMT to correct the
GLD phenotype (Ricca et al., 2015). Similarly to other
studies, this combined strategy was not able to arrest GLD
pathology completely or to prevent the death of treated
animals, despite a significant enhancement of lifespan.
However, this work comprehensively addresses the nature
of the different disease-associated pathological features,
their progression, and the extent to which they are rescued,
highlighting several interesting (and somehow overlooked)
points: 1) the favorable safety profile of each single treat-
ment (Gentner et al., 2011; Neri et al., 2011; Lattanzi
et al., 2014) is maintained in the combined setting; 2) the
early contribution provided by NSCT or intracerebral GT
appears critically relevant to counterbalance the onset/pro-
gression of CNS pathology and to enhance long-term ben-
efit upon BMT; 3) high BM engraftment is necessary to
obtain amelioration in nervous tissue; 4) treatments con-
tribute differently to the correction of CNS, PNS, and
periphery and to the overall therapeutic outcome.

FUTURE PERSPECTIVES: ENHANCING GENE
THERAPY STRATEGIES AND OPTIMIZING

COMBINED APPROACHES

Despite the rarity and complexity of GLD, many efforts
are ongoing that are aimed at improving efficacy of the
available treatments and developing novel approaches that
could improve quality of life for patients in the future.
We envisage two broad objectives that are worth consid-
ering in the design of effective therapies for GLD and are
discussed below.

Enhancing Rapid and Global Enzymatic Supply in
Affected Tissues

Many of the works reviewed here highlight that
some pathological hallmarks are more refractory to correc-
tion then others, even in the presence of combined thera-
pies providing effective enzymatic reconstitution. In our
experience, CNS astrogliosis and PNS pathology are the
most difficult hallmarks to be corrected (Ricca et al.,
2015), possibly as a consequence of the extent of storage
and tissue damage at the time of treatment. Increased

psychosine levels (about 10 fold the normal levels; likely
pathogenic) are present at birth/early in life in the CNS
and PNS of GLD mice (Ricca et al., 2015; Santambrogio
et al., 2012) and in patients (Siddiqi et al., 2006a; Siddiqi
et al., 2006b) and increase over time. We might hypothe-
size that the stable (even if robust) GALC activity provided
by treatment(s) is not able to counteract this rapid and pro-
gressive increase. Indeed, nearly all the experimental works
report an incomplete clearance of psychosine upon treat-
ment(s), even if the case of early intervention (Hawkins-
Salsbury et al., 2011; White et al., 2011; Ricca et al., 2015)
likely as a consequence of the insufficient availability of the
GALC enzyme in the right compartment. Differently from
other LSD, in which 1–20% of the physiological enzymatic
activity may be sufficient to restore normal function (Sands
and Davidson, 2006; Tomanin et al., 2012; Parenti et al.,
2013), levels of GALC activity that can be considered ther-
apeutically relevant in specific affected tissues/organs are
not clearly defined. Supraphysiological levels of GALC
activity are hardly achieved in CNS tissues, regardless pf
the treatment used (Galbiati et al., 2009; Gentner et al.,
2011; Neri et al., 2011; Lattanzi et al., 2014; Ricca et al.,
2015; Ungari et al., 2015), pointing to a tight regulation of
GALC expression in the CNS (Ricca et al., 2015). Several
events during enzyme production (transcriptional/transla-
tion regulation or misaggregation of subunits), cross-
correction (limits in enzyme uptake), and/or delivery to
lysosomes in deficient cells might contribute to determine
the final levels of GALC expression/activity in CNS tis-
sues. Further studies clarifying GALC expression/regula-
tion as well as mechanisms regulating cross-correction in
different tissues will be paramount to design strategies
aimed to enhance enzymatic supply in relevant affected tis-
sues/cells and improve benefit upon gene/cell therapy
strategies in GLD.

Exploiting Complementary Therapeutic Targets
To Address the Global Disease

All the events downstream of the primary storage and
contributing to GLD pathophysiology represent potential
complementary therapeutic targets (Platt et al., 2012;
Settembre et al., 2013). Pharmacological modulators of
relevant signaling pathways (Giri et al., 2008; Cantuti
Castelvetri et al., 2013; Won et al., 2013), antioxidant (Haw-
kins-Salsbury et al., 2012) or anti-inflammatory molecules
(Luzi et al., 2009; Santambrogio et al., 2012), which provide
mild clinical improvement when used as single treatments,
may represent interesting complementary approaches in
combinatorial strategies. Also, they might be beneficial to
slow the progression of the disease, until enzymatic activity is
effectively restored and the storage defects have been cor-
rected. In this perspective, pharmacological modulation of
the ERK1/2, AKT, and/or GSK3b pathways, which are
affected (inhibited or hyperactivated) as a consequence of
psychosine accumulation and contribute to neuronal
(Cantuti Castelvetri et al., 2013; Teixeira et al., 2014), oli-
godendroglial (Zaka et al., 2005), and muscular (Cantuti-
Castelvetri et al., 2015) dysfunction in Twitcher mice may
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constitute a promising target to complement therapies for
Krabbe’s disease.

Moreover, modulation of autophagy, lysosomal traf-
ficking, and exocytosis, which are emerging as innovative
experimental therapeutic approaches for several LSD
(Parenti et al., 2015) aimed at enhancing storage clearance
and/or implementing enzyme replacement (Raben et al.,
2010; Medina et al., 2011; Spampanato et al., 2013) might
be considered as complementary therapeutic targets, pro-
vided the role of these pathways in GLD pathophysiology
will be definitely proved in relevant models.

CONCLUSIONS

Based on the promising results of recent preclinical and
clinical work, it is expected that the clinical development
of combined gene/cell therapy strategies allowing timely
therapeutic intervention at different disease sites would
become increasingly attractive in future years. A better
understanding of GLD pathophysiology, which has been
only partially elucidated, and of therapeutic mechanisms
underlying disease correction is instrumental to identify
complementary strategies able to enhance the unique
therapeutic advantages provided by gene/cell therapy.
This will likely facilitate the long process leading toward
the development of safe and effective treatments for GLD
and similar LSD still lacking effective curative options.
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Krabbe’s disease is a neurodegenerative disorder caused
by deficiency of galactocerebrosidase activity that affects
the myelin sheath of the nervous system, involving dys-
functional metabolism of sphingolipids. It has no cure.
Because substrate inhibition therapy has been shown to
be effective in some human lysosomal storage diseases,
we hypothesize that a substrate inhibition therapeutic
approach might be appropriate to allow correction of
the imbalance between formation and breakdown of
glycosphingolipids and to prevent pathological storage
of psychosine. The enzyme responsible for the biosyn-
thesis of galactosylceramide and psychosine is uridine
diphosphate-galactose ceramide galactosyltransferase
(2-hydroxyacylsphingosine 1-b-galactosyltransferase;
UGT8; EC 2.4.1.45), which catalyzes the transferring
of galactose from uridine diphosphate-galactose to
ceramide or sphingosine, an important step of the
biosynthesis of galactosphingolipids. Because some
bisphosphonates have been identified as selective galac-
tosyltransferase inhibitors, we verify the binding affinity to
a generated model of the enzyme UGT8 and investigate
the molecular mechanisms of UGT8–ligand interactions
of the bisphosphonate zoledronate by a multistep frame-
work combining homology modeling, molecular docking,
and molecular dynamics simulations. From structural
information on UGTs’ active site stereochemistry, charge
density, and access through the hydrophobic environ-
ment, the molecular docking procedure allowed us to
identify zoledronate as a potential inhibitor of human cer-
amide galactosyltransferase. More importantly, zoledro-
nate derivates were designed through computational
modeling as putative new inhibitors. Experiments in vivo
and in vitro have been planned to verify the possibility of
using zoledronate and/or the newly identified inhibitors
of UGT8 for a substrate inhibition therapy useful for

treatment of Krabbe’s disease and/or other lysosomal
disorders. VC 2016 Wiley Periodicals, Inc.

Key words: Krabbe disease; ceramide galactosyltrans-
ferase; substrate deprivation therapy; molecular docking;
molecular dynamics; homology modeling

Krabbe’s disease is classified as a lysosomal storage
disorder (LSD). In the treatment of some LSDs, substrate
deprivation therapy (or substrate reduction therapy) has
been shown to be effective (Platt and Jeyakumar, 2008).
In fact, clinical studies on patients suffering from LSDs,
such as Niemann-Pick C and Sanfilippo, have demon-
strated that substrate deprivation therapy might be effec-
tive in humans, not only in delaying the appearance of
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symptoms or halting the progress of the disease but also in
reversing some of the neurological symptoms (Patterson
et al., 2007; Piotrowska et al., 2008).

In Krabbe’s disease, the enzyme galactosylcerami-
dase does not work properly; galactosylceramide and psy-
chosine cannot be degraded as usual, and the
accumulation of psychosine in the brain leads to apoptosis
of oligodendrocytes, progressive demyelination, and the
appearance of large, multinuclear cells (globoid cells)
derived from microglia (Tanaka et al., 1993).

The enzyme responsible for the biosynthesis of gal-
actosylceramide and psychosine is uridine diphosphate
(UDP)-galactose ceramide galactosyltransferase (UGT8).
The UGT8 family contains only one member, UGT8A1,
that has a biosynthetic role in the nervous system (Mack-
enzie et al., 2005). To allow the correction of the imbal-
ance between formation and breakdown of
galactosylceramide and psychosine, a reduced biosynthesis
of glycosphingolipids has been proposed by the inhibition
of UGT8 (Pannuzzo et al., 2010). This enzyme has been
suggested to play a critical role in myelin formation (Cos-
tantino-Ceccarini and Suzuki, 1975), signal transduction
(Dyer and Benjamins, 1991; Joshi and Mishra, 1992), viral
and microbial adhesion (Khan et al., 1996), and oligoden-
drocyte development (Mirsky et al., 1980).

The substrate reduction therapeutic approach has
been validated with galactosylceramide synthase inhibitors.
However, the efficacy of these compounds is limited
because of low central nervous system (CNS) penetration,
limited ability to reduce galactosphingolipid synthesis
through the inhibition of upstream precursors (galactosyl-
ceramide), and dose-limiting toxicity (Bansal, 1989; Butters
et al., 2005). A more recent class of galactosyltransferase
inhibitors comprises N-alkylated derivatives of deoxynojir-
imycin and deoxygalactonojirimycin and derivatives of
methylene diphosphonate or bisphosphonates such as
sodium alendronate, sodium etidronate, zoledronate, and
others (Takayama et al., 1999).

Bisphosphonates are used in the treatment of
patients with osteoporosis and malignant osteolytic dis-
eases, hypercalcemia of malignancy, multiple myeloma,
postmenopausal osteoporosis, and tumor-associated oste-
olysis (Zara et al., 2015). They are small-molecular-size
(less than 300 Da) organic pyrophosphate analogs in
which two phosphates are connected by a carbon atom
(P–C–P) with various side chains. This chemical structure
gives them resistance to enzymatic degradation (Lezcano
et al., 2014). They have the advantage of mimicking the
transition state of the nucleotide portion of UDP-
galactose (UDP-gal), a natural substrate of UGT8. More-
over, they are easy to synthetize and derivatize, are physi-
ologically stable, and have low toxicity (Takayama et al.,
1999; Brown and Zacharin, 2009; Barros et al., 2012).
Only one case, a 7-year-old child who developed clinical
features of a severe systemic inflammatory response fol-
lowing zoledronic acid infusion, has recently been
reported (Trivedi et al., 2016). However, these authors
recognized the complexity of the child’s underlying med-
ical conditions. He had previously been treated with four

cycles of pamidronate, and his home medications
included but were not limited to bactofen, clonazepam,
gabapentin, levetiracetam, levocarnitine, levothyroxine,
and calcium carbonate, a complex medical history (Triv-
edi et al., 2016).

Therefore, the current study performs a molecular
docking to predict the binding affinity of the bisphospho-
nate zoledronate with a generated model of UGT8 to
highlight a potential inhibitive activity. The homology
model is required because of the lack of crystallographic
or nuclear magnetic resonance (NMR) data on UGT8.
Among the various bisphosphonates, we use bisphospho-
nate zoledronate because it possesses the potential to form
hydrogen bonds and has low steric hindrance that could
favor an optimal fit into the probable site of binding.

To confirm docking results and for understanding
more deeply at the atomic level, we carry out molecular
dynamics simulations. Furthermore, using the AutoGrow
algorithm, we design several new putative inhibitors with
stronger affinity for UGT8 compared with zoledronate.

MATERIALS AND METHODS

Homology Modeling

The first step of homology modeling is to recognize the
template that we made in BLAST (basic local alignment search
tool; htpp://www.ncbi.nlm.nih.gov/blast/; Wong et al.,
2011). To increase the precision of the comparative model cre-
ated, we used the program YASARA (yet another scientific
artificial reality application; http://www.yasara.org/), a self-
parameterizing force field. For the purpose of generating a
homology model of UGT8, the sequence of 541 amino acids of
the human 2-hydroxyacylsphingosine 1-b-galactosyltransferase
isoform X1 (NCBI reference sequence XP_006714365.1), the
YASARA’s fully automated module homology modeling
(CASP protocol) generator for this task (Krieger et al., 2009),
and the homology modeling parameters were used. Slow proto-
col included three PSI-BLAST iterations in template search;
maximum allowed (PSI)-BLAST E-value to consider template
(EValue Max) was set to 0.5; 10 templates were allowed; the
maximum number of templates with the same sequence was set
to 5; the maximum oligomerization state was set to 4; a maxi-
mum of 10 alignments variations per template; 100 conforma-
tions were tried per loop generation; and a maximum of 10
residues was allowed to be added to the termini (Altschul et al.,
1990, 1997).

Target Protein Acquisition

Protein templates, UDP-gal, and zoledronate were
downloaded from the online protein data bank (PDB; http://
www.rcsb.org/pdb; Sch€affer et al., 2001). The structure of the
ligand uridine diphosphate galactose was downloaded from the
complex with b-1.4 galactosyltransferase (PDB: 1TW1) and the
structure of zoledronate from the complex with farnesyl
diphosphate synthase (PDB: 2F8C). In both cases, the protein
was subsequently removed, and the structures were subjected to
energy minimization in an environment that mimics the low
dielectric conditions of the organic solvent (vacuum).
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The energies of the protein, the ligand, and the inhibitors
were minimized by steepest descent algorithm. Simulations
were performed in GROMACS (Groningen machine for
chemical simulations; http://www.gromacs.org/) version 4.5.4
simulation package, and GROMOS (Groningen molecular
simulation) 53A6 force field was used to describe atomistically
receptor, ligands, and inhibitors (Hess et al., 2008).

Generation of Putative Inhibitors: Zoledronate
Derivatives

To generate putative inhibitors based on zoledronate, we
used the AutoGrow 3.0 (http://autogrow.ucsd.edu/; Durrant
et al., 2013) algorithm that can either generate novel predicted
inhibitors ex nihilo from very basic starting structures or opti-
mize existing inhibitors to improve the binding affinity. We
chose the second approach. We allowed five generations of
productions based in a starting pool of 20 compounds (includ-
ing zoledronate). A medium-sized library of fragments
(�150 g/mol) was used for new inhibitor production. Five
mutants and five crossovers were allowed for each generation.
AutoDock Vina (http://vina.scripps.edu/) was used for this
purpose (Trott and Olson, 2010).

Molecular Docking

Docking calculations were carried out in AutoDock 4.0.
It is one of the most suitable programs for performing molecular
docking of ligands to their macromolecular receptors and dis-
criminating potential inhibitors. The human ceramide galacto-
syltransferase was docked with UDP-gal, zoledronate, and the
putative inhibitors a–g (chemical structures reported in Table
II). The free energy of binding (DG) of docked complexes was
then generated in this molecular docking software with the
Lamarckian genetic algorithm to search for the best conformers
(Bikadi and Hazai, 2009).

The graphical user interface program AutoDock tools
was used to prepare, run, and analyze the docking simulations.
The grid points and spacing were computed in AutoGrid (Red-
wood Shores, CA; (Morris et al., 1998). The grid must sur-
round the region of interest into the macromolecule. The
spacing between grid points was 0.37 Å for active site and 1 Å
for blind docking. During the docking process, a maximum of
100 conformers was considered for each compound. The

population size was set to 150, and the individuals were ran-
domly initialized.

For UGT8 preparation, polar hydrogens were added, and
then Kollman united atom charges and atomic solvation
parameters were assigned. For ligand preparation, Gasteiger par-
tial charges were added, nonpolar hydrogen atoms were
merged, and rotatable bonds were defined.

A preliminary blind docking study was performed to dis-
criminate the preferential binding sites of the ligand to the
receptor. To this end, for the first simulation, the grid size was
properly set up to contain the entire receptor structure (40, 40,
40 Å along x, y, z, respectively, space between grid points of 1
Å). Next, we selected the pose of the ligand into the active site,
and the grid was centered on this catalytic active region of the
receptor (50, 50, 50 points along x, y, z, respectively, space
between grid points of 0.37 Å).

Molecular Dynamics

The UGT8 binding domain was complexed with the
several selected inhibitors from the previous docking study and
then embedded in a water box in the presence of salt (Na1Cl–)
and simulated for 20 nsec. The solution was electroneutral. We
chose as a reference structure for ligands the configuration with
higher level of affinity for the enzymatic active site. Periodic
boundary conditions were applied to the three dimensions of
the box.

Simulations were performed in the GROMACS version
4.5.4 simulation package (Hess et al., 2008), and the GRO-
MOS 53A6 force field was used for protein and ligands (Oos-
tenbrink et al., 2005). The Berendsen weak coupling
temperature and pressure coupling algorithms (Berendsen et al.,
1984) were used with coupling constants of 0.3 psec and 3.0
psec, respectively. Protein, ligand, and water ions were sepa-
rately coupled to a heat bath. The Lennard-Jones potential was
smoothly shifted to zero between 9 and 12 Å. For electrostatics,
we used the particle mesh Ewald scheme.

Each system was minimized by the steepest descent algo-
rithm after the molecular species had been added and then
equilibrated in NpT ensemble for 10 psec prior to data collec-
tion. After this time, ligands were stably bound to the protein
domain. The time step was set to 0.002 psec.

TABLE I. Summary of the 10 Best Templates Used for Generation of the UGT8 Model*

Template Total score BLAST E-value Align score Identity (%) PDB ID Resolution (Å)

1 85.48 5e-82 438.0 47 2O6L 1.80

2 56.75 2e-21 136.0 30 3HBF 2.10

3 51.21 2e-21 136.0 30 3HBJ 2.10

4 50.55 3e-24 115.0 27 2PQ6 2.10

5 36.13 8e-18 78.0 25 2VCE 1.90

6 33.65 3e-21 78.0 25 2C1X 1.90

7 33.59 3e-21 78.0 25 2C1Z 1.90

8 32.58 7e-20 70.0 23 2ACV 2.00

9 32.25 3e-21 78.0 25 2C9Z 2.10

10 29.72 8e-16 67.0 26 3IA7 1.91

*Total score and align score values correspond to the YASARA z-score range; Identity corresponds to the percentile of sequence identity of the given

template and the target sequence UGT8.
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TABLE II. Docking Results of UDP-gal, Zoledronate, and Inhibitors a–g in Complex With UGT8

Compound

Binding energy

(DG; (kcal/mol)

No. of

hydrogen bonds

Amino acid acceptors of

hydrogen bonds Interacting residues

–7.5 6 A295, G296, R322, Q343,

N362, S363

A295, G296, R322, Q343,

H358, N362, S363, F380, H383

–5.7 4 A295, R322, Q343, S363 G294, A295, R322, Q343,

H358, G360, L361, N362,

S363, H383

–6.9 5 R322, Q343, H358, N362

S363

G294, A295, R322, Q343,

H358, L361, N362, S363, F380,

D382, H383

–6.2 5 A295, R322, H358, N362,

S363

G294, A295, R322, Q343,

H358, G360, N362, S363,

H383

–6.0 5 R322, Q343, H358, N362,

S363

A295, G296, R322, Q343,

H358, G360, N362, S363, F380

–6.1 4 A295, L341, S363(HN1),

S363(HG1)

A295, R322, W340, L341,

Q343, H358, G360, N362,

S363

–7.5 5 A295, R322, Q343, N362,

S363

A295, R322, Q343, L361,

N362, S363, F380

–6.2 3 R322, N344, N362 G294, R322, W340, P342,

Q343, N344, D345, H358,

N362, S363

–6.2 5 A295, R322, Q343, N362,

S363

G294, A295, R322, Q343,

H358, N362, S363, F380, H383
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RESULTS

Homology Modeling

The homology model created for UGT8 was based
on the structural information of 10 crystal structures that
served as structural templates. Table I summarizes the
templates selected for this purpose. Although the com-
plete sequence of UGT8 (451 residues) was subjected to
homology modeling generation, only the C-terminal (res-
idues 267–435) fraction possessed enough structural infor-
mation to yield a homology model. The UDP-
glucuronosyltransferase 2B7 (PDB: 2O6L) was shown to
be the best structural match for UGT8 model creation,
with a sequence identity of 47% (Kopp and Schwede,
2004).

The YASARA (Krieger et al., 2002) protocol cre-
ated a hybrid model resulting from the combination of
the best parts of the 56 models, hoping to increase the
accuracy beyond each of the contributors. The main con-
tributor to the hybrid model was the best scoring model
created on the structural template 2O6L and several other
different fragments successfully copied from other models.
Because the hybrid model scored better than all previous
models, it was saved as the final model and used for fur-
ther docking and molecular dynamic simulations. Figure
1 shows the hybrid model of UGT8 in homodimeric state
(Fig. 1A), overlapped monomers A and B (Fig. 1B), and
the superposition of monomer A with the 2O6L crystal
structure (Fig. 1C).

Molecular Docking

UDP-gal, the known natural substrate for UGT8,
was the first compound analyzed. The best conformations
had binding energies in the ranges of –7.6 and –6.5 kcal/
mol. Two different binding loops of the protein were
identified, one of which, showing affinity of –7.5 kcal/
mol, corresponded to the binding site already described for

other UGT enzymes (Li and Wu, 2007; Locuson and
Tracy, 2007; Miley et al., 2007). In looking in detail at the
interactions between this conformer and the binding site,
the following amino acids were involved: A295, G296,
R322, Q343, H358, N362, S363, F380, H383 (Fig. 2).

The predicted interacting residues were divided into
three different groups of residues interacting with 1) nucleo-
tide, 2) phosphate, or 3) UDP-gal. From previous studies
on other UGT enzymes, in particular, UGT1A6 and
UGT3A1, amino acids Q343 (corresponding to Q356 in
UGT1A6 and Q354 in UGT3A1), E366 (corresponding to
E379 in UGT1A6 and E377 in UGT3A1), and R322 (cor-
responding to R335 in UGT1A6 and R333 in UGT3A1)
were predicted to make contact with the uracil base. Amino
acids S363 (S376 in UGT1A6 and S374 in UGT3A1) and
N362 (corresponding to N375 in UGT1A6 and N373 in
UGT3A1) were predicted to form hydrogen bonds with
the oxygen of the diphosphate; H358 (corresponding to
H371 in UGT1A6 and H369 in UGT3A1) was predicted
to interact with sugar (Offen et al., 2006; Li and Wu, 2007;
Locuson and Tracy, 2007). The main carbonyl chain was
predicted to interact with –NH of L341 (corresponding to
L354 in UGT1A6 and L352 in UGT3A1; Shao et al.,
2005). These interactions have been found in several other
GT-B enzyme structures (Bolam et al., 2007; Li and Wu,
2007; Locuson and Tracy, 2007).

Zoledronate was the second compound analyzed.
The best conformations had binding energies ranging
from –5.7 to –5.1 kcal/mol, and two preferential binding
loops of the protein were identified; the preferential con-
formation corresponds to the hypothesized binding site.
In looking in detail at the interactions between the best
conformer and the binding site, the following amino acids
appear to be directly involved: GLY 294 (G294), ALA
295 (A295), ARG 322 (R322), GLN 343 (Q343), HIS
358 (H358), GLY 360 (G360), LEU 361 (L361), ASN
362 (N362), SER 363 (S363), HIS 383 (H383; Fig. 2).

Fig. 1. 3D representation of the homology model created for UGT8.
A: The homodimeric model, in which residues are color-coded
according to their position in the sequence (color gradient from blue
(N-terminal) to red (C-terminal). B: The superimposed monomers
(chains A and B), in which residues are color coded by secondary

structure composition (orange, a-helix; purple, b-sheet; gray, coil).
2O6L was found to be the best template candidate for the creation of
this homology model. C: Superimposed structures of the model of
UGT8 (orange) and crystal structure of 2O6L.
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The results of molecular docking for the other
inhibitors (a–g) are displayed in Table II, and the specific
interactions between the several ligands and the receptor
are displayed in Figure 2. These designed putative inhibi-
tors (a–g) were electronegative, demonstrating good
UGT8 hydrogen-bond attractions; their binding energy
was greater compared with zoledronate and more similar
to UDP gal.

Dynamic Complexes

To shed some light on a more realistic approach
to these interactive systems and acknowledging the

limitations of the docking approach, we carried out
some molecular dynamics (MD) simulations to observe
their dynamics properties. In all the investigated sys-
tems, the ligand stably bound the enzyme domain
over 20 nsec of simulation (Fig. 3a). Most of them
(b–g and zoledronate) spent time in a specific region
where the same residues previously identified by the
docking study and suggested experimentally were pro-
truding, supporting once again the results reported
(Fig. 3b). Zoledronate, in particular, showed the capa-
bility to penetrate deeper into the pocket size, prob-
ably because of the smaller steric hindrance, allowing a
tighter contact with the enzyme.

Fig. 2. 3D interaction map showing the catalytic amino acids for interaction with UGT8 of UDP-
gal; zoledronate; and the compounds a–g.
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DISCUSSION

Krabbe’s disease has no cure, although various treatments
have been attempted on humans and in animal models,
with varying degrees of success. Among these, substrate
reduction therapy seeks to inhibit the rate of synthesis of
glycosphingolipids to levels at which the residual activity
of the mutant catabolic enzyme is sufficient to prevent
pathological storage (Butters et al., 2005). L-cycloserine is
an irreversible inhibitor of 3-ketodihydrosphingosine syn-
thetase, which is the first enzyme of the sphingolipid
pathway. Substrate reduction therapy with L-cycloserine
has been evaluated in the murine model of Krabbe’s dis-
ease for over 15 years and has been shown to improve the
life span of the twitcher mouse significantly when given
alone (LeVine et al., 2000), synergizing with bone mar-
row therapy (Biswas and Levine, 2002) and CNS-
directed gene therapy (Hawkins-Salsbury et al., 2015) to
extend life span. However, L-cycloserine inhibits the syn-
thesis of numerous glucosylated and galactosylated lipids,
resulting in untoward nonspecific effects and greatly limit-
ing the translational potential of this therapy beyond the
murine model. Therefore, investigation of alternative
substrate reduction targets is warranted. In this research, a
molecular docking and dynamics simulations study was
performed to evaluate the capability of zoledronate and
seven additional compounds generated in silico to inhibit
the enzyme UGT8. Our goal was to find a new com-
pound to suggest as a potential substrate reduction therapy
for Krabbe’s disease.

It is known that the accurate prediction of the bind-
ing modes between the ligand and protein is of funda-
mental importance in modern structure-based drug
design. In this research, the lack of data for glycosyltrans-
ferases made it difficult to design structure-based inhibi-
tors. In addition, the transition state of the enzymatic
reaction requires the presence of the nucleotide, metals,
acceptor sugar, and donor sugar, all of which are complex
components to mimic. Furthermore, for molecular dock-
ing, three-dimensional (3D) structure of the macromole-
cule UGT8 is required; unfortunately, for our study,
neither crystallographic nor NMR data were available.
To overcome this limitation, we used combined homol-
ogy modeling with molecular docking to build a 3D
model of the enzymatic active site. The deduced amino
acid sequence of human UGT8 revealed that a 61-kDa
protein of 541 amino acid residues, 21 of which are
charged and encoded by a gene of five exons on chromo-
some 4q26 UGT8, had a high degree of sequence similar-
ity with glucuronosyltransferases (UGT; Schulte and
Stoffel, 1993; Stahl et al., 1994). Recently, sequence
identity analysis allowed identification of some crystallized
glucuronosyltransferases as homologues of UGT8 and
prediction of its secondary structure (Krieger et al., 2002,
2009). It is important to point out that the homology
model on which our experiments are founded is based on
only 168 residues of the C-terminal of UGT8. Further-
more, the sequence identity of the model is <50%. This
might seem to limit our model, but it is in line with what
has been reported in most studies in which homologous
protein models have been designed (Vyas et al., 2012).
Moreover, compared with UDP-gal (–7.6 and –6.5 kcal/
mol) and other generated compounds, the binding energy
of zoledronate was lower. However, the binding energy
should be considered together with other important inter-
actions, such as intermolecular, H-bond, and hydrophobic
interactions, which can be used to rank the poses from
the number of favorable interactions counted. In general,
the docking programs miss one important term in binding
the energy of ligand to receptor, which is the term
entropic. This term can be decomposed in rotational, trans-
lational, vibrational, and conformational entropies, in
which the first two and the last one may be significant.
The major information from docking software poses is
binding modes, that is, the relative orientation of ligands
and w.r.t. protein and their conformations.

Furthermore, we are aware that the quality of the
docking simulations can depend significantly on how the
input is prepared and how the software parameters are set.
Docking does not necessarily provide an accurate assess-
ment of how well the software will perform when screen-
ing for new ligands (Sun et al., 2013), so assessing the
ability of the docking program to model or accommodate
conformational change in the protein, at least at the side-
chain level, is crucial. Moreover, the quality of sampling
the correct binding mode for a ligand vs. identifying that
binding mode by correctly scoring or ranking should be
taken into account for a wider understanding of the stud-
ied systems. Although it is known that the binding

Fig. 3. a: Protein–ligand mean distance profiles over 20 nsec of simu-
lation. b: Contact profiles of the ligands with the protein residues.
Binding energies (coulombic and Lennard-Jones interactions) in all
cases assume negative values, indicative of a favorite and stable
binding.
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affinities predicted by docking simulation are not fully
trustable, we used them as a general, comparative guide.

In general, the force fields that govern the binding
energies are not entirely reliable in docking programs that
use them as part of the scoring function. Many researchers
place more value on the resulting poses over the binding
energy values. There are several articles showing that a
docking!MD!MM(GB/PB)SA workflow yields favor-
able results in terms of ranking ligands. In fact, our
approach was in the direction Docking!MD!
AutoGrow. For a more quantitative way of comparing the
stability of complex with experimental results, poses taken
from docking software were further studied with MD sim-
ulations to compute the binding energies with all, includ-
ing entropic, terms.

Experimentally speaking, binding energies are good
metrics for ranking ligands that target a specific pocket.
However, because of the approximations made in theo-
retical modeling, one has to assess the theory level that is
used in predicting the binding energies. Rigid docking by
itself has many assumptions built into it with respect to
the idea of modeling a ligand bound to a pocket, includ-
ing the use of (in general) a solid-phase protein structure,
the lack of ligand and binding site conformational dynam-
ics, choice of scoring function, how water is modeled,
and others. Nevertheless, many researchers have had suc-
cess using docking for identifying lead compounds.

In the current study, from homology modeling, the
3D structure of UDP-glucuronosyltransferase 2B7 was
validated and selected for use in simulation. Molecular
docking allowed us to make a preliminary analysis of the
interactions between substrate and enzyme after defining
the binding site. The combined use of docking and MD
simulations helped us to investigate better these interac-
tions and the binding affinity between UGT8 with UDP-
gal and the inhibitor zoledronate as well as providing use-
ful information for the design of other potential drugs.
The identified residues of the pocket enzyme interacting
with UDP-gal were quite consistent with previous mod-
eling studies (Offen et al., 2006; Li and Wu; 2007). MD
simulations were performed in GROMACS, a molecular
dynamics package designed primarily for simulations of
proteins, lipids, and nucleic acids. GROMACS supports
several implicit solvent models as well as new free-energy
algorithms, and the software uses multithreading for effi-
cient parallelization even on low-end systems, including
Windows-based workstations.

From our combined computational approach, zoledr-
onate emerged as an optimal inhibitor of human ceramide
galactosyltransferase. This specific ligand is characterized by
a favorable steric hindrance factor in contrast to other
inhibitors or UDP-gal. Moreover, it exhibits binding sites
distributed homogeneously that can bind simultaneously,
giving reason to a perfect match with the enzymatic active
site. For these reasons, we believe that zoledronate could
represent an efficient candidate for substrate deprivation
therapy in Krabbe’s disease and other LSDs.

Finally, AutoGrow allowed us to design new
potential inhibitors of UGT8. AutoGrow is a new

computer-aided drug design algorithm that uses a grow-
ing strategy to build upon an initial “core” scaffold.
Molecular fragments are added at random to this scaffold,
thereby generating a population of novel ligands. These
ligands are subsequently docked into the target protein
receptor. An evolutionary algorithm evaluates the dock-
ing scores of each population member, and the best bind-
ers become founders of the subsequent generation. As
generation after generation is created, each based on the
fit individuals of the previous generation, a larger inhibi-
tor with greater predicted binding affinity eventually
evolves. Of course, experiments in vivo and in vitro have
been planned to verify the value of using zoledronate
and/or the newly identified inhibitors of UGT8 for a sub-
strate inhibition therapeutic approach for treatment of
Krabbe’s disease and other lysosomal disorders.
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Commentary

Beyond Krabbe’s Disease: The Potential
Contribution of Galactosylceramidase
Deficiency to Neuronal Vulnerability
in Late-Onset Synucleinopathies

Michael S. Marshall1,2,3 and Ernesto R. Bongarzone1*
1Department of Anatomy and Cell Biology, University of Illinois at Chicago, Chicago, Illinois
2Graduate Program in Neuroscience, University of Illinois at Chicago, Chicago, Illinois
3Medical Scientist Training Program, University of Illinois at Chicago, Chicago, Illinois

New insights into the pathophysiological mechanisms
behind late-onset neurodegenerative diseases have come
from unexpected sources in recent years. Specifically, the
group of inherited metabolic disorders known as lysoso-
mal storage diseases that most commonly affect infants
has been found to have surprising similarities with adult
neurodegenerative disorders. Most notable has been the
identification of Gaucher’s disease as a comorbidity for
Parkinson’s disease. Prompted by the recent identification
of neuronal aggregates of a-synuclein in another lysoso-
mal storage disease, Krabbe’s disease, we propose the
idea that a similar connection exists between adult synu-
cleinopathies and Krabbe’s. Similarities between the two
diseases, including the pattern of a-synuclein aggregation
in the brain of the twitcher mouse (the authentic murine
model of Krabbe’s disease), changes to lipid membrane
dynamics, and possible dysfunction in synaptic function
and macroautophagy, underscore a link between Krabbe’s
disease and late-onset synucleinopathies. Silent GALC
mutations may even constitute a risk factor for the devel-
opment of Parkinson’s in certain patients. More research
is required to identify definitively any link and the validity of
this hypothesis, but such a connection would prove invalu-
able for developing novel therapeutic targets for Parkin-
son’s based on our current understanding of Krabbe’s
disease and for establishing new biomarkers for the identi-
fication of at-risk patients. VC 2016 Wiley Periodicals, Inc.

Key words: Parkinson’s disease; Krabbe’s disease;
Alzheimer’s disease; dementia; lysosomal deficiency;
psychosine; a-synuclein; neuronal degeneration; synaptic
failure

HYPOTHESIS

Disease indiscriminately affects people of all ages,
from the earliest appearances of inborn genetic disorders in
neonates to the late-onset neurodegenerative conditions

that plague our geriatric populations. Although these dis-
eases affect widely disparate patients, it has only recently
been appreciated that many of these disorders may share a
commonality in their underlying pathological mecha-
nisms. Recent attention has been given specifically to the
group of inherited metabolic disorders known as lysosomal
storage diseases (LSDs) and to their increasingly noticeable
connection to late-onset neurodegenerative disorders such
as Alzheimer’s and Parkinson’s diseases, among others.

SIGNIFICANCE

Lysosomal storage disorders and late-onset neurodegenerative diseases

have displayed interesting connections in recent years. This Com-

mentary hypothesizes that galactosylceramidase deficiency as seen in

the lysosomal storage disorder Krabbe’s disease can elucidate new

mechanisms for neuronal vulnerability in late-onset synucleinopathies.

This idea is supported by evidence related to a-synuclein aggregation,

lipid membrane dynamics, and possible deficits in synaptic function

and macroautophagy displayed in Krabbe’s disease. A connection

between the two disorders would prove invaluable for developing

novel therapeutic targets for Parkinson’s based on our current under-

standing of Krabbe’s disease and for establishing new biomarkers for

the identification of at-risk patients.
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The strongest connection among these diseases has been
found between the LSD Gaucher’s disease and Parkinson’s
disease, both of which have been robustly linked via genetic,
cellular, and biochemical connections (Shachar et al., 2011).
Sprouting from these discoveries has been an interest in iden-
tifying mechanisms inherent to LSDs that may be useful for
the identification of novel pathophysiological processes in
adult neurodegenerative disorders. One LSD that has not
been associated with late-onset neurodegenerative disorders
until recently is Krabbe’s disease. With the recent identifica-
tion of proteinaceous aggregates in the Krabbe’s murine and
human brain (Smith et al., 2014), this connection can now be
better appreciated. When recent studies on Krabbe’s are
examined in this context, one can recognize the potential that
Krabbe’s research has for broadening our understanding of
neurodegenerative disorders, especially the synucleinopathies,
and why future research on these connections is essential. In
this context, we hypothesize that pathophysiological mecha-
nisms underlying Krabbe’s disease share a connection to neu-
ronal vulnerability in neurodegenerative synucleinopathies,
suggesting that mutations in Krabbe’s disease may even consti-
tute risk factors for synucleinopathies such as Parkinson’s
disease.

KRABBE’S DISEASE

Krabbe’s disease is a rare, inherited LSD caused by muta-
tions in the GALC gene for the lysosomal enzyme galacto-
sylceramidase (GALC). Loss of function of this enzyme
results in the accumulation of its undigested substrates,
most toxically the sphingolipid psychosine and progressive
demyelination of the central and peripheral nervous sys-
tems. Symptoms of Krabbe’s disease include neurosensory
deficits, bradykinesia, muscle rigidity/atrophy, and, ulti-
mately, premature death by age 2 years without treatment.
Some of these symptoms have parkinsonian characteristics,
but, because of the age of Krabbe’s patients, no definitive
diagnosis can truly be made. However, in addition to the
loss of oligodendrocytes, a neuronal component to the
pathophysiology of this disease has been elucidated in
recent years that appears to be driven, at least in part, by
the toxicity of psychosine (White et al., 2009; Castelvetri
et al., 2011, 2013). These neuronal deficits bring attention
to the potential importance of Krabbe’s disease for under-
standing neurodegenerative disorders.

EVIDENCE FOR THE HYPOTHESIS

Protein Aggregates

One of the most common and defining characteristics
of late-onset neurodegenerative disorders is classification of
these disorders as proteopathies resulting from accumula-
tions of misfolded proteins into amyloidal structures. The
most common proteopathic species have all been identified
in multiple forms of LSDs, including amyloid-b (Niemann-
Pick type C, Sandhoff), tau (Sanfilippo syndrome type B),
and a-synuclein (Gaucher’s, metachromatic leukodystro-
phy, Krabbe’s) (Ohm et al., 2009; Mazzulli et al., 2011;
Shachar et al., 2011; Keilani et al., 2012; Mattsson et al.,
2012; Smith et al., 2014). The physiological impact of these

aggregates on the clinical course of these LSDs, however, is
unclear. Still, investigating the mechanisms responsible for
their accumulation could bring important insights to light
for late-onset disorders, which may be influenced by similar
cellular mechanisms.

The accumulation of a-synuclein in the brain of the
twitcher mouse (the authentic murine model for Krabbe’s
disease) is particularly interesting for the parallels it
displays with the adult synucleinopathies. Normally,
a-synuclein is a small, disordered protein that localizes to
the presynaptic terminal and appears to have some impact
on synaptic release, although its precise function is
unknown (Maroteaux et al., 1988; Cabin et al., 2002).
Under pathological conditions, a-synuclein can undergo
neuronal aggregation into Lewy bodies, the pathological
hallmark of Parkinson’s and Lewy body dementia, or glial
aggregation as seen in multiple system atrophy. Aggre-
gates of a-synuclein are almost exclusively neuronal in
twitcher, originating in the hindbrain’s medulla and pon-
tine regions before the pathology spreads rostrally and
dorsally into the midbrain structures, affecting the cerebral
cortex only in the late stages of the disease (Smith et al.,
2014). This pattern of accumulation is precisely the order
of Lewy body accumulation that is described in Parkin-
son’s brains via Braak staging (Braak et al., 2003). These
aggregates also display regional specificity that follows the
Braak staging, such as specificity for the CA2 region of
the hippocampus and the A9 nuclei (Smith et al., 2014).
Similar a-synuclein aggregations have been identified in
the brains of human Krabbe’s patients, particularly in the
cortex (Smith et al., 2014), but their spatial and temporal
distribution has yet to be established.

Given the similar spatial and temporal pattern of these
aggregates in the twitcher mouse, additional investigation
might reveal a common mechanism responsible for the
manner in which these aggregates seem to spread through
the brain. Some authors have suggested a “prionic” mecha-
nism of action for these aggregates as seeds that induce
aggregation in previously normal neurons (Visanji et al.,
2013). There may also be a nonprotein species that is trans-
ported between neurons to induce aggregation, such as
exosomes. This pattern of a-synuclein accumulation could
also be the result of intrinsic factors of certain neuronal
populations that delay their susceptibility to protein aggre-
gates relative to other populations.

Currently, a-synuclein is the only protein that has
been identified to aggregate in the Krabbe and twitcher
brain. The specificity by which LSDs accumulate certain
proteins could provide important information about the cel-
lular and biochemical factors that are most instrumental for
their aggregation. This is of particular importance given that
many late-onset neurodegenerative disorders are com-
pounded by multiple aggregate species, with some evidence
suggesting that a-synuclein and amyloid-b could promote
each other’s accumulation (Marsh and Blurton-Jones,
2012). Although the presence of other protein aggregates in
the twitcher and Krabbe’s brain may still be identified, it
could also be that Krabbe’s disease provides a unique envi-
ronment for a-synuclein aggregation. Accumulations in
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cellular aging, although largely absent in a primarily infantile
disease such as Krabbe’s, likely have a significant influence
on the course of protein accumulation with late-onset neu-
rodegenerative diseases. However, identifying the underly-
ing role that GALC mutations and the subsequent
accumulation of psychosine may play on protein aggrega-
tion could be invaluable for understanding mechanisms uni-
versal to their formation.

Lipid and Membrane Interaction

Aggregation of a-synuclein has been shown, in vitro,
to be accelerated in the presence of psychosine, suggesting
that there may be a direct interaction between the two
(Smith et al., 2014); however, biophysical experiments are
required to characterize any potential intermolecular associ-
ations. An interaction may be possible given a-synuclein’s
association with lipid membranes, which has been shown to
have a clear effect on the dynamics of a-synuclein aggrega-
tion. a-Synuclein also has been shown to bind specifically
to gangliosides such as GM1 (Martinez et al., 2007). The
mechanism of aggregation may not require direct interac-
tion with psychosine but rather a perturbation of membrane
dynamics because of the imbalance of psychosine degrada-
tion. In fact, pathological levels of psychosine in twitcher
accumulate in lipid rafts of the membrane, disrupting their
architecture (White et al., 2009). These rafts are locations in
which a-synuclein interacts with the membrane, actually
mediating the localization of a-synuclein to the presynaptic
terminal (Fortin et al., 2004). Mutations in the GALC gene
leading to nonlethal enzyme deficiencies and small accumu-
lations of psychosine in lipid rafts of aging neurons could be
a contributing mechanism that triggers a-synuclein dysre-
gulation under late-onset conditions.

Lysosomal/Autophagic Function

The presence of proteinaceous deposits across nearly
all of the LSDs suggests that this phenomenon could also
result from or at least be compounded by a more basic
and universal mechanism than substrate and a-synuclein
interactions. By definition, these disorders have a defi-
ciency in their clearance of waste material, usually via a
hydrolase deficiency or, less frequently, through impaired
fusion of the autophagosome with the lysosome. There is
evidence that reduced metabolism of these waste products
can increase toxicity resulting from upstream blockage of
the macroautophagy system. This could be a key factor,
given that these oligomeric and fibrillized species of
a-synuclein may be formed under homeostatic conditions
but are quickly metabolized and removed before any
adverse interaction can take place. However, after the sys-
tem is compromised, these proteopathic species are
allowed to accumulate. This may be exacerbated through
a feedback loop in which a-synuclein adversely interacts
with the macroautophagy system. Such a feedback loop
has been identified in Gaucher between a-synuclein and
glucocerebrosidase (Mazzulli et al., 2011). More gener-
ally, mutated forms of a-synuclein can reduce the forma-
tion and transport of autophagic vacuoles and inhibit the

key chaperone-mediated autophagy receptor Lamp2a,
limiting a primary route of wild-type a-synuclein clear-
ance (Xilouri et al., 2016). Increased autophagy markers
(LC3) have been observed in GALC-deficient cells (Rib-
bens et al., 2014), indicating that a similar process may be
occurring in this disease state.

Because nearly all the neuronal populations of the
brain are postmitotic, the possibility of diluting accumulated
waste material that results from reduced autophagic clearance
by cell division is highly unlikely. This leaves these neurons
particularly vulnerable, increasing neuronal dysfunction and,
eventually, cell death. The potential significance of this auto-
phagic dysfunction on late-onset neurodegenerative disor-
ders is becoming clearer. Parkinson’s brains have displayed a
depletion of lysosomes and a corresponding elevation in
autophagic vacuoles, suggesting that a lysosomal dysfunction
could be inhibiting the clearance of autophagosomes (Sha-
char et al., 2011). The precipitating event that causes a dys-
function of autophagy in Parkinson’s is unknown, but
investigating known mutations of LSDs as potential risk fac-
tors could provide crucial new information.

Synaptic Function

a-Synuclein’s localization to the presynaptic terminal
has led to the proposal that it functions in synaptic release of
vesicles. Studies using transgenic knockouts of a-synuclein
and mutated isoforms of a-synuclein have demonstrated
a-synuclein’s role in the trafficking, clustering, and fusion
of presynaptic vesicles (Cabin et al., 2002; Scott and Roy,
2012), potentially through interactions with the soluble
N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complex (Burre et al., 2010). This may
be a critical early step in the pathogenesis of Parkinson’s,
especially in the development of cognitive symptoms out-
side of the traditional motor deficits. There are interesting
parallels in the twitcher brain that suggest a potential synap-
tic dysfunction, which may also be physiologically relevant
to neurodegenerative disorders.

Although psychosine has yet to be implicated, mul-
tiple sphingolipids have been shown to regulate synaptic
vesicle release (Haughey, 2010). Additionally, psychosine
is known to disrupt lipid rafts, which can inhibit NMDA
receptor currents (Haughey, 2010). Twitcher mice also
display a deficiency in fast axonal transport, suggesting the
possibility that trafficking of synaptic vesicles could be
compromised as well (Castelvetri et al., 2013). This effect
on axonal transport has been attributed solely to psycho-
sine; whether a-synuclein plays a mediating role is yet to
be determined. Synaptic failure often leads to a dying-
back neuropathy that could be a potential mechanism for
vulnerability in certain neuronal populations. The role of
synaptic failure in synucleinopathies is gaining promi-
nence, with some suggesting it as the primary event in the
pathogenesis of these diseases (Calo et al., 2016).

Genetic Predisposition

It is currently unknown whether a genetic link exists
between mutations in the GALC gene and a predisposition
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for late-onset neurodegenerative disorders similar to the
link found for Gaucher’s and Parkinson’s (Shachar et al.,
2011). Gaucher’s disease is the most common LSD, and its
larger patient population allowed for a registry of Gaucher’s
patients that originally identified Gaucher’s as a comorbidity
for Parkinsons’s disease. Rare diseases such as Krabbe’s are
likely underreported, especially if mild LSD symptomatol-
ogy is masked by more overt Parkinson’s symptoms.
Furthermore, it is unlikely that mutations to the GALC
gene are dominant risk factors for the development of a
synucleinopathy. Rather, we speculate that a reduction
in the efficiency of the GALC enzyme induces a susceptible
condition in neurons that, when combined with other genetic
and environmental factors, leads to pathology (Fig. 1).

This deficiency could be caused by the accumula-
tion of mild mutations in the GALC gene; at least 130
such mutations have already been identified. Many of
these single nucleotide polymorphisms (SNPs) were iden-
tified as silent mutations in the short time frame over
which these patients were studied; however, a longitudi-
nal study into the later decades of the patients’ lives has
not been conducted. Effects from epigenetic regulation of
the GALC gene are unknown and could also play a role
in downregulating enzyme efficiency. A graphic represen-
tation is provided in Figure 1, depicting how these muta-
tions might manifest in fulminant cases, late-onset
Krabbe’s (adolescence), and a potentially very-late-onset
state that is influenced by additional risk factors. The most
common mutation for the early infantile form is a homo-
zygous 30-kb deletion (C502T), eliminating all enzymatic
activity. A mutational analysis of a cohort of adult onset

Krabbe’s patients showed that half of these cases were het-
erozygous for this mutation (De Gasperi et al., 1996), sug-
gesting that reduced enzymatic activity can result in
delayed pathology. SNPs that result in a milder reduction
of GALC activity may remain silent for decades, becom-
ing clinically relevant only when combined with other
genetic and environmental influences. Interpatient vari-
ability might even mask these deficits, delaying the sus-
ceptibility for neurodegeneration during a patient’s life.

CONCLUSIONS

Research on neurodegenerative disease has proved to be a
lengthy and costly endeavor. These diseases have come to be
recognized as more heterogeneous than previously thought,
suggesting that it is unlikely that a single solution will be
effective for all patients diagnosed under the same disease clas-
sification. Therefore, new and creative approaches must be
sought out through the identification of novel mechanisms.
A range of novel therapeutics would potentially benefit any
patient with a neurodegenerative disorder whose condition is
influenced by GALC insufficiency. Researchers for Krabbe’s
disease are rapidly developing a wide variety of promising
therapeutic strategies that includes enzyme replacement
therapy, substrate reduction therapy, chemical chaperone
therapy, and gene therapy, not to mention the current best
practice for the treatment of GALC deficiency, hematopoi-
etic stem cell transplantation. Additionally, a connection
between Krabbe’s disease and late-onset synucleinopathies
would open the door for powerful new biomarkers for
identifying subsets of patients at risk for the development of
Parkinson’s or, possibly, other synucleinopathies.
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Commentary

Port-to-Port Delivery: Mobilization of
Toxic Sphingolipids Via Extracellular
Vesicles

Giuseppe Scesa, Ana Lis Moyano, Ernesto R. Bongarzone, and Maria I. Givogri*

Department of Anatomy and Cell Biology, College of Medicine. University of Illinois at Chicago,
Chicago, Illinois

The discovery that most cells produce extracellular
vesicles (EVs) and release them in the extracellular milieu
has spurred the idea that these membranous cargoes
spread pathogenic mechanisms. In the brain, EVs may
have multifold and important physiological functions, from
deregulating synaptic activity to promoting demyelination
to changes in microglial activity. The finding that small EVs
(exosomes) contain a-synuclein and b-amyloid, among
other pathogenic proteins, is an example of this notion,
underscoring their potential role in the brains of patients
with Parkinson’s and Alzheimer’s diseases. Given that they
are membranous vesicles, we speculate that EVs also
have an intrinsic capacity to incorporate sphingolipids. In
conditions under which these lipids are elevated to toxic
levels, such as in Krabbe’s disease and metachromatic
leukodystrophy, EVs may contribute to spread disease
from sick to healthy cells. In this essay, we discuss a work-
ing hypothesis that brain cells in sphingolipidoses clear
some of the accumulated lipid material to attempt restoring
cell homeostasis via EV secretion. We hypothesize that
secreted sphingolipid-loaded EVs shuttle pathogenic lipids
to cells that are not intrinsically affected, contributing to
establishing non-cell-autonomous defects. VC 2016 Wiley

Periodicals, Inc.

Key words: extracellular vesicles; exosomes; b-amyloid;
a-synuclein; tau; lysosomes; autophagy; sphingolipidosis

The traditional view of pathogenesis in sphingolipido-
ses is that cellular defects arise from signaling deregulation
produced by the local accumulation of lipid material and
lysosomal defects in the cell, where the deficiency manifests
(i.e., cell-autonomous defects). However, a growing body
of evidence is showing that non-cell-autonomous defects
also occur, stemming from aberrant environmental signaling
and/or abnormal cell-to-cell interactions. The release of
molecules to the extracellular milieu via vesicular secretion
is an exciting and underestimated mechanism to elicit non-
cell-autonomous alterations in the homeostasis or physio-
logical state of the receiving cell (Tkach and Thery, 2016).
The finding that many of the accumulated lipid substrates

in sphingolipidoses circulate in the plasma and cerebrospinal
fluid (CSF) of affected patients underscores the possibility of
alternative and potentially complementary pathogenic
mechanisms in the context of disease. In general, lipids cir-
culate bound to carrier proteins such as serum albumin and
various lipoproteins (Green and Glickman, 1981). How-
ever, lipids are key components of the membrane and the
lumen of EVs, with a particular distribution according to
their biogenesis (Record et al., 2011). EVs are known to
contain an array of different signals from miRNAs,
mRNA, to proteins and are thought to participate in basic
cellular functions without the need for cell-to-cell contact
(Record et al., 2014). EVs are produced by direct budding
from the plasma membrane or via the formation of mem-
branous multivesicular bodies (MVB). Their secretion into
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the extracellular milieu occurs as intact nanosized vesicles.
This property may add an additional and relevant role for
EVs in the pathogenesis of sphingolipidoses, leading us to
hypothesize that in sphingolipidoses, neural cells promote release
of EVs to clear some of the accumulated lipids to restore cell homeo-
stasis; under these pathological conditions, sphingolipid-loaded EVs
become shuttles that spread and transfer pathogenic lipids to cells
that are not intrinsically affected, contributing to non-cell-
autonomous deficits.

EVs: MOLECULAR VEHICLES FOR CELL-TO-
CELL COMMUNICATION

Because of the current limited consensus on the
techniques to isolate microvesicles and exosomes, this
Commentary refers to these types of vesicles as EVs.

Biogenesis

Various types of EVs have been described depending
on their biogenesis, intracellular origin, and biochemical and
biophysical properties (Stoorvogel et al., 2002; Thery et al.,
2002; Colombo et al., 2014). Microvescicles (MVs) are a
heterogeneous class of EVs sized 100–1,000 nm, originated
by outward budding of the plasma membrane (Colombo
et al., 2014). Their biogenesis occurs in lipid rafts or lipid
rafts-like portions of the plasma membrane, although their
synthesis still remains unclear (Del Conde et al., 2005). MVs
are loaded with different kind of molecules, including recep-
tors, proteins, genomic material and lipids, being able to
shuttle to different target cells (Basso and Bonetto, 2016).
Intriguingly, the release of MVs can be trigger by a direct
stimulus received by the donor cells, including Ca21, phor-
bol ester and ATP (Bianco et al., 2005; Baj-Krzyworzeka
et al., 2006). This suggests that the process of MVs release is
not stochastic but rather subject to regulation. This regula-
tion may be key to control intercellular trafficking, with
potentially important effects during development.

At the other end, exosomes are small EVs with a
diameter between 20 and 150 nm that are actively secreted
by most cell types. They are generated in the endosomal
pathway from intraluminal vesicles (ILVs) formed by
inward budding of endosomes membranes. During this
process, ILVs can acquire various types of molecules,
including receptors, proteins, miRNA, RNA, DNAs and
lipids, becoming true shuttles for multiple signaling mole-
cules. The release of ILVs inside endosomes generates
MVBs, which can be routed to lysosomes for degradation
or fused with the plasma membrane for the release of their
content (i.e., exosomes) to the extracellular milieu. MVBs
are components of the lysosomal–endosomal system, so
lysosomal dysfunction in LSDs could promote an increase
in exosomal secretion. Once secreted, exosomes, it is
believed, can be taken up by neighboring cells or mobilized
to circulating fluids (Fevrier and Raposo, 2004; Caby et al.,
2005; Thery et al., 2006; Valadi et al., 2007; Colombo
et al., 2014). The mechanism(s) of exosomes import into
cells is still unclear, but it appears to include membrane
fusion and receptor-assisted endocytosis (Feng et al., 2010;
Plebanek et al., 2015; Soares et al., 2015). Exosomes have

biological functions for significant periods of time (Stoor-
vogel et al., 2002; Fevrier and Raposo, 2004; Valadi et al.,
2007; Wood et al., 2011; Hurley and Odorizzi, 2012;
Raposo and Stoorvogel, 2013; Record et al., 2014).

Composition

EVs are structurally and chemically heterogeneous,
and their formation is a complex process that involves
enrichment in proteins and lipids. Certain proteins such as
Alix, Rabs, and CD63 are highly enriched in small EVs
and considered exosomal markers (Duijvesz et al., 2011;
Hurley and Odorizzi, 2012). Many proteins are sorted
into exosomes via the endosomal-sorting complex
required for transport (ESCRT), which is fundamental to
recognizing specific proteins and catalyzing their loading
into ILVs (Record et al., 2014). ESCRT-independent
protein sorting mechanisms have also been described for
incorporation of detergent-resistant protein complexes
(Record et al., 2014). Other proteins are sorted by lipid
affinity, which involves the clustering of tetraspanins into
specialized domains of the endosomal membrane. These
clusters, named tetraspanin-enriched membrane domains
(TEMs), act as a sorting machinery to load selectively pro-
teins such as integrins, growth factors and MHC class II
molecules into exosomes (Perez-Hernandez et al., 2013).
TEMs are characterized by the presence of gangliosides
and cholesterol and share some analogies with lipid rafts
(Le Naour et al., 2006; Yanez-Mo et al., 2009).

During their biogenesis, exosomes also undergo
lipid changes. For example, sphingomyelin, phosphatidyl-
choline, phosphatidylethanolamine, and cholesterol are
enriched and their molar content increases during matura-
tion of the exosomes membrane into MVBs (Carayon
et al., 2011; Record et al., 2014). Cholesterol also con-
tributes in the selection of cargo proteins by affecting the
sorting of tetraspanin CD82 to exosomes (Xu et al., 2009)
and facilitates their release (Strauss et al., 2010). Many lip-
ids are important not only for exosomes biogenesis but
also for sorting cargoes. For example, ceramides act syn-
ergistically with sphingomyelin and cholesterol in a raft-
like manner, promoting the release of exosomes and
affecting their functions (Trajkovic et al., 2008; Wang
et al., 2012). This correlation was clearly shown by Wang
and coworkers (2012) in an in vitro model of Alzheimer’s
disease. In this work, the exogenous administration of
ceramide and amyloid peptides in nSMase2-deficient
astrocytes caused an increase in exosome release, able to
induce apoptosis in recipient cells.

Function

EVs were originally considered as debris vesicles for
the clearance of unwanted plasma membrane components
during reticulocyte maturation (Johnstone and Ahn,
1990; Johnstone et al., 1991). However, EVs are currently
considered functional vesicles that mediate intercellular
communication without the need for cell-to-cell contact.
Their high stability in the extracellular space makes EVs
important players in paracrine and endocrine
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communication (Chen et al., 2012; Ramachandran and
Palanisamy, 2012). Moreover, the presence of mRNA and
miRNA inside exosomes cargo confers upon them the abil-
ity to regulate transcriptional activity and even lead to
reprogramming of recipient cells (Ratajczak et al., 2006).
Because of their properties of conveying information
between cells (Fig. 1A), EVs are also involved in regulating
complex processes, including inflammation, in which they
exhibit both pro- and anti-inflammatory properties (Thery
et al., 2009); angiogenesis (Gai et al., 2016); metastasis
(Skog et al., 2008; Bobrie et al., 2012; Peinado et al., 2012;
Hoshino et al., 2013) and axonal regeneration (Rajendran
et al., 2014; Lopez-Leal and Court, 2016). Moreover, the
fact that EVs contain bioactive lipids positions them as able
to affect the lipid metabolism of recipient cells (i.e., the cells
that take up exosomes from the extracellular milieu), caus-
ing secondary non-cell-autonomous alterations (Prinetti
et al., 2011; Record et al., 2014).

Toxicity from EV release might not only affect the
tissue(s) of origin but also be exerted on several other tis-
sues. For this long-range toxicity to be accomplished, EVs
from nerve tissue have to overcome the blood–brain bar-
rier (BBB) and then reach the circulatory system. EVs are
well known to cross the BBB, potentially increasing the
number of target tissues. As shown by several studies,
exosomes can reach and successfully deliver their content
in the central nervous system after systemic administration
(Alvarez-Erviti et al., 2011; Zhuang et al., 2011; Haney
et al., 2015). This ability, which could be useful for deliv-
ering drugs to sensitive targets such as the brain, might
also represent a pharmacological target to reduce the
long-range effects of the accumulation of toxic molecules.

EVs: SHUTTLING TOXINS WITHIN THE
NERVOUS SYSTEM?

The physiological role of EVs in the normal CNS is
still largely unclear, primarily because of the difficulties in
measuring in vivo dynamics parameters for these vesicles in
the living brain. The finding of myelin components such as
proteolipid protein, galactocerebrosides, sulfatides, and cho-
lesterol in EVs has led to the proposal of their participation
in coordinating myelination (Kramer-Albers et al., 2007)
and in communication with other neural cell types, includ-
ing microglia and neurons (Kramer-Albers et al., 2007;
Bakhti et al., 2011; Fruhbeis et al., 2012, 2013; Budnik
et al., 2016). Furthermore, MVBs were identified in the
adaxonal cytoplasmic compartment of myelinated axons,
supporting a role in transferring information between myeli-
nating cells and axons and potentially during demyelination
(Fruhbeis et al., 2013). EVs may play similar functions, com-
municating different neural types in the healthy brain with-
out the need for cell-to-cell contact (Fig. 1A).

The role of EVs in neurodegenerative conditions is
far less clear. LSDs, mitochondrial disorders and late-onset
disorders such as Alzheimer’s and Parkinson’s diseases
may have involvement of EVs. LSDs arise from genetic
mutations impairing key enzymes for lysosomal degrada-
tion of lipids (Schulze and Sandhoff, 2011). Despite their

genetic origins, LSDs show a large spectrum of clinical
phenotypes, depending on the kind of substrate(s) and the
type of cells in which they accumulate. In sphingolipido-
ses, in general, a lysosomal enzyme responsible for the
degradation of a particular sphingolipid is deficient, caus-
ing the accumulation of the lipid over time, lysosomal
dysfunction and eventually cell death (Futerman and van
Meer, 2004; Platt, 2014). In various LSD pathologies, the
storage of one particular lipid might cause a secondary
accumulation of others lipids (Futerman and van Meer,
2004), resulting in additional toxic effects. Furthermore,
alterations in lipid profiles caused by LSDs could affect
raft-dependent signaling and the endocytic pathway,
reflected in alterations of cellular homeostasis (Simons and
Gruenberg, 2000).

In addition to classic LSDs, mitochondrial dysfunction
deeply affects lipid trafficking and lysosomes activity, alter-
ing lysosomal calcium levels and autophagosome–lysosome
fusion, leading to LSD phenotypes (Baixauli et al., 2015).
Alterations in mitochondrial activity contribute to periph-
eral neuropathies, with pain, sensory loss, and muscle weak-
ness, such as in diabetes (Fernyhough et al., 2010) or to
Charcot Marie Tooth neuropathy (Niemann et al., 2006)
and to maladaptive responses in myelinating cells such as
Schwann cells, via the endoplasmic reticulum and unfolded
protein response (UPR; Pennuto et al., 2008; Lin and
Popko, 2009). These conditions lead to demyelination and
axonal degeneration, with alteration in lipid metabolism
such as acylcarnitines (Viader et al., 2013).

The role of EVs in these disorders has received lim-
ited attention. Our interest in EVs as pathogenic contrib-
utors in LSDs arose from recent work on late-onset
pathologies. Most of the evidence favoring a pathogenic
role for EVs stems from studies of toxic amyloid proteins
in late-onset (adult) neurodegenerative disorders, includ-
ing Alzheimer’s and Parkinson’s diseases. Many of these
adult neurodegenerative disorders are characterized by the
progressive accumulation of intracellular and extracellular
deposits of insoluble material (b-amyloid, a-synuclein,
tau) (Cai et al., 1993; Serpell et al., 2000; Murakami
et al., 2002). The mechanism(s) involved for the deposi-
tion of these proteins is still controversial, because most of
these pathologies are largely idiopathic (Chin-Chan et al.,
2015; Volta et al., 2015). These conditions are almost
invariably affected by a progressive spreading of insoluble
material, with spreading patterns remarkably similar
among patients (Braak et al., 1993; Braak et al., 2003;
Guo and Lee, 2014). Various possible mechanisms have
been discussed to explain the spreading pattern, including
axonal transport, fluid phase and EV mobilization (Roy
et al., 2005). In support of the latter, b-amyloid, a-synu-
clein, tau and PrPsc have been found in EVs derived from
cellular models of Alzheimer’s, Parkinson’s and prion dis-
eases (Rajendran et al., 2006; Emmanouilidou et al.,
2010; Saman et al., 2012; Danzer et al., 2012; Loov et al.,
2016). The release of a-synuclein from induced pluripo-
tent stem cell-derived neurons from Parkinson’s disease
patients carrying a deficiency for glucocerebrosidase (Fer-
nandes et al., 2016) has been linked to autophagosome
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activity inefficient to degrade this protein, reinforcing the
potential link among deficient degradation pathways,
accumulation of amyloid-like proteins and an increase in
EV release.

Even though EV cargoes are representative of the
metabolome status of the parental cell, the mechanism by
which such pathogenic proteins are sorted into EVs is still
unclear. Although solid evidence is still missing, ESCRT-
independent sorting of high-order oligomers (i.e., amyloid-

like proteins) might be a contributing mechanism (Fang
et al., 2007). Even less known is how EVs carrying toxic
amyloids can diffuse in the brain and be internalized to
other neurons following a specific pattern. If this process
contributes to spreading of disease, several important aspects
have to be investigated, including the heterogeneity of
EVs, their internalization mechanism(s), and how EVs may
recognize specific cell types for internalization. We specu-
late that EV secretion of amyloidogenic proteins may be

Fig. 1. Potential role of EVs in the spreading of toxic sphingolipids in
sphingolipidoses. A: In this model of general EVs mobilization,
vesicles secreted by neurons and glial cells could potentially transfer
pathological molecules into the cerebrospinal fluid (CSF) and across
the blood–brain barrier (BBB), into the general circulation, with the
possibility of transferring information to peripheral organs and tissues.
Similarly, systemic EVs produced outside the central nervous system
might potentially transfer information to resident central cells. B: In
this model of EV-mediated transfer of toxic sphingolipids, lysosomal
dysfunction elicits the accumulation of a particular sphingolipid, “X”,

in those cells that actively synthesize that sphingolipid. This accumula-
tion elicits cell-autonomous defects that interfere with cellular func-
tions/structures (i.e., myelin, synapses, microglia). Affected cells may
also secrete some of the accumulated sphingolipid “X” to the extracel-
lular milieu via EVs. Secreted vesicles are internalized in nonaffected
cells via membrane fusion, endocytosis, and lipid-raft-mediated endo-
cytosis. Transfer of these “toxic” EVs may induce a “bystander effect,”
inducing non-cell-autonomous dysfunction. EVs, extracellular vesicles;
LE, late endosomes; MBVs, multivesicular bodies; PM, plasma mem-
brane; PNS, peripheral nervous system; ECM, extracellular matrix.
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part of a neuronal mechanism to reduce and isolate toxic
molecules within affected amyloid-producing neurons, by
promoting their removal through secretion to the extracel-
lular space. Therefore, EV mobilization of toxic proteins to
the extracellular milieu and eventual uptake by other cells
may function as a “prion-like” spreading mechanism, pro-
moting both short- and long-range toxicity, protein dereg-
ulation, and/or changes in cellular homeostasis in neighbor
cells. Growing evidence has shown that amyloid aggregates
induce neurodegeneration in mice by promoting the for-
mation of neurofibrillary tangles (Gotz et al., 2001), sup-
porting the general idea of “disease spreading” mechanisms.

On the other hand, a pathogenic role of EVs in
sphingolipidoses is largely unknown. Under physiological
conditions, most cells, and neurons in particular, over-
come toxic accumulation of substances by increasing the
rate of lysosomal degradation and autophagy (Rothenberg
et al., 2010). LSDs show an increase in lysosomal exocy-
tosis (Klein et al., 2005; Park et al., 2016) and altered cal-
cium homeostasis (Segatori, 2014), conditions that favor
EV secretion. Release of EVs from defective cells could
facilitate the relocalization and concentration of unde-
graded lipid material into the extracellular milieu and,
subsequently, promote long-range toxicity via bystander
cellular stress mechanisms (Platt, 2014; Fig. 1B).

Although very little is known about the presence of
specific sphingolipids in EVs, recent studies from our lab-
oratories are starting to reveal aspects associated with EV
secretion in sphingolipidoses. Sphingolipids such as sulfa-
tides and psychosine, which are accumulated in meta-
chromatic leukodystrophy (MLD) and Krabbe’s disease,
respectively, and are highly enriched in brain lipid rafts
(White et al., 2009; Moyano et al., 2014), are good exam-
ples of potentially EV-released neurotoxic lipids. For
example, we showed that increased sulfatides in MLD
neural precursors parallels the secretion of higher levels of
PDGFRa, a key regulator of oligodendroglial prolifera-
tion and survival (Pituch et al., 2015). A direct role for
sulfatides in this effect is under investigation (Moyano and
Givogri, unpublished), but sulfatides have been found in
EVs secreted by mature oligodendrocytes (Kramer-Albers
et al., 2007). Ongoing studies on psychosine secretion
also underscore a role for EVs in the metabolism of this
lipid in the Krabbe’s disease brain (Scesa and Bongarzone,
in preparation).

Transfer of toxic sphingolipids such as sulfatides and
psychosine to unaffected cells (i.e., cells that do not syn-
thetize these lipids) may lead to aberrant pathogenic
effects such as axonal death (Smith et al., 2011), transport
deficiencies (Cantuti Castelvetri et al., 2013), or micro-
glial activation (Ijichi et al., 2013; Fig. 1B). The finding
that sulfatides and psychosine are present in human
plasma, serum and CSF (Fredman et al., 1992; Sugiyama
et al., 1999; Tarkowski et al., 2003; Li et al., 2007; Zhu
et al., 2012; Moyano et al., 2013; Zanfini et al., 2013;
Haghighi et al., 2013) reinforces the possibility of long-
range spreading of toxins via mobilized EVs.

Assessing the validity of this hypothesis will require
not only detecting the presence of the candidate toxic

lipids in EVs but also (and critically) confirming its ability
to generate a toxic response after EV uptake by recipient
cells. Such an approach provided evidence for the transfer
of superoxide dismutase and catalase from oligodendro-
cytes to neurons through EVs in an in vitro model of cere-
bral ischemia (Frohlich et al., 2014). The availability of
labeling techniques for reporting the localization of spe-
cific molecules may facilitate these analyses. Labeling lip-
ids using fluorophores such as Bodipy or fluorescent lipid
analogues may allow for imaging analyses of EV dynam-
ics, with the caveat that such derivatives may introduce
alterations in membrane behavior and affecting the release
and/or uptake of EVs (Carquin et al., 2016). The use of
reporter genes may also help in tracking EVs delivery.
Zomer and coworkers (Zomer et al., 2016) developed a
protocol that relies on the expression of Cre recombinase
by exosome-donor cells, facilitating the identification of
secreting vs. receiving cells.

CONCLUSIONS

EVs have the intrinsic capacity for cell-to-cell communi-
cation. We speculate that EVs may be important media-
tors of brain toxicity by shuttling undegraded material in
conditions under which lysosomal degradation is defi-
cient, such as in sphingolipidoses and other LSDs. EV
secretion may play important roles in relevant pathophys-
iological processes, including synaptic dysfunction, demy-
elination, axonal damage, microglial activation and/or
astrogliosis (Fig. 1B). Advancing the study of these
vesicles is needed to understand better their role in neuro-
degenerative diseases and in the healthy nervous system
and to determine whether they represent a therapeutic
target (Baixauli et al., 2015).
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Neuroinflammation, activation of innate immune compo-
nents of the nervous system followed by an adaptive
immune response, is observed in most leukodystrophies
and coincides with white matter pathology, disease pro-
gression, and morbidity. Despite this, there is a major gap
in our knowledge of the contribution of the immune sys-
tem to disease phenotype. Inflammation in Krabbe’s dis-
ease has been considered a secondary effect, resulting
from cell-autonomous oligodendroglial cell death or mye-
lin loss resulting from psychosine accumulation. However,
recent studies have shown immune activation preceding
clinical symptoms and white matter pathology. Moreover,
the therapeutic effect underlying hematopoietic stem cell
transplantation, the only treatment for Krabbe’s disease,
has been demonstrated to occur via immunomodulation.
This Review highlights recent advances in elaboration of
the immune cascade involved in Krabbe’s disease. Mech-
anistic insight into the inflammatory pathways participat-
ing in myelin and axon loss or preservation may lead to
novel therapeutic approaches for this disorder. VC 2016
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Periodicals, Inc.
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Leukodystrophies are the most common cause of
pediatric neurodegeneration, associated with profound
childhood morbidity and mortality and resulting in signif-
icant emotional and financial burden on families and soci-
ety (Kohlschutter and Eichler, 2011). Although white
matter degeneration is a common feature of these disor-
ders, the activation of the CNS’s innate immune response
is also observed in most leukodystrophies and coincides
with white matter pathology, disease progression, and
morbidity (Vitner et al., 2010). Despite this, there is a
major gap in our knowledge of the contribution of the
immune system to disease phenotype. Krabbe’s disease
(KD), a leukodystrophy caused by an enzymatic defect in
lysosomal galactocerebrosidase (GALC), presents in the

most severe infantile form by 6 months of age, followed
by death at 2 years of age (Wenger, 1997). This Review
refers to neuroinflammation as inflammation characterized
by reactivation of resident CNS innate immune cells
(microglia) and astrogliosis, which has been previously
used to describe aspects of KD pathophysiology (Snook
et al., 2014; Hawkins-Salsbury et al., 2015; Lin et al.,
2015). It is important to note that there is no clear con-
sensus on the definition or application of the term neuroin-
flammation with regard to neurodegenerative or lysosomal
storage disorders. Some researchers draw a distinction
between immune-driven pathology in the brain (i.e., as
seen in multiple sclerosis) and innate immune cell activa-
tion in the brain (Graeber, 2014), whereas others suggest
dividing neuroinflammation between innate immune-
driven and adaptive immune-driven neuroinflammation
(Heppner et al., 2015). Nevertheless, it is clear that
inflammation within the nervous system is a defining
characteristic of KD. One of the earliest clinical
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manifestations (Heppner et al., 2015) of the KD pheno-
type is fever of unknown origin, which is indicative of
the release of pyrogenic cytokines as part of an innate
immune response. A pathologic hallmark of KD, first
described by Danish neurologist Knud Krabbe, is the
presence of phagocytic multinucleated (globoid) cells in
the brain (Krabbe, 1916). The CNS of patients as well as
that of all animal models exhibits robust astrogliosis,
microglial activation, and macrophage recruitment
(Wenger, 2000). Although it has been proposed that
death of oligodendrocytes and the resulting demyelination
trigger the neuroimmune response, recent studies that
examined early pathology clearly demonstrated neuroin-
flammation preceding changes in or loss of myelin (San-
tambrogio et al., 2012; Potter et al., 2013), with reactive
microglia detected in advance of reactive astrocytes
(Snook et al., 2014). The trigger of inflammation is still
not known; however, myelinating cells are particularly
rich in GALC substrates and are thus predicted to be the
primary cells responsible for initiating pathological
changes in KD. This Review seeks to introduce impor-
tant neuroimmune mechanisms that occur within KD.
We summarize the current understanding of neuroinflam-
mation in KD animal models and potential mechanisms
that initiate inflammation and highlight interventions that
modulate neuroinflammation and disease progression. By
emphasizing the central role of neuroinflammation in
KD, we hope to generate interest in exploring new thera-
pies that target inflammation for the treatment of this pro-
gressive and devastating disease.

NEUROINFLAMMATION IN ANIMAL
MODELS OF KD

Disease-causing mutations in GALC have been described
for several species, including cat (Johnson, 1970; Sigurd-
son et al., 2002), dog (Wenger et al., 1999), monkey
(Baskin et al., 1998; Wenger, 2000), sheep (Pritchard
et al., 1980), and mouse (Duchen et al., 1980; Kobayashi
et al., 1980; Luzi et al., 2001; Potter et al., 2013; Matthes
et al., 2015). With the exception of the murine models,
analysis and description of histology are performed at the
end stages of the disease (Wenger, 2000). As such, critical
examination of disease progression is lacking. Neverthe-
less, common end-stage findings among all animal models
are inflammatory markers that identify reactive microglia,
astrogliosis, and accumulation of distinctive periodic acid-
Schiff (PAS)-positive globoid cells. Globoid cells are large
multinucleated cells that are often round or oval. The ori-
gin of globoid cells and their formation are under investi-
gation. Because macrophages turn PAS positive when
they phagocytose galactosylceramide, it had initially been
proposed that globoid cells are infiltrating monocyte-
derived macrophages (Austin and Lehfeldt, 1965). On the
other hand, microglia exposed to psychosine transform
into globoid cells in vitro, whereas macrophages do not
(Ijichi et al., 2013; Claycomb et al., 2014a,b). Curiously,
application of psychosine can cause multinucleation of
U937 monocytes and HeLa, HL-60, and HepG2 cells

(Kanazawa et al., 2000), so whether endogenous accumu-
lation of psychosine within GALC-deficient microglia
transforms only microglia into globoid cells in vivo
remains to be determined. Globoid cells and mononuclear
macrophage and microglia are most often found in weakly
stained Luxol fast blue white matter tracts, indicating
innate immune activation within poorly myelinated axon
tracts. In addition to the white matter, PAS-positive mul-
tinucleated globoid cells and smaller mononucleated
PAS-positive macrophages are often concentrated around
blood vessels.

KD MOUSE MODELS UNCOVER EARLY
IMMUNE CELL ACTIVATION

The striking correlation between immune cell activation
and accumulation in areas of demyelination observed at
terminal stages of KD animal models suggests that neuro-
inflammation is a consequence of myelin loss or myelin
debris. However, recent studies have challenged this con-
jecture through careful examination of murine models of
KD for neuroimmune activation several weeks before
overt signs of myelin loss.

Several mouse strains contain disease-causing GALC
mutations, including twitcher (W332X), twi-5J (E130K),
and twitrs (H168C; Sakai et al., 1996; Luzi et al., 2001;
Potter et al., 2013). As expected, all exhibit marked neu-
roinflammation at terminal stages, including microglia and
astrocyte activation and macrophage infiltration. The
models differ in the extent of demyelination, with the
twi-5J model showing limited CNS demyelination even
at terminal stages compared with twitcher and twitrs. It
was, in part, the finding that neuroinflammation can be
robust in the absence of demyelination that led us to
examine earlier aspects of immune activation in the CNS
and PNS of twi-5J mice. Indeed, we observed the pres-
ence of reactive microglia and astrocytes within the fore-
brain of twi-5J mice as early as 2 weeks postnatally. Early
immune activation is not restricted to twi-5J. Remark-
ably, examination of twitcher hindbrain by immunohisto-
chemistry identified ionized calcium-binding adaptor
molecule-11 reactive microglia by 2 weeks of age (Snook
et al., 2014). Microglia activation was widespread by 3
weeks of age, with a significant increase in overall GFAP
immunoreactivity representing astrocyte reactivation.
Starting about 2 weeks of age and increasing by 3 weeks,
microglia formed discrete nodules that were surrounded
by hypertrophied astrocytes. By 5 weeks of age, nearly all
microglia appeared amoeboid in shape, and reactive astro-
cytes were no longer centered around microglial nodules.
These data indicate that microglia are activated first
within twitcher brain, followed by astrocytes, and that
eventually astrocyte reactivation is propagated beyond
microglial nodules (Snook et al., 2014; Fig. 1).

Innate immune signaling might occur before histo-
logic signs of microglia activation. Comparison of cyto-
kine or chemokine transcript expression from total
twitcher brain by qRT-PCR revealed significant increases
in Ccl2, Il1b, and Tnf at postnatal day (PND) 2 compared
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with controls (Santambrogio et al., 2012). TLR1 and
TLR2 expression is increased by 2 weeks and 3 weeks in
the hindbrain and forebrain, respectively (Snook et al.,
2014). By PND 20, immune-related genes Ccl3, Ccl5,
and Cxcl10 are elevated in the brain. Cytokine protein
assays have demonstrated that CXCL10 and CXCL1
expression are increased compared with controls by 3
weeks postnatally, and interleukin (IL)-6 and tumor
necrosis factor (TNF)-a are increased by 4 weeks in the
hindbrain (Snook et al., 2014). Thus, cytokine and che-
mokine expression is elevated in presymptomatic twitcher
mice and increases with disease progression.

MECHANISMS OF NEUROINFLAMMATION

Magnetic resonance imaging studies have indicated white
matter tract involvement at the time of diagnosis for
infantile KD (Loes et al., 1999). Histological sections
examined from a KD patient at autopsy contained active
inflammation at sites of demyelination, and, because of
this correlation, it was posited that oligodendrocyte death
causes demyelination, which initiates inflammation by
activating microglia and astrocytes, which in turn leads to
further demyelination and inflammation in a feed-forward
loop. In further support of this idea, activation of immune
cells followed a similar caudal-to-rostral gradient of
demyelination, with caudal CNS tissue, such as spinal
cord, exhibiting greater demyelination and inflammation
compared with forebrain (LeVine et al., 1994). However,
one must practice caution when predicting disease patho-
genesis from examination of end-stage diseased tissue
because it is difficult to discern cause and effect from a
terminal time point. Limited pathological examination of
KD fetuses revealed globoid cells in both developing axo-
nal tracts and myelinating tracts, which suggests inflam-
mation could be occurring before any signs of
demyelination or oligodendrocyte death (Martin et al.,
1981). Indeed, data from studies of twitcher and twi-5J
mice have clearly shown that gliosis occurs weeks before
any overt signs of oligodendrocyte dysfunction and that

twi-5J mice exhibit massive neuroinflammation without
oligodendrocyte death in the forebrain. Thus, it is likely
that neuroinflammation leads to oligodendrocyte dysfunc-
tion and death, which further excites innate immune
pathways, leading to runaway neuroinflammation. How-
ever, what triggers neuroinflammation?

TRIGGERS OF NEUROINFLAMMATION

GALC is ubiquitously expressed in most tissues, but most
of the disease processes occur within the nervous system.
Among the known GALC substrates expressed in the
nervous system (GalCer, LacCer, and psychosine), the
galactosphingolipid psychosine has been consistently
shown to accumulate in human patients and in animal
models of KD (Svennerholm et al., 1980; Whitfield et al.,
2001; Esch et al., 2003; Tominaga et al., 2004). Increase
in brain psychosine correlates with the appearance of cel-
lular markers of inflammation and amplified cytokine
expression (Santambrogio et al., 2012). Although high
levels of psychosine can be cytotoxic to myelinating cells,
its role in immune activation has not been established. It
is challenging to determine the cellular concentration of
psychosine in vivo because most measurements are per-
formed on homogenized tissue. Measured concentrations
vary widely from 10 to 1,000 pmol/mg of tissue, depend-
ing on the CNS or PNS tissue examined, with highest
concentrations typically found in the sciatic nerve (White
et al., 2009). The concentration of psychosine within a
cell is not known. Many studies that have examined the
effects of psychosine have relied on administration of
exogenous psychosine to cultured cells. Typically, no
effect is seen when less than 10 mM of psychosine is
added, but many affects have been noted at higher
concentrations, including apoptosis; disruption of
sphingosine-1-phosphate signaling; peroxisomal and
mitochondrial perturbations (Strasberg, 1986); and
changes in protein kinase C (PKC), TNF, interleukin-6,
inducible nitric oxide synthase, phosphoinositide 3-
kinase, prostaglandin D2 (PGD2), and 50-AMP-activated

Fig. 1. Model of innate immune response in KD. Loss of GALC enzymatic activity causes oligoden-
drocyte dysfunction (see also Fig. 2), which is sensed by microglia through an unknown mechanism
to trigger their reactivation. Reactive microglia release cytokines and other immune signaling mole-
cules that activate astrocytes and recruit peripheral leukocytes. Depending on the stage of the dis-
ease, reactive glia could provide either pro- or anti-inflammatory effects, and the actions of innate
immune signals influence disease progression.
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kinase expression or function (Strasberg, 1986; Ida et al.,
1990; Tanaka and Webster, 1993; Giri et al., 2002, 2006,
2008; Mohri et al., 2006; White et al., 2009). In addition,
exogenous psychosine can affect the function of mito-
chondria, reportedly by disruption of the electron trans-
port chain and mitochondrial membrane potential
(Strasberg, 1986; Haq et al., 2003) and peroxisomes
(Strasberg, 1986; Haq et al., 2006). However, psychosine
causes death of many cell types in culture with a
threshold-like dose–response curve, consistent with non-
specific detergent-like effects (Suzuki, 1998). Thus, over-
interpreting data generated from exogenous application of
psychosine can be misleading because the cellular
responses to administered psychosine likely differ from
the responses to endogenous (i.e., intracellular) psycho-
sine. Psychosine may act as a detergent within the cell,
but intracellular accumulation of psychosine, such as
through siRNA-mediated knockdown of GALC within
oligodendrocytes (Won et al., 2013), is a more physiolog-
ical demonstration of psychosine action than exogenous
administration. Although GALC is expressed by all CNS
cell types, whether microglia and astrocytes accumulate
psychosine at pathophysiological levels has not yet been
reported. Within myelinating cells such as oligodendro-
cytes and Schwann cells, psychosine accumulates in lyso-
somes and within membrane microdomains such as lipid
rafts (White et al., 2011). Thus, it is likely that lysosomal–
endosomal pathways, endocytosis, and membrane
receptor-mediated signaling could be progressively dis-
rupted as psychosine levels increase. Intracellular effects of
endogenous psychosine are poorly defined. From experi-
ments in which the effects of endogenous psychosine
accumulation were observed, it has been suggested that
psychosine can activate phospholipase A2, which, through
generation of the bioactive lipids lysophosphatidylcholine
and arachidonic acid, might activate cell death signaling
cascades or the generation of reactive oxygen species (Giri
et al., 2006; Won et al., 2013). In addition, changes in
sphingolipid metabolism caused by lysosomal dysfunction
can change the levels of sphingolipid metabolites, such as
ceramide, ceramide-1-phosphate, and sphingosine-1-
phosphate, which are important signaling molecules in
inflammation (Maceyka and Spiegel, 2014). Additional
research into cellular pathways modulated by endogenous
psychosine is required to address its mechanism of action.

Data from recent research indicate that microglia are
reactive very early in the progression of mouse models of
KD (Snook et al., 2014). Microglia are the innate
immune cells within the CNS and are constantly sensing
their environment for signs of dysfunction. They can
have both proinflammatory and anti-inflammatory
actions, and the activation state of microglia is influenced
by unknown mechanisms during disease progression
(Saijo and Glass, 2011). A characteristic of KD is demye-
lination, but demyelination is a very late process in oligo-
dendrocyte dysfunction. Earlier processes of dysfunction
within GALC-deficient oligodendrocytes could lead
to activation of microglia through contact-dependent or
-independent mechanisms (Fig. 2).

The presence of psychosine or perturbations in lipid
composition within myelin membranes because of GALC
dysfunction could influence the normal expression of cell
surface receptors or membrane-associated signaling mole-
cules (White et al., 2009, 2011). In particular, levels of
membrane-associated PKC are reduced in twitcher cells
(White et al., 2009, 2011). PKC is involved in many dif-
ferent signaling cascades and regulates myelin gene
expression and process formation within oligodendrocytes
(Asotra and Macklin, 1993; Oh et al., 1997). Cell mem-
brane perturbations could also be directly sensed by
microglia, leading to their reactivation. For example,
CD200 is a surface molecule expressed by oligodendro-
cytes that maintains microglia in a resting, inactive state
(Barclay et al., 2002; Peferoen et al., 2014). Changes in
CD200 localization or expression could lead to microglial
reactivation. CD47, expressed within oligodendrocyte
myelin, regulates the immune response by microglia.
Binding of CD47 to its receptor, signal regulatory
protein-a, relays the “don’t eat me” signal and prevents
cells from being phagocytized by microglia (Jaiswal et al.,
2009; Han et al., 2012). Although it is currently specula-
tive, the role of surface molecules such as CD200 and
CD47 and oligodendrocyte cell membrane perturbations
in KD will be an informative avenue for future research.

Intracellular responses, likely influenced by GALC
mutations such as endoplasmic reticulum stress, oxidative
stress, metabolic disturbances, or production of misfolded
proteins, can lead to oligodendrocyte stress (Peferoen
et al., 2014), which could trigger an inflammatory
response. For instance, age- and region-dependent pat-
terns of metabolic disturbances within oligodendrocytes
correlate with microglia activation and neurodegeneration
(Meisingset et al., 2013). When stressed, oligodendrocytes
can release cytokines, such as CCL2, IL-6, IL-8, and

Fig. 2. Schematic of contact-dependent (2, 3) or secretory mechanisms
(1, 4) by which oligodendrocytes could activate microglia. Secretion
or exocytosis of accumulating metabolites, such as psychosine (1).
Changes in membrane microdomains or membrane-associated proteins
recognized by microglia (2). Intracellular changes caused by GALC
deficiency that affect membrane components, which activate microglia
(3). Secretion of immune-related molecules such as cytokines or
DAMPs (4). Microglial self-activation (5). DAMPs, danger associated
molecular patterns; psy, psychosine.
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IL-1b, which can recruit or reactivate microglia. After
reactivation, microglia becomes a major source of cyto-
kine and chemokine expression within KD brains. Nota-
bly, all these cytokines are elevated in KD or twitcher
tissue (Formichi et al., 2007; Luzi et al., 2009; Santambro-
gio et al., 2012). Danger-associated molecular patterns
such as ATP or TLR2 could be released by oligodendro-
cytes and act on microglia P2X7 or TLR receptors,
respectively. In support of this idea, TLR2 is upregulated
at 2 weeks of age in twitcher hindbrain, coincident with
morphological evidence of microglial activation (Snook
et al., 2014). Finally, it is also possible that GALC-
deficient microglia or astrocytes self-activate, but this
remains to be tested experimentally.

MODULATION OF NEUROINFLAMMATION
CHANGES KD PATHOLOGY

Hematopoietic Stem Cell/Bone Marrow
Transplantation

The only treatment currently available for KD is
hematopoietic stem cell transplantation (HSCT) with
bone marrow or umbilical cord blood before the onset of
symptoms (Escolar et al., 2005). HSCT can prolong sur-
vival in KD, leading to improvement in nerve conduction
studies in addition to transient arrest in CNS symptoms
(Escolar et al., 2005; McGraw et al., 2005). Survival is
prolonged for several years, but progressive neurological
degeneration continues. The mechanisms by which
HSCT prolongs survival are not known, but HSCT
experiments in twitcher mice resulted in decreased
expression of immune-related molecules such as Cxcl10,
Ccl2, Ccl3, Ccl4, and Ccl5 and delayed demyelination,
which was not explained by correction of GALC defi-
ciency (Wu et al., 2001; Siddiqi et al., 2006; Luzi et al.,
2009; Santambrogio et al., 2012). Thus, HSCT likely acts
to dampen neuroinflammation and thereby delay disease
progression.

Anti-Inflammatories

Daily treatment of twitcher mice (starting from
PND 10) with minocycline (a semisynthetic tetracycline
that inhibits microglia activation) or indomethacin (a
nonsteroidal anti-inflammatory) resulted in downregula-
tion of expression of Ccl3, Ccl5, Il1a, Cxcl10, and Tnf and
in partial reduction of macrophages and globoid cells in
brain tissues of treated twitcher mice. These changes in
inflammation strongly correlated with a delayed onset of
symptoms and significant, albeit modest, prolongation of
life span (Luzi et al., 2009). PGD2 signaling can influence
inflammation. Blockade of hematopoietic PGD synthase
(HPGDS), which is responsible for the production of
PGD2, in twitcher mice with an HPGDS inhibitor
resulted in significant suppression of astrogliosis and
demyelination and reduction in twitching and spasticity
(Mohri et al., 2006). Oligodendroglial apoptosis was also
reduced in twitcher mice treated with an HPGDS inhibi-
tor. Thus, PGD2 is a neuroinflammatory molecule that

amplifies the pathological response to demyelination in
twitcher.

Transgenic Mice

Twitcher/IL-6-deficient mice have a more severe
disease than regular twitcher mice. In particular, they
have an earlier onset of twitching, a greater number of
PAS-positive cells, an increased gliotic response around
vessels, an elevated level of TNF-a, and a compromised
blood–brain barrier (BBB). Thus, IL-6 deficiency causes
enhanced pathology in twitcher, suggesting that IL-6
plays a protective role in mouse models of KD (Ped-
chenko and LeVine, 1999).

The critical role of microglia and macrophages in
ameliorating twitcher disease pathology was demonstrated
by cross-breeding twitcher mice with osteopetrotic (Csf1op,
op) mice, which lack macrophages and have reduced
microglia activation (Kondo et al., 2011). Twitcher1op
mice have few microglia and macrophages in the white
matter and exhibit a more severe clinical phenotype com-
pared with twitcher mice. Twitcher1op double mutants
die significantly sooner than twitcher mice, with more
exacerbated neurological symptoms. The number of non-
myelinated axons in the spinal cord is significantly higher
in twitcher1op mice than in twitcher mice at 45 days of
age. The difference appears to be due to impaired remye-
lination in twitcher1op mice rather than accelerated
demyelination. The levels of psychosine do not correlate
with the severity of disease because psychosine levels in
twitcher1op mice were lower than those in twitcher.
Overall, these results indicate the beneficial actions of
microglia and macrophage to counteract demyelination
during twitcher disease progression.

TNF is an inflammatory cytokine that is robustly
elevated in twitcher CNS and PNS. Data from mouse
models of experimental encephalitis suggest that TNF
exerts its actions through the TNF-receptor 1 (TNF-R1)
in the brain. To evaluate the function of TNF signaling
in the brain, twitcher/TNF-R1-deficient mice were gen-
erated (Pedchenko et al., 2000). Contrary to expectations,
TNF-R1 deficiency failed to alter the clinical and patho-
logical course in twitcher, with no statistical evidence for
any differences between twitcher and twitcher/TNF-R1-
null mice for life span, weight loss, onset day of twitching,
demyelination, astrocyte gliosis, and macrophage infiltra-
tion. However, when challenged with lipopolysaccharide,
TNF-R1-deficient twitcher mice showed an exacerbated
response and increased breakdown of the BBB. Recent
clinical studies in patients treated with TNF antagonists
have indicated that TNF has more complex immune reg-
ulatory properties than previously considered (Van Hau-
wermeiren et al., 2011). Animal studies have shown that
TNF can exert immune-suppressive functions and that
interaction of TNF with TNF-R2 seems to play an
important role, in particular for the function of regulatory
T cells and myeloid-derived suppressor cells (Cope et al.,
1997; Chen et al., 2007, 2013; Sade-Feldman et al.,
2013). Thus, it is possible that TNF signaling via non-

Neuroimmune Mechanisms in Krabbe’s Disease 1345

Journal of Neuroscience Research



TNF-R1-mediated pathways might influence peripheral
immune signaling in twitcher disease pathology, which
could be tested via knockout of TNF or TNF-R2 in
twitcher mice or by the application of TNF antagonists to
twitcher mice.

Gene Therapy

Replenishment of GALC activity via viral-mediated
gene therapy is an attractive potential therapy for KD.
Indeed, different forms of gene therapy in twitcher have
yielded moderate, if temporary, success. Twitcher mice
provided with CNS-targeted adeno-associated virus 2/5
(AAV2/5):GALC gene transfer showed alleviation of
morphological and functional deterioration in the brain
but not in the spinal cord, with reduced axonopathy and
gliosis and significantly prolonged life span (Lin et al.,
2011). Similarly, cerebellum-targeted gene therapy with
AAV2/5:GALC corrected enzymatic deficiency by direct
transduction to Purkinje cells and cross-correction in
other cell types in the cerebellum, leading to the amelio-
ration of both neuroinflammation and demyelination (Lin
et al., 2015). Likewise, CNS-targeted lentiviral-mediated
transfer of GALC in neonatal twitcher mice resulted in
transitory reduction of psychosine levels and inflammation
and delay in pathology (Lattanzi et al., 2010). Administra-
tion of AAVrh10:GALC viral particles via intracerebro-
ventricular, intracerebellar, and intravenous injection in
neonatal twitcher mice resulted in GALC activity in
CNS, PNS, and some peripheral organs (Rafi et al.,
2012). In correlation with a significantly improved life
span and preserved myelination, reactive astrocytes and
microglia were dramatically reduced in treated twitcher
mice. Altogether, these experiments have demonstrated
that prolonged life span and reduced pathology mediated
by gene therapy are invariably correlated with reduced
inflammation. Notably, combination of bone marrow
transplantation with gene therapy prolongs life span even
better than each treatment alone, indicating that replace-
ment of GALC enzymatic activity is most effective when
accompanied by modulation of immunity (Rafi et al.,
2015).

FUTURE PROSPECTS

Similarly to most leukodystrophies, neuroinflammation in
KD was considered a late effect, resulting from oligoden-
drocyte death or myelin loss. However, recent research
with two different mouse models of KD have demon-
strated significant astrocyte and microglia reactivation and
cytokine elevations in advance of demyelination or oligoden-
drocyte loss (Santambrogio et al., 2012; Potter et al., 2013).
It is increasingly clear that neuroinflammation, triggered
by GALC dysfunction, is an early event in animal models
of KD pathogenesis. Understanding the cellular mecha-
nisms that trigger inflammation the primary cells that ini-
tiate and respond to the inflammatory stimuli and
identifying key immune signaling pathways involved in
disease progression are critical areas for future research.
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Globoid cell leukodystrophy (GLD, or Krabbe’s disease) is
a severe inherited neurodegenerative disease caused by
the lack of a lysosomal enzyme, GALC. The disease has
been characterized in humans as well as three naturally
occurring animal models, murine, canine, and nonhuman
primate. Multiple treatment strategies have been explored
for GLD, including enzyme replacement therapy, small-
molecule pharmacological approaches, gene therapy,
and bone marrow transplant. No single therapeutic
approach has proved to be entirely effective, and the rea-
son for this is not well understood. It is unclear whether
initiation of a neuroinflammatory cascade in GLD pre-
cedes demyelination, a hallmark of the disease, but it
does precede overt symptoms. This Review explores
what is known about the role of inflammation and the
immune response in the progression of GLD as well as
how various treatment strategies might interplay with
innate and adaptive immune responses involved in GLD.
The focus of this Review is on GLD, but these concepts
may have relevance for other, related diseases. VC 2016
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Globoid cell leukodystrophy (GLD) or Krabbe’s dis-
ease (KD) is a devastating neurodegenerative disease
caused by the deficiency of the lysosomal enzyme galacto-
cerebrosidase (GALC). It is a genetic disease inherited in
an autosomal recessive manner. Reduced GALC activity
leads to the accumulation of the cytotoxic metabolite psy-
chosine, resulting in demyelination from the apoptosis of
myelin-forming cells (Nagara et al., 1986; Taniike et al.,
1999). The pathological hallmarks of the disease include
rapid and complete loss of myelin and the oligodendro-
cytes, reactive astrocytic gliosis, and infiltration of unique
globoid cells (Suzuki and Suzuki, 1970). The incidence of
the most common infantile form is estimated to be
1:100,000 in the United States and northern Europe, and
in this case the symptoms appear before 6 months of age,
with irritability, spasticity and arrest of motor and mental
growth, which progress rapidly. These patients die at an
age of approximately 2 years (Wenger et al., 1997). The

clinical phenotype of the later-onset forms is highly vari-
able and associated with some residual GALC activity;
symptoms appear by approximately 10 years of age until
even after 40 years of age. As of now, the only approved
therapeutic intervention is hematopoietic stem cell
transplantation.

The genetic and biochemical basis and the subse-
quent neuropathology of classic GLD have been studied
in detail. The sequence, structure, and organization of the
human GALC gene have been determined, along with
many of the disease-causing mutations (Chen et al., 1993;
Luzi et al., 1995a,b,; Rafi et al., 1996; Wenger et al.,
1997; Deane et al., 2011). GLD is a member of a hetero-
geneous group of diseases called leukodystrophies, with pro-
gressive white matter degeneration, and, similar to many
leukodystrophies, the pathogenesis is attributed to sub-
strate accumulation. The enzyme GALC is a hydrolytic
enzyme localized in the lysosome, so GLD is considered
to be a lysosomal storage disease (LSD). Defective degra-
dation of two substrates, galactosylceramide and psycho-
sine, appears to play a critical role in two fundamentally
independent but closely interacting pathogenic mecha-
nisms (Suzuki, 2003). There is no abnormal accumulation
of galactosylceramide, but it is believed to elicit the infil-
tration of macrophages, which phagocytize the
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galactosylceramide and transform into the globoid cells in
the brain, one of the characteristic features of the disease
(Andrews and Menkes, 1970; Suzuki, 1970, 2003;
Jesionek-Kupnicka et al., 1997). The globoid cell forma-
tion is unique to GLD and requires further investigation
to elucidate its role in the pathogenesis. On the other
hand, there is abnormal accumulation of the cytotoxic
substrate psychosine, which causes the uniquely rapid
destruction of myelin-forming cells. It has been reported
that the psychosine mediates several of its toxic effects via
mitochondria, including inhibition of the electron trans-
port chain, loss of mitochondrial membrane potential,
alteration of oxidative phosphorylation, cytochrome c
release, and activation of caspases 3 and 9 (Tapasi
et al.,1998; Haq et al., 2003). Additionally, psychosine has
been reported to inhibit some pathways involved in cyto-
kinesis, which could account for the multinuclear cells in
GLD. Brain psychosine levels are considered to be closely
related to the severity of the disease. Also, early on,
researchers realized the extent and nature of the involve-
ment of immune and inflammatory components leading
to the severity of GLD. However, the role of the immune
system in limiting the efficacy of different therapeutic
approaches is still not understood. This Review focuses
on the importance of immune-related aspects in the path-
ogenesis of GLD and how this could impact the quest for
a comprehensive treatment. Immune-related complica-
tions of some treatment strategies are also discussed.

INNATE ROLE OF INFLAMMATION IN GLD

Most demyelinating diseases, including leukodystrophies
such as GLD and autoimmune diseases such as multiple
sclerosis, are associated with high levels of neuroinflam-
mation comprising activated microglia/macrophages and
in severe cases the infiltration of lymphocytes (Barrette
et al., 2013). In the strict definition, the term neuroinflam-
mation refers to immune-driven pathology within the cen-
tral nervous system, comprising of elevation in
proinflammatory cytokines and chemokines, activation of
macrophages, recruitment of leukocytes, and local tissue
damage (Estes and McAllister, 2014; Graeber, 2014).
However, for the purpose of this Review, we have used
the term loosely, if any of these processes are reported to
be present. GLD is unique in having several naturally
occurring animal models, some of them with well-
characterized mutations and histopathology. This includes
the most commonly used twitcher mouse (Duchen et al.,
1980; Kobayashi et al., 1980), terrier dogs (Fankhauser
et al., 1963; Fletcher et al., 1966; Suzuki and Suzuki,
1970) and rhesus monkeys (Baskin et al., 1989). Limited
numbers of reports describe the extent of neuroinflamma-
tion existing in these animal models of GLD. The extent
to which immune and inflammatory markers have been
studied in these models as well as KD patients are
reviewed below. When appropriate, parallels are drawn

from other leukodystrophies and demyelinating diseases
to illuminate further the potential roles of neuroinflam-
mation in GLD.

KD Patients

KD is characterized by progressive neurologic dete-
rioration starting in early childhood (infantile) or at later
(late infantile and adult onset). As stated above, KD
patients of all ages and clinical forms are deficient in
GALC activity, and the MRI data show severe white
matter disease. In the most acute infantile form, the symp-
toms start before 6 months of age and include irritability,
progressive stiffness, developmental delay, and death.
More than 140 disease-causing mutations and polymor-
phisms in the GALC gene have been identified (Wenger
et al., 2013). A 30-kb deletion (also referred to as 502T/
del) accounted for 40% of infantile GLD in populations of
European ancestry (Rafi et al., 1995; Wenger et al.,
2013). Approximately 10–15% of the GLD alleles in those
populations carry two point mutations (p.T513M and
p.Y551S; Kleijer et al., 1997; Wenger et al., 2013). Later-
onset GLD had been associated with another point muta-
tion denoted as T513M (Wenger et al., 2013). The diag-
nosis of the disease is based on the GALC activity in the
blood, followed by molecular and genetic analyses. The
state of New York has a mandatory screening for KD in
newborn babies, and several states are in the process of
implementing this approach (Orsini et al., 2016). The
deficiency of GALC leads to the presence of globoid cells
and psychosine accumulation. The accumulation of the
highly neurotoxic psychosine is considered to be critical
for the biochemical and pathogenic mechanisms of cell
death in KD patients.

Immunohistological autopsy studies of KD patients
by Itoh and coworkers (2002) revealed a severe decrease
in the number of oligodendrocytes immunoreactive for
myelin basic protein (MBP). Also, astrocytes immunopos-
itive for glial fibrillary acidic protein (GFAP) were
increased in both gray and white matter, with ramified
microglia immunoreactive for ferritin, CD68 (KP1), and
HLA-DRa were found in the demyelinated white mat-
ter. Some of them were also immunoreactive for vimen-
tin and/or tumor necrosis factor-a (TNF-a). These are
all markers for neuroinflammation. The globoid cell cyto-
plasma was negative for MBP, GFAP, leukocyte common
antigen (LCA/CD45), ubiquitin carboxy-terminal hydro-
lase L1 (UCHL1), intracellular adhesion molecule-1
(ICAM-1/CD54), and vascular cell adhesion molecule-1
(VCAM-1/CD106) but was positive for neural cell adhe-
sion molecule (NCAM). To summarize these findings,
the majority of the globoid cells stained positively for fer-
ritin and KP-1 but were negative for markers for oligo-
dendrocytes, astrocytes, or T lymphocytes. In this report
Itoh and coworkers concluded that their findings agreed
with one of the earliest studies that the globoid cells are
derived from the mesodermal macrophage-lineage cell
population based on the acid phosphatase activity and the
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absence of GFAP (Nelson et al., 1963). However, recent
in vitro data on the origins of globoid cells lean toward
the microglia as the parent cell type for the phagocytic
multinucleated cells (Ijichi et al., 2013; Claycomb et al.,
2014). The absence of expression of adhesion molecules
ruled out the hypothesis that small globoid cells could
gather, adhere, and transform into large globoid cells. This
also agreed with the reports suggesting the effect of psy-
chosine on the cytokinesis resulting in multinucleated cells.
Additionally, T lymphocytes immunoreactive for LCA,
UCHL-1 and CD3 were reported to be increased predom-
inantly around the vessels in the demyelinated white mat-
ter, indicating involvement of the adaptive immune system
in later stages as a result of immune-reactive microglia and
macrophages capable of antigen presentation.

Haq et al. (2003) reported the effect of psychosine on
different apoptotic pathways in human oligodendroglial in
vitro cultures, where it downregulated nuclear factor-jB and
upregulated JNK-AP1 signal transduction pathways, which
do have a significant influence on proinflammatory mole-
cules. Formichi et al. (2007) described the apoptotic cell death
and inflammatory activation caused by psychosine accumula-
tion in a group of KD patients. They used peripheral blood
cells from patients to look at the secretion pattern of inflam-
matory cytokines TNF-a, IL-8, and MCP-1 after exposure
to psychosine. The study showed higher TNF-a levels in
patient cells by ELISA compared with control peripheral
blood mononuclear cells (PBMCs). They argued that this
showed the presence of inflammatory processes in GLD.

It is well accepted that demyelination and inflamma-
tion have a cause–effect relationship or vice versa. This
link between demyelination and neuroinflammation has
been demonstrated for other diseases. In the case of inflam-
matory adrenoleukodystrophy (ALD), the destruction of
myelin is immunologically mediated where T lymphocytes
are located around vessels (Powers et al., 1992; Ito et al.,
2001). Powers et al. and Ito et al. provided evidence that
reactive astrocytes, macrophages, and T lymphocytes were
the most prevalent cellular elements and suggested that
cytokines, especially TNF-a, play an important role in
demyelination in ALD patients in a post mortem tissue
analysis. Their findings of the presence of CD44-
expressing cells and CD11 cells in the white matter indi-
cated the cytolysis of oligodendrocytes in ALD leading to
demyelination. In patients with another demyelinating dis-
ease, multiple sclerosis, the accumulation of amyloid pre-
cursor protein (APP), an indicator of axonal damage, was
correlated with the number of macrophages and CD81 T
lymphocytes (Bitsch et al., 2000). This further emphasizes
the interrelationship between neuroinflammation and
demyelination. Unlike the case in these demyelinating dis-
eases, direct involvement of the immune system in the
pathogenesis of GLD is still under debate. Data thus far are
insufficient to determine conclusively whether demyelin-
ation precedes or follows neuroinflammation.

There are obvious difficulties in studying the neuro-
inflammatory process in humans with GLD. The

availability of three animal models for GLD has been
invaluable in providing insights into this process.

Primate Model

The genetic, clinical, pathological, and biochemical
features of GALC-deficient rhesus monkeys have been
described (Luzi et al., 1997; Baskin et al., 1998). The ami-
no acid sequence is 97% identical to that of humans, 87%
identical to that of dogs, and 83% identical to that of
mice. The GALC activity measured in leukocytes and
cultured skin fibroblasts is very similar to that of KD
patients. The disease-causing mutation was identified as a
dinucleotide deletion in exon 4 resulting in a frameshift,
which introduces a premature stop codon later in the
sequence (Luzi et al., 1997). The clinical phenotype in
these animals is similar to infantile KD in human patients,
with symptoms appearing in the first 3–6 months of life
and death by 1–2 years of age. Histopathological exami-
nation of the affected macaques revealed moderate to
severe accumulation of globoid cells primarily in the
white matter of the brain, spinal cord, and optic nerves
and tended to cluster around blood vessels (Borda et al.,
2008). Additionally, the white matter was characterized
by gliosis and demyelination.

Borda et al. (2008) conducted a detailed immuno-
phenotypic characterization of the brain in the KD pri-
mates at humane endpoint in three animals (life span
varied from 52 days to 642 days), and this is the only
available literature on this topic in the primate model of
GLD. According to this report, the globoid cells in the
white matter demonstrated uniform immunoreactivity for
multiple monocyte/macrophage markers such as human
alveolar macrophage-56 (HAM56), CD68, CD163 and
LN5 (all macrophage/monocyte markers of varied/similar
lineage). There was stronger ionized calcium-binding
adapter 1 (Iba1) and weaker Glut-5 expression in globoid
cells. Among others, there were amoeboid microglia and
globoid cells expressing both CD68 and HLA-DR, indi-
cating that they are immune activated. Upon further
examination, intense expression of inducible nitric oxide
synthase (iNOS), which normally is upregulated when
activated by proinflammatory cytokines, was detected in
the white matter of KD-affected animals. In these experi-
ments, iNOS was colocalized with CD11b1, CD681,
and GFAP1 cells. Immunohistochemical staining for the
chemokine CCL2 (monocyte chemoattractant protein;
MCP-1) was detected throughout the demyelinated area,
and gene expression studies produced a statistically highly
significant �221-fold increase in CCL2 levels in KD-
affected macaque brains compared with normal macaque
brains. In addition, the gene expression of two prominent
proinflammatory cytokines, TNF-a and IL-1b, was also
significantly elevated in the affected brains. Molecules
such as TNF-a and iNOS are toxic to oligodendrocytes,
suggesting early involvement of an inflammatory process
in GLD demyelination and overall pathogenesis (Murphy
et al., 1993; LeVine and Brown, 1997).
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Canine Model

GLD has been reported in two closely related dog
breeds (Fankhauser et al., 1963; Fletcher et al., 1966),
West Highland white terriers and Cairn terriers. Clinical-
ly, the symptoms appear between the first and the third
months of age with weakness of the limbs and tremors
along with muscular atrophy and neurological degenera-
tion. The affected dogs may live until 8 or 9 months of
age, when the symptoms become severe and they reach
the humane endpoint. Pathological studies show the char-
acteristic globoid cells in the white matter along with
demyelination and astrocytic gliosis. Both the breeds have
severe deficiency of GALC activity (Victoria et al., 1996).
The 2,007-bp open reading frame is 88% identical to that
of humans. The disease-causing mutation was identified as
a missense mutation (Y158S). MRI findings for the affect-
ed dogs are identical to those in human patients with KD.
Histologically there are massive accumulations of globoid
cells in the white matter throughout the brain. Also, there
are areas of extensive gliosis and perivascular cuffs in the
white matter. Lipid analysis of the affected brains showed
great increases in the amount of psychosine.

Kurtz and Fletcher (1970) reported that in the
peripheral nervous system of the KD dogs severe demye-
lination was apparent along with axon degeneration.
Acute inflammatory cell infiltration did not occur in any
of the peripheral nerves, but mast cells seemed more
prominent in the endoneurium of affected nerves. Also
found in the endoneurium were large macrophages filled
with PAS-positive and LFB-positive material. Macro-
phages appeared to phagocytize myelin but were not able
to degrade it. The widespread peripheral neuropathy in
dogs affected with GLD suggested that myelinated nerves
of both the peripheral and the central nervous systems are
involved in this disease, and overall the dog model closely
mimics the human disease.

Yajima et al. (1977) reported the presence of dense bod-
ies, myelin figures, and concentric lamellar inclusions in oli-
godendroglia and apparent necrotic oligodendroglia in the
brains of GLD-affected dogs. Fletcher et al. (2010) reported
that the Australian kelpies affected with GLD showed pro-
gressive ataxia, tremors and paresis, and low leukocyte activity
of GALC. Image analysis of neurologic tissue showed the
characteristic globoid cells and substantial demyelination in
CNS and PNS, accompanied by microglial activation, astro-
cytosis, and axonal spheroid formation. The authors observed
large astrocytes with reactive features, including thick exten-
sive processes and increased size, in all regions of the brain of
affected dogs. Image analysis of cerebellum revealed a signifi-
cant increase in strongly GFAP-positive astrocytes.
Ubiquitin-positive axonal spheroids located distal to neuronal
somata were common in all regions of the brain and were
especially significant in the white matter. Large numbers of
activated microglia were observed in the RCA-1 lectin-
stained samples of cerebral cortex and cerebellum. In terriers,
also, histological data revealed severe loss of myelin and
decreased numbers of oligodendrocytes combined with astro-
gliosis (as seen with GFAP staining) and microgliosis (as

observed with Iba1 staining) in the brain (personal communi-
cation and abstract by Bradbury et al., 2016).

Murine Model

The mouse model for human GLD, twitcher, was
first described in two separate studies by Duchen et al.
and Kobayashi et al. in 1980. Since then it has been
extensively used to study various aspects of the disease
and to test therapeutic approaches. The twitcher mouse
has a naturally occurring G!A mutation in the GALC
gene on both alleles that gives rise to a premature stop
codon (W339X), resulting in a complete deficiency of
GALC activity (Sakai et al., 1996). In most literature this
has been described as a pathologically and enzymatically
authentic model of GLD. It has a severe clinical pheno-
type characterized by tremors and twitching, followed by
progressive hind limb weakness and death at approximate-
ly 35–40 days (Duchen et al., 1980; Kobayashi et al.,
1980).

Neuropathological examination of the brain of
twitcher mice revealed psychosine accumulation, pres-
ence of PAS-positive globoid cells, severe demyelination,
astrocyte gliosis, and a higher number of macrophages; as
in humans, the pathology is more advanced in the hind-
brain than in the cerebrum (LeVine et al., 1994). The
expression of GFAP is enhanced in both the CNS and the
PNS of the twitcher mouse compared to normal controls
(Kobayashi et al., 1986). Kobayashi et al. noted that
GFAP expression preceded the morphologic evidence of
demyelination and coincided with macrophage infiltra-
tion. This was reported for the unmyelinated Schwann
cells in the sciatic nerve and satellite cells in the trigeminal
ganglion as well as astrocytes in the CNS. Ohno and
coworkers (1993) reported that major histocompatibility
complex class II (MHC-II) or Ia antigens were detected
in both CNS and PNS of twitcher mice, mostly coincid-
ing with the start of demyelination. The majority of the
Ia1 cells were reported to contain the inclusions charac-
teristic of GLD. The authors reported that, between P30
and P45, L3T41 (CD41) cells were frequently found in
areas where Ia1 cells were found. Their numbers were
higher in the cerebral white matter, and they did not
express any of the macrophage markers, indicating that
they could be helper T cells. Also, the authors showed
the presence of IL-2R1 cells in twitcher brain and sciatic
nerve at P30. Higashi et al. (1992) also reported on the Ia
expression on macrophages (Mac11) in the twitcher
CNS. Conversely, knocking out the MHC-II gene in the
twitcher mouse model resulted in reduced CNS demye-
lination and microglial or macrophage infiltration (Matsu-
shima et al., 1994). This GALC- and Ia-deficient mouse
had a significant reduction in overall twitching, but there
was no significant improvement in survival, body weight,
or onset of tremors or paralysis. Overall, these studies sug-
gest that neuroinflammation begins concurrently with, or
slightly preceding, morphological evidence of
demyelination.
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Possibly establishing a causal relationship between
nervous system degeneration to later immune system dys-
function, it was found that autonomic denervation of pri-
mary and secondary lymphoid organs likely caused
progressive degeneration of those organs in twitcher
mice, leading to severe peripheral lymphopenia (Galbiati
et al., 2007). The broader implications of this are not
completely clear, but it supports the generally accepted
notion that the immune system is not normal in KD.

Elevated expression of IL-6 and TNF-a were
reported for the brains of twitcher mice at the endpoint
(between P32 and P41) compared with control normal
mice (LeVine and Brown, 1997). TNF-a was found in
large globoid cells and smaller macrophages in brain
regions at earlier as well as advanced stages of demyelin-
ation. In this study, IL-6 was expressed predominantly by
reactive astrocytes and to some extent in microglia in this
model. The authors noted that the localization of cells
expressing these cytokines indicated a role for them in the
disease progression in twitcher mice.

The role of innate immune activation in the patho-
genesis of murine GLD has been investigated in detail by
Snook et al. (2014). They reported that there was upregu-
lation of toll-like receptor 2 (TLR2) on macrophages and
microglia (based on the colocalization with Iba1 and F4/
80) in the hind brain region of twitcher starting at
approximately 2 weeks of age. This was immediately fol-
lowed by activation of microglia and macrophages and
later by activation of astrocytes, judging by the increased
intensity of expression of their activation markers. The
authors reported a fourfold increase in TLR2 expression
in twitcher brains compared with age-matched controls at

5 weeks of age. Additionally, the TLR21 cells were con-
centrated in the areas of demyelination among aggregates
of PAS1 cells. They also observed that the psychosine-
induced cell death of oligodendrocyte could trigger the
TLR2 signaling pathway in in vitro studies. Cytokine and
chemokine upregulation was significant, especially for IL-
6, CXCL1, CXCL10, and CCL2, at approximately 3
weeks of age, which could in turn recruit more immune
cells into the region. There was a significant increase in
the levels of some other chemokines, including CCL3,
CXCl9, CCL5, and leukemia inhibitory factor (LIF),
between 3 and 4 weeks. The authors noted that there was
a significant increase in TNF-a levels at approximately 3
weeks when compared with age-matched controls, but
there was no further increase in levels. Reddy et al.
(2014) showed the elevated expression of keratinocyte
chemoattractant factor (KC) and platelet-derived growth
factor (PDGF) in both brain and spinal cord of twitcher
mice along with significantly higher levels of IL-12 (p40)
and IL-9 in the brain. They also reported statistically non-
significant upregulation of certain other cytokines, such as
IL-3, G-CSF, MCP-1 (CCL2), and MIP-1B (CCL4),
and downregulation of IL-5, IL-6, and IL-10 in the brain
of twitcher. The study was inconclusive about the effect
of these on the progressive pathology in twitcher.

These reports strongly suggest the involvement of
innate and adaptive arms of the immune system in the dis-
ease progression in twitcher. The upregulation of TLR2
coinciding with microglial activation, elevation in proin-
flammatory cytokines and chemokines, and, most of all,
the clinical evidence of the disease, the start of tremors
and twitching at around the age of 3 weeks, point to a

Fig. 1. Cascade of neuroinflammatory processes during the twitcher life span and at the endpoint
for other models and KD patients.
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cascade of immune-related pathways playing a role in dis-
ease progression (Fig. 1).

NEUROINFLAMMATION AND
OUTCOME OF THERAPIES

From all the literature reviewed so far, it is clear that
GLD pathology is intricately associated with inherent
neuroinflammation in patients as well as animal models.
This has to be taken into consideration while designing ther-
apeutic interventions. The treatments that can circumvent
the elevated immune activation or bring about immune
modulation will help in curbing the progression of disease
pathology. We attempt to look at the reported success or
failure of some therapeutic approaches for GLD in this con-
text of the immunologically active nervous system.

Enzyme Replacement Therapy

For several LSDs, enzyme replacement therapy
(ERT) has been shown to be safe and effective for treat-
ing the peripheral clinical manifestations in patients and
animal models (Bembi et al., 1994; Eng et al., 2001), even
though it required multiple infusions because of the short
half-life of the enzyme. The perceived requirement for
the delivered enzyme to cross the blood–brain barrier
(BBB) for any therapeutic outcome had limited the use of
it in diseases with CNS pathology. However, there are
reports for LSDs showing limited short-term enzymatic
activity in the brain upon intravenous delivery of the
enzyme (Dunder et al., 2010). In GLD, studies in the ani-
mal models to look at the efficacy of this treatment alone
are very few. Lee et al. (2005) reported that peripherally
administered recombinant GALC at a weekly interval
resulted in improvements in the failure to thrive, gait, and
survival of twitcher. They showed an increase in GALC
activity and lower levels of psychosine in the brain at
PND29, but this was not enough to block the decline just
before death. Qin et al. (2012) reported that intra-CSF
delivery of GALC enzyme by lumbar spinal cord punc-
ture and bilateral intracerebroventricular injection into
neonatal twitcher on P2–P3 showed significant activity in
brain and spinal cord 24 hr postdelivery but was
completely undetectable at 36 days of age. There was no
significant difference in psychosine levels at P36 between
ERT-treated and untreated twitcher. On the other hand,
at this time point, the GFAP and CD68 staining to detect
astrocytes and microglia was reduced temporarily as a
result of ERT in twitcher. ERT was shown to have a
transient effect on neuroinflammation by increasing the
GALC activity and thereby reducing myelin breakdown.

It should be noted that ERT in patients with other
LSDs, especially Pompe’s disease, had to consider the
cross-reactive immunological material (CRIM) status of
the patients to determine the course of therapy. The
CRIM– patients developed high-titer immune responses
to ERT with rhGAA (Kishnani et al., 2010). CRIM1

patients have detectable, although insufficient or ineffi-
cient, protein and are less prone to immune reactions
against rhGAA (de Vries et al., 2010; van Gelder et al.,

2015). This is a potential pitfall for the treatment of GLD,
especially the infantile form, and would elicit significant
adaptive immune responses.

Pharmacological Approaches

In vitro studies have shown that psychosine could
elevate the levels of oxidative stress in cultured cells, and
that might be decreased by treating with a strong antioxi-
dant (Giri et al., 2002; Haq et al., 2003; Khan et al.,
2005). One treatment approach aimed to reduce oxidative
stress by using N-acetyl cysteine delivered through the
water bottle. It did not lead to any noticeable improve-
ment in myelin or reduction in globoid cell numbers
when examined at the terminal stage (�37 days) and was
ineffective in extending the life span of twitcher mice.
However, this approach was able to reduce the number
of GFAP1 cells in the brain of twitcher mice, whereas
the CD68 staining for glia remained unaffected (Haw-
kins-Salsbury et al., 2012).

Substrate-reduction therapy in twitcher mice using
L-cycloserine was found to improve the life span of
twitcher mice to �57 days (LeVine et al., 2000;
Hawkins-Salisbury et al., 2015) by slowing the disease
progression to a certain extent. In their report, LeVine
and coworkers recorded a reduction in overall GFAP
immunohistochemical staining in L-cycloserine-treated
animals compared with PBS-injected twitcher mice when
evaluated at 37 days. It appears that reducing the oxidative
stress or the substrate levels alone cannot produce any
outstanding therapeutic and survival benefits in twitcher
mice, but, in combination with other therapies, the ability
of these treatments to reduce astrogliosis will be useful, as
discussed below.

Viral Vector-Mediated Gene Transfer

Gene transfer using viral vectors to deliver the defi-
cient gene appears to be a promising therapeutic approach
for LSDs, including GLD. The lysosomal enzymes are
secreted into the extracellular space to be taken up by the
neighboring cells, so overexpression of the enzyme in a
cell does not appear to be a problem. This also means that
there is no requirement to target each and every cell to
achieve a therapeutic benefit.

Recombinant viral vectors used for gene transfer in
the case of GLD have included retroviral, lentiviral, and
adeno-associated virus (AAV) vectors in in vitro and in
vivo studies. Lately, most of the reported direct gene
transfer studies in animal models of GLD used AAV for
gene delivery. However, these studies seldom looked at
the effect of gene transfer on inflammatory processes in
twitcher mice. Most of these studies indicated increased
life span and decreased demyelination and globoid cell
infiltration after AAV-mediated gene transfer using differ-
ent serotypes such as AAV2/1 (Rafi et al., 2005), AAV2/
5 (Lin et al., 2005), and AAVrh10 (Rafi et al., 2012,
2014). Intracranial injections of AAV2/5-mGALC at P3
dramatically reduced the CD11b staining near the injec-
tion sites in cortex, corpus callosum, and striatum (Lin
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et al., 2007). The treatment also produced mild to moder-
ate reduction in GFAP staining in those areas. Thus, it
appears that providing GALC in a sustained manner,
before the onset of inflammation, can act to slow the
induction of neuroinflammation locally.

Bone Marrow Transplantation (BMT) and
Combinations With BMT

BMT or hematopoietic stem cell transplantation
(HSCT) is the only approved and currently available
treatment for KD patients. Many patients with lysosomal
and peroxisomal storage diseases have received HSCT
treatments and have had a remarkable positive clinical
improvement especially if transplantation is delivered at a
presymptomatic stage of the disease (Shapiro et al., 1995;
Bambach et al., 1997; Krivit et al., 1998, 1999; Escolar
et al., 2005). Donor cells are expected to repopulate vari-
ous tissues delivering enzymes both inside and outside the
vascular compartment (Hoogerbrugge et al., 1988; Krivit
et al., 1995). Neurophysiological evaluation after the
transplant showed preservation of motor and cognitive
functions of these patients, and the effect was significantly
better with early transplantation (Shapiro et al., 1995).
However, none of these reports documented the state of
neuroinflammation in patients with HSCT. Similar to the
case of other treatment approaches, the most detailed and
convincing studies about how BMT/HSCT affected the
expression of immune-related molecules in the nervous
system have come from treating twitcher mice.

The first reported HSCT from twitcher was by
Yeager et al. (1984). In that study, they looked at the
extension of life span and histological evidence of
improved myelination in CNS and sciatic nerve. They
concluded that, despite the prolongation of survival and
preservation of the peripheral nerves in HSCT-treated
mice, there was no apparent amelioration of CNS degen-
eration. Later, Hoogerbrugge et al. (1988) showed the
engraftment of donor-derived microglia in the CNS of
twitcher along with improved pathology. Histological
evaluation of twitcher mice that received BMT at
PND8–PND9 showed a significant decrease in amoeboid
microglia or macrophages in the spinal cord after 5 weeks
(Wu et al., 2001). In this study the twitcher mice receiv-
ing BMT had a life span of 20 weeks as opposed to the
untreated twitcher with a life span of 5 weeks. The inten-
sity of the immunoreactivity of cells to GFAP was less-
ened significantly from 5 weeks to 20 weeks in these
mice. The numbers of Ia1 and CD81 cells were signifi-
cantly lower in BMT-treated twitcher, especially in cere-
bral white matter, and the numbers decreased steadily
from 5 to 20 weeks. There was a similar trend for TNF-
a-positive cells, with a steady decrease in their numbers
from 6 to 20 weeks. Additionally, the number of cells
expressing chemokines MCP-1 and MIP-1b also dramati-
cally decreased upon BMT in twitcher, indicating that
they become less immunoreactive. The authors verified
the histological data in gene expression studies and found
similar trends. These pivotal studies demonstrated the

potential of a treatment intervention to reverse aspects of
the inflammatory response.

BMT has been found to enhance the efficacy of
other treatments when used in combination. The combi-
nation treatment of intracranially delivered AAV2/5-
mGALC and IV bone marrow cells on P3 led to a
remarkable reduction in both CD11b and GFAP staining
compared with either treatment alone, indicating a reduc-
tion in microglial activation and astrocytosis (Lin et al.,
2007). In a very comprehensive study looking at the effect
of treatments on levels of neuroinflammation, Reddy
et al. (2011) showed that the increase in activated micro-
glia (CD45hiCD11b1) and CD41 and CD81 T cells was
reversed when mice were treated with AAV 1 BMT
compared with untreated mice and AAV treatment alone.
AAV 1 BMT cohorts had marked difference in the levels
of several cytokines and chemokines, including, KC, IL-
12(p40), MCP-1, MIP-1b, and TNF-a. Immunostaining
of brains and spinal cords of these animals showed a
reduction of GFAP in the brains but not in spinal cord
compared with untreated or vector-only cohorts. There
was an overall decrease in CD68 immunostaining in the
forebrain, cerebellum, and spinal cord compared with
either untreated or AAV-treated twitcher. The brain and
cerebellum of a 150-day-old twitcher treated with a com-
bination of BMT (IP) and AAV/GALC (IV), showed
complete absence of activated microglia/macrophages in
the brain as indicated by CD68 positivity. However, the
spinal cord had some CD68-positive cells (Rafi et al.,
2015). The authors observed the same trend for GFAP
staining. Overall, although the introduction of functional
GALC via gene therapy can slow neuroinflammation, this
anti-inflammatory effect is greatly enhanced with the
addition of BMT. Thus far, however, BMT has been
insufficient to prevent inflammation in the spinal cord for
reasons that are not clear.

In a study by Qin et al. (2012), the ERT 1 BMT
combination led to a slightly increased life span and rota-
rod performance compared with ERT-alone cohorts.
They showed that the combination resulted in a signifi-
cant decrease of the GFAP staining in striatum and brain-
stem and CD68 staining in the cerebellum. Reports of
combined use of BMT with substrate reduction therapy
and/or gene therapy also indicate a synergistic effect on
life span of twitcher (Biswas and LeVine, 2002; Hawkins-
Salsbury et al., 2015), and the triple combination signifi-
cantly improved the myelin levels, reduced the number of
globoid cells, and decreased the number of CD68- and
GFAP-expressing cells when analyzed at 36 days com-
pared with untreated twitcher mice (Hawkins-Salsbury
et al., 2015).

SUMMARY

The treatment options for KD are still limited to HSCT
in presymptomatic infants after nearly 100 years of
research since KD was first diagnosed. So far, HSCT
could only slow the disease progression and extend life
span, failing to completely cure the disease. The
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availability of several naturally occurring animal models
led to understanding of the pathology and mechanisms of
the disease process in GLD and helped researchers to test
different therapeutic strategies. None of the approaches
tried has been able to bring about a complete cure or
reversal of the disease pathology in the most used model
of GLD, the twitcher mouse. The severe demyelination
and elevated inflammation in twitcher mice appear almost
simultaneously according to various reports, making it
difficult to determine whether inflammation precedes or
follows the demyelination. It is safe to say that both of
these processes are interdependent in the later stages of
the disease. The different therapeutic interventions tested
have to circumvent the elevated levels of immune-
reactive cells and chemokines/cytokines to be effective
on a long-term basis. After a review of the literature on
various methods, the conclusion is that there is a correla-
tion between survival and detected levels of astrocytosis
and microglial activation. Approaches that provide the
enzyme GALC help to degrade psychosine, thereby stop-
ping oligodendrocyte cell death and subsequent demye-
lination. Hypothetically, this could result in the
unavailability of molecules that could sustain the immune
activation.

The role of BMT in the neuroinflammatory process
is clearly important, but not well understood. In the
absence of BMT, various treatments provided prior to the
initiation of inflammation were shown to slow or delay
neuroinflammation in twitcher mice but not to reverse it.
According to most of the reports, BMT could halt or
even reverse the inflammatory processes. The adaptive
immune response could play a role in some therapeutic
strategies, such as ERT and gene therapy, especially for
patients who are CRIM– for GALC. Conceptually, the
addition of BMT should overcome this adaptive response
by inducing tolerance to GALC, so BMT will continue
to play an important role in therapy development for
GLD, whether alone or in combination with other pro-
posed therapies.

There are several outstanding questions to be con-
sidered, especially from a treatment efficacy point of
view. If GALC levels are restored at an early age, why are
there no better or curative outcomes? Is there an
immune-modulatory effect following BMT, and, if there
is, what are the mechanisms involved? Evidence suggests
that treating GLD is about more than just providing
GALC. We speculate that a curative treatment for GLD
will have to address both the lack of GALC and the pro-
gressive neuroinflammatory process. The inability to real-
ize a cure thus far may stem from an incomplete
distribution of GALC and/or an intervention timing that
comes after the neuroinflammatory cascade has already
caused irreversible damage.
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Mini-Review

Endothelial Cell Dysfunction in Globoid
Cell Leukodystrophy
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Angiogenesis plays a pivotal role in the physiology and
pathology of the brain. Microvascular alterations have
been observed in various neurodegenerative disorders,
including genetic leukodystrophies. Globoid cell leuko-
dystrophy (GLD) is a lysosomal storage disease caused
by b-galactosylceramidase (GALC) deficiency and char-
acterized by the accumulation of the neurotoxic metabo-
lite psychosine in the central nervous system and
peripheral tissues. Structural and functional alterations
occur in the microvascular endothelium of the brain of
GLD patients and twitcher mice, a murine model of the
disease. In addition, increased vessel permeability and a
reduced capacity to respond to proangiogenic stimuli
characterize the endothelium of twitcher animals. On the
one hand, these alterations may depend, at least in part,
on the local and systemic angiostatic activity exerted by
psychosine on endothelial cells. On the other hand, stud-
ies performed in vivo on zebrafish embryos and in vitro
on human endothelial cells suggest that GALC downregu-
lation may also lead to psychosine-independent neuronal
and vascular defects. Together, experimental observa-
tions indicate that endothelial cell dysfunctions may rep-
resent a novel pathogenic mechanism in human
leukodystrophies, including GLD. A better understanding
of the molecular mechanisms responsible for these
microvascular alterations may provide new insights for
the therapy of GLD. VC 2016 Wiley Periodicals, Inc.

Key words: angiogenesis; central nervous system; endo-
thelial cells; Krabbe disease; psychosine; twitcher mouse

The brain receives 16% of cardiac output and
accounts for approximately 25% of oxygen body con-
sumption (Zlokovic, 2005). To sustain this high blood
supply demand, a dense microvascular network character-
izes the central nervous system (CNS; Fig. 1), with blood
capillaries in the adult human brain reaching a total length
equal to approximately 6.5 3 105 m (Zlokovic, 2005).
Thus, the formation of this microvascular network by
angiogenic processes plays an important role in the devel-
opment of the CNS, and it may protect from neurological
disorders (Greenberg and Jin, 2005; Segura et al., 2009).
However, an excessive angiogenic activity driven by neu-
roinflammatory stimuli may contribute to the progression

of neurodegenerative disorders, as indicated by the hyper-
vascular response following accumulation of amyloid-b in
the brain during Alzheimer’s disease (Cameron et al.,
2012) and for spinal cord neovascularization in multiple
sclerosis and experimental autoimmune encephalomyelitis
(Karlik et al., 2012; MacMillan et al., 2012). Vascular
alterations also appear to be implicated in the pathogenesis
of stroke, Parkinson’s disease, and amyotrophic lateral
sclerosis (Greenberg and Jin, 2005; Zlokovic, 2005; Zac-
chigna et al., 2008 Segura et al., 2009). Thus, defects in
the neurovascular cross-talk resulting from insufficient or
exuberant neovascularization may contribute to the
pathogenesis of different disorders of the PNS and the
CNS (Segura et al., 2009).

The capacity of angiogenic factors to modulate neu-
rogenesis and neuroprotection, involving members of the
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vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) families, underscores the tight cross-
talk among glial, neuronal, and endothelial cells (Segura
et al., 2009). In turn, neurotrophic factors, including
nerve growth factor, brain-derived neurotrophic factor,
neurotrophins, ciliary neurotrophic factor, and members
of the glial cell line-derived neurotrophic factor family,
may modulate angiogenesis (Zacchigna et al., 2008, and
references therein). Angiogenic/neurotrophic factors
affecting both vascular and neuronal components have
been termed angioneurins (Zacchigna et al., 2008).

MICROVASCULAR ALTERATIONS IN
HUMAN LEUKODYSTROPHIES

Lysosomal storage disorders are among the most frequent
classes of human genetic diseases and are characterized by
lysosomal accumulation of disease-specific metabolites
(Ballabio and Gieselmann, 2009). In addition to the well-
characterized cerebrovascular abnormalities observed in
a-galactosidase A-deficient Fabry patients (Moore et al.,
2007), sporadic studies on a limited number of patients
have indicated the presence of alterations of the architec-

ture of brain microvasculature in other human leukody-
strophies, as shown in adrenoleukodystrophy and in
Canavan’s and Alexander’s diseases (Kondo and Suzuki,
1993; Buee et al., 1994). In addition, ultrastructural
abnormalities have been observed in the skin microvascu-
lature of Gaucher’s disease patients (Hulkova et al., 2010),
and endothelial alterations, including angiokeratomas and
telangiectasia, represent the hallmark of Fabry’s disease
(Orteu et al., 2007; Park et al., 2008). Accordingly, glo-
botriaosylceramide induces endothelial dysfunctions in
Fabry’s disease (Namdar et al., 2012; Choi et al., 2014),
and the Gaucher-related metabolite b-glucosylpsychosine
(1-b-D-glucosylsphingosine) exerts an inhibitory effect
on endothelial cell proliferation and motility (Belleri
et al., 2013) similar to the globoid cell leukodystrophy
(GLD)-related metabolite b-galactosylsphingosine (psy-
chosine, see below). Together with recent data on micro-
vascular alterations in GLD (Belleri et al., 2013; Giacomini
et al., 2015) and adrenoleukodystrophy (Musolino et al.,
2015), these observations indicate endothelial dysfunction
as a common factor in lysosomal storage disorders. In keep-
ing with this hypothesis, morphologic endothelial altera-
tions were observed in the CNS of acid sphingomyelinase-
deficient transgenic mice, a murine model of type A
Neimann-Pick disease (Marmiroli et al., 2009) as well as in
knockout mice, with total deficiency of sphingolipid acti-
vator proteins required for the lysosomal degradation of
sphingolipids (Oya et al., 1998).

MICROVASCULAR ALTERATIONS IN
GLOBOID CELL LEUKODISTROPHY

Brain Microvascular Alterations in GLD Patients

GLD, or Krabbe disease, is a sphingolipidosis caused
by homozygous or compound heterozygous inactivating
mutation of the lysosomal hydrolase b-galactosylceramidase
(GALC) gene (Suzuki and Suzuki, 1970; Wenger et al.,
2000). The disease is characterized by oligodendroglia
degeneration and demyelination, resulting in severe neu-
rological dysfunctions that may be lethal in early infancy
(Loonen et al., 1985; Wenger et al., 2000; Suzuki, 2003).
GALC degrades the myelin component galactosylcera-
mide and other terminal b-galactose-containing sphingo-
lipids, including the neurotoxic metabolite psychosine.
The pathogenesis of the disease has been proposed to arise
from the accumulation of psychosine in the CNS of GLD
patients as a consequence of the lack of GALC activity
(Igisu and Suzuki, 1984; Suzuki, 1998; Ballabio and Gie-
selmann, 2009).

An ultrastructural study performed on the brain of
an 8-month-old GLD patient showed hydropic changes
in astrocyte processes around capillaries, enlargement of
perivascular space, and macrophage infiltration (Kondo
and Suzuki, 1993). More recently, significant defects of
the cerebral vascularization were observed in the white
matter of a 2.5-year-old GLD patient, characterized by a
marked decrease of microvascular density of the brain
cortical region and periventricular areas (Belleri et al.,
2013). In addition, brain microvessels showed a dilated

Fig. 1. Scanning electron micrograph of the murine brain vasculature.
A: Vascular network of the brain of an adult wild-type mouse as
shown by microvascular corrosion casting/SEM analysis. B: High-
magnification detail of the frontal cortex microvasculature of the same
animal.
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lumen with an irregularly shaped endothelium. More-
over, immunohistochemical analysis of the gray matter
highlighted numerous astrocytes surrounding blood ves-
sels lined by numerous glial endfeet projections and with
an irregular endothelium characterized by a discontinuous
wrapping by smooth muscle cells, indicating a partial loss
of the vascular mural cell coverage (Belleri et al., 2013).

Although it remains challenging to establish whether
the vascular alterations observed in GLD patients are an
indirect consequence of the astrocytic/neuronal injury or
are due to direct endothelial cell damage, these observa-
tions indicate that GALC deficiency may affect both
glial/neuronal and vascular compartments of the neuro-
vascular brain unit. Thus, given the tight cross-talk
between neurogenesis and angiogenesis and the pivotal
role played by neovascularization in postnatal neuropro-
tection (Ment et al., 1997; Greenberg and Jin, 2005; Zac-
chigna et al., 2008; Segura et al., 2009), neovascular
alterations may contribute to CNS damage in GLD.

Psychosine as an Angiostatic Molecule

The pathogenesis of GLD has been proposed to arise
from the accumulation of the neurotoxic lysolipid metab-
olite psychosine in the CNS (Igisu and Suzuki, 1984;
Suzuki, 1998; Ballabio and Gieselmann, 2009). Indeed,
psychosine triggers oligodendroglial apoptotic cell death
in vitro and in vivo (Jatana et al., 2002; Haq et al., 2003;
Zaka and Wenger, 2004). In addition, psychosine affects
various enzymes involved in signal transduction pathways,
including phospholipase A and protein kinase C isozymes
(Ballabio and Gieselmann, 2009), and hampers actin reor-
ganization, leading to the formation of multinuclear glo-
boid cells, a marker of GLD (Kanazawa et al., 2000;
Kozutsumi et al., 2002). Moreover, psychosine accumu-
lates in membrane lipid rafts in the brain of GLD patients
(White et al., 2009) and disrupts the raft architecture and
raft-mediated cell functions in human oligodendrocytic
cells, including protein kinase C translocation (Hawkins-
Salsbury et al., 2013). Similar observations have been also
reported for Galc-deficient twitcher mice (White et al.,
2011), a murine model of GLD that develops most of the
pathological hallmarks observed in human patients,
including psychosine accumulation (Kobayashi et al.,
1980; Suzuki, 1995).

Studies of macrovascular and microvascular endo-
thelial cells of different origin and animal species have
shown that psychosine is endowed with antiangiogenic
activity in vitro and in vivo by acting as an endothelial
actin disassembling agent (Belleri et al., 2013). Psychosine
inhibits endothelial cell proliferation and various cell
proliferation-independent aspects of the angiogenesis pro-
cess, including endothelial cell migration and sprouting
triggered by VEGF and/or FGF2. Actin cytoskeleton dis-
ruption may explain the incapacity of psychosine-treated
endothelial cells to orient their microtubule organization
center and form cell membrane ruffles; this latter effect is
possibly related to the above-mentioned capacity of the
lysolipid to accumulate in lipid rafts. The angiostatic
activity of psychosine results in impaired cell migration
and incapacity of endothelial cells to heal a wounded
monolayer. The cytostatic and cytoskeleton disassembly
activity of psychosine on activated endothelium also
explains its capacity to hamper extracellular matrix inva-
sion by VEGF/FGF2-activated endothelial cells (Belleri
et al., 2013). Thus, psychosine exerts its angiostatic activ-
ity by acting on multiple targets of the angiogenic process
and inhibits neovessel growth in different in vivo angio-
genesis assays (Belleri et al., 2013), including the chick
embryo chorioallantoic membrane assay (Ribatti et al.,
1997) and the murine Matrigel plug assay (Coltrini et al.,
2013).

At variance with effects on other cell types (Jatana
et al., 2002; Formichi et al., 2007), psychosine is cytostatic
but not cytotoxic for endothelial cells. The cytostatic
effects exerted by psychosine on endothelial cells are
observed at micromolar concentrations of the compound.
It is noteworthy that the angiostatic potency of psycho-
sine increases with time of exposure of endothelial cells to
the molecule, with its ID50 value dropping from 60 lM
when endothelial cells are exposed to psychosine in a
short-term proliferation assay to 5.0 lM in a long-term
assay (Belleri et al., 2013). These concentrations are com-
patible with those measured in the CNS and in nonner-
vous tissues of GLD patients and/or of Galc-deficient
mice (Table I, Fig. 2). Indeed, the levels of psychosine
vary between 1.0 lM and 43 lM in the brains of GLD
patients (Svennerholm et al., 1980; Igisu and Suzuki,
1984; Li et al., 2011) and twitcher mice (Igisu and Suzuki,
1984; Nozawa et al., 1992; Whitfield et al., 2001; Con-
treras et al., 2008). In addition, psychosine accumulates in

TABLE I. Psychosine Concentration in Human and Murine b-Galactosylceramidase Null Tissues

GDL patient (lM) Citations Twitcher mouse (lM) Citations

Brain 1.0–43.0 Svennerholm et al., 1980;

Igisu and Suzuki, 1984;

Li et al., 2011

1.0–33.0 Igisu and Suzuki, 1984; Nozawa et al., 1992;

Whitfield et al., 2001; Contreras et al., 2008

Liver 0.6–3.3 Whitfield et al., 2001; Contreras et al., 2008

Kidney 2.0–2.3 Ida et al., 1982; Whitfield et al., 2001

Spleen 1.3 Whitfield et al., 2001

Bone 0.2 Contreras et al., 2010

Thymus 0.003 Galbiati et al., 2007

Blood 0.02–0.16 Chuang et al., 2013 0.05 Zhu et al., 2012
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nonnervous tissues of twitcher mice, including liver, kid-
ney, spleen, and bones, with levels ranging between 0.2
and 3.3 lM (Table I). This is associated with structural
and functional alterations of liver peroxisomes, primary
and secondary lymphoid organ degeneration, and post-
natal bone growth retardation (Ida et al., 1982; Kobayashi
et al., 1987; Whitfield et al., 2001; Contreras et al., 2008,
2010). Moreover, nanomolar amounts of psychosine are
detectable in the thymus of twitcher mice (Galbiati et al.,
2007) and in the blood of GLD patients (Chuang et al.,
2013) and twitcher animals (Zhu et al., 2012). Altogether,
these data suggest that a long-lasting accumulation of psy-
chosine may cause a significant effect on the CNS and
systemic endothelium during GLD progression.

Defective Vascularity in the Brain of
Twitcher Mice

A significant increase in microvascular density
resulting from neovascularization processes occurs during
postnatal CNS development in rodents, with cortical
angiogenesis that peaks between postnatal day (P) 13 and
P24 and stabilizes between P24 and P33 (Ogunshola
et al., 2000). The effect of GALC deficiency on postnatal
CNS microvascularization has been investigated in the
telencephalon of twitcher mice before the onset of neuro-
logic signs (i.e., at P12/P17) and at P24, when pathologic
alterations may occasionally occur. Brain vascularity was
analyzed also at P36, when twi/twi mice show evident
neurologic defects (Belleri et al., 2013; Giacomini et al.,
2015). Microvascular density was measured in the cortex
and periventricular areas, both characterized by a robust
postnatal angiogenic response in wild-type animals (Breier
et al., 1992; Ogunshola et al., 2000). The results demon-

strated a reduction of microvascularization of the gray and
white matter in twi/twi mice compared with age-matched
wild-type and heterozygous siblings, with an arrest of the
angiogenic process from P12 onward. It is noteworthy
that the microvascular defects detected in twi/twi brain
occur in the absence of significant changes in the expres-
sion of Vegf-A, the major proangiogenic factor involved
in postnatal CNS neovascularization. This indicates that
the reduced neovascularization observed in twitcher brain
does not represent the indirect consequence of a
decreased angioneurin production by the glial/neuronal
compartment, but it may reflect the impairment of
twitcher endothelium to respond to proangiogenic stimuli
(Belleri et al., 2013).

In a subsequent study (Giacomini et al., 2015), the
presence of significant alterations of brain vascularity in
twitcher mice was confirmed by quantitative computa-
tional analysis seeking to investigate the angioarchitecture
of CD31-positive vessels in three-dimensional volumes
from the postnatal frontal cortex of these animals (Fig. 3).
The results showed a decrease of CD31 immunoreactivity
in P36 twitcher brain with a marked reduction in total
vessel lengths coupled with increased vessel fragmentation.

The defects in microvascular density observed in the
brain of twitcher mice are associated with structural alter-
ations of CNS endothelium with loss of the integrity of
the blood–brain barrier, leading to extravascular leakage
of bloodstream-injected tracers in the brain of P36 twi/twi
animals (Belleri et al., 2013). Microvascular corrosion
casting followed by scanning electron microscopy mor-
phometry (Fig. 4) confirmed the presence of significant
alterations of the functional angioarchitecture of the brain
cortex of twitcher mice, with reduction of microvascular
density, vascular branch remodeling, vascular leakage, and
intussusceptive angiogenesis (Giacomini et al., 2015).

Intussusceptive angiogenesis is a morphogenetic,
nonsprouting angiogenic process in which a single vessel
is split as the consequence of the formation of intussus-
ceptive pillars, a transluminal tissue bridge that divides the
vessel lumen resulting in vascular duplication (Mentzer
and Konerding, 2014). Accordingly, microscopic analysis
confirms the presence of intussusceptive transluminal pil-
lars in microvessels of the brain cortex of P36 twi/twi
mice (Giacomini et al., 2015). Intussusception occurs in
twitcher brain in parallel with the modulation of genes
associated with this alternative mechanism of neovascula-
rization (Park et al., 2008), including a significant down-
regulation of the Notch target gene Hes5 and the
upregulation of Fgf2, the chemokine receptor Cxcr4, and
various proinflammatory and chemotactic mediators (Gia-
comini et al., 2015). These data suggest that structural and
architectural angioadaptations may occur in twitcher mice
in response to the neuroinflammatory conditions resulting
from GALC deficiency (Formichi et al., 2007; Sakai,
2009). Together with the reduced capacity of twitcher
endothelium to respond to proangiogenic factors (see
above), these data support the notion that intussusceptive
angiogenesis may represent an adaptive mechanism in the
attempt to overcome the defective sprouting angiogenic

Fig. 2. Time of exposure dictates the angiostatic potency of psycho-
sine in endothelial cells. The ID50 values of psychosine in an endothe-
lial cell proliferation assay are inversely related to the time of exposure
of the subconfluent cells to the metabolite (Belleri et al., 2013). Braces
indicate the ranges of psychosine concentration measured in the
CNS and peripheral tissues of GLD patients and twitcher mice (see
Table I).
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responses that occur under GALC-deficient conditions.
Nevertheless, the decreased microvascular density
observed in the brain of twitcher mice indicates that this
attempt is unable to create a fully developed vascular net-
work in the CNS of these animals.

GALC Deficiency Leads to Systemic Vascular
Alterations

The clinical and pathological manifestations of GLD
have been restricted almost exclusively to the nervous sys-
tem as a consequence of psychosine accumulation. How-
ever, as described above (see Table I), GALC deficiency
causes psychosine accumulation also in nonnervous tis-
sues/organs, supporting the notion that GLD may repre-
sent a generalized psychosine storage disorder (Kobayashi
et al., 1987). Indeed, postnatal retardation of bone growth
(Contreras et al., 2010), liver damage (Contreras et al.,
2008), and impairment of the hematopoietic stem cell
niche (Visigalli et al., 2010) are observed in twitcher mice.

Endothelial cells of different origin and animal spe-
cies express GALC (Fig. 5), and GALC gene silencing in
human endothelial cells hampers their mitogenic and
motogenic responses to VEGF (Belleri et al., 2013).
Accordingly, GALC deficiency in twitcher mice affects
the capacity of peripheral endothelium (including aortic
and skin endothelial cells) to respond to proangiogenic
factors when stimulated by VEGF and/or FGF2 in differ-
ent ex vivo and in vivo assays (Belleri et al., 2013). In
addition, significant vascular permeability defects occur in
visceral organs of twitcher mice, including kidney, lung,
and liver (Belleri et al., 2013). Thus, a systemic
endothelium-related pathogenic aspect of GLD may exist.
This may contribute to worsening the disease evolution
and may adversely affect therapeutic interventions.

Currently, the only clinical treatment for GLD is
bone marrow or umbilical cord blood cell transplantation
for late-onset and presymptomatic patients (Wenger et al.,
2000; Sakai, 2009). Preliminary observations in our labo-
ratory have shown that the bone marrow of P36 twitcher
mice is characterized by a dramatic decrease of vascular
density, with a discontinuous and regressed sinusoidal
endothelium (M. Belleri, unpublished observations).
Given the pivotal role played by bone marrow vessels in
the engraftment of transplanted hematopoietic stem and
progenitor cells (Hooper et al., 2009), alterations of the
vascular component of the hematopoietic stem cell niche
may contribute to the defects in bone marrow repopula-
tion observed in twitcher mice (Visigalli et al., 2010) and

Fig. 4. Scanning electron micrograph of the frontal cortex microvas-
culature of twitcher mice. Microvascular corrosion casting/SEM anal-
ysis of the frontal cortex of a P36 twitcher mouse. Endothelial
dehiscences result in a leaky vasculature (arrows).

Fig. 3. Computational analysis of the vascular alterations in the brain of twitcher mice. Z-series of
vascular fields from 100-lm thick CD31-immunostained sections of the frontal cortex from the
brain of P35 wild-type (wt) and twitcher (twi/twi) mice. Note the paucity of the CD31-positive
vascular network in twitcher brains. See Giacomini et al. (2015) for further details.
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may affect bone marrow transplantation-based therapeutic
approaches in GLD patients.

GALC: MORE THAN A PSYCHOSINE
SCAVANGER?

The twitcher mouse is widely used for understanding the
molecular and biochemical bases of GLD and for studying
novel therapeutic approaches (Suzuki, 1995; Galbiati
et al., 2009; Strazza et al., 2009; Lattanzi et al., 2010).
However, in recent years, the teleost zebrafish (Danio
rerio) has become an attractive alternative to mouse for
modeling human neurodegenerative and lysosomal stor-
age diseases (Flanagan-Steet et al., 2009; Bandmann and
Burton, 2010; Sager et al., 2010; Xi et al., 2011; Keatinge
et al., 2015; Zancan et al., 2015). Recently, two GALC
orthologs (galca and galcb) have been identified in zebrafish
(Zizioli et al., 2014). They are expressed in the zebrafish
CNS during development, and their characterization has
confirmed that both gene products are lysosomal enzymes
endowed with GALC activity. It is noteworthy that the
simultaneous downregulation of galca and galcb by an anti-
sense oligonucleotide morpholino approach results in spa-
tial/temporal alterations of the expression of the neuronal
marker neuroD (Mueller and Wullimann, 2002) and indu-
ces apoptotic events in developing zebrafish CNS (Zizioli
et al., 2014). Nevertheless, psychosine remains below the
limits of detection in double galca/galcb zebrafish mor-
phants, suggesting that GALC downregulation may lead
to pathological consequences in the developing CNS
independent of psychosine accumulation.

In keeping with this hypothesis, silencing of the
GALC gene fully hampers the capacity of human endo-
thelial cells to respond in vitro to angiogenic stimuli
despite the negligible increase in their intracellular psy-
chosine content (Belleri et al., 2013). Thus, the possibility
exists that defects in sphingolipid metabolism, in addition
to psychosine accumulation, may contribute to the neu-
ronal and vascular alterations observed after GALC loss of
function in these experimental models. For instance,
GALC deficiency leads to a significant increase in the
brain levels of the lipid raft component lactosylceramide
(Tominaga et al., 2004), a molecule implicated in cell–cell
and cell–matrix interactions and in cell signaling events
(Chatterjee and Pandey, 2008). In addition, GALC
downregulation may cause a decrease of the intracellular
levels of ceramide and sphingosine, thus affecting cell sur-
vival and function (Visigalli et al., 2010). This possibility
is supported also by the observation that psychosine levels
do not correlate with nervous system regions exhibiting
demyelination and axonopathy in twi-5J mice harboring a
spontaneous missense Galc mutation (Potter et al., 2013)
and that psychosine concentration within developing thy-
mocytes does not correlate with the immune phenotype
in twitcher mice (Galbiati et al., 2007).

CONCLUSIONS

Studies with twitcher mice indicate that GALC deficiency
may induce a significant inhibition of the angiogenic
response of endothelial cells in CNS and peripheral tissues
along with remarkable microvascular dysfunctions. At
present, ultrastructural and immunohistochemical data
obtained from brain specimens of two patients affected by
the infantile form of GLD (Kondo and Suzuki, 1993; Bel-
leri et al., 2013) appear to support these findings and sug-
gest that GALC deficiency may cause microvascular
alterations also in human CNS. These observations call
for further structural and functional studies on the micro-
vascular system in GLD patients.

Numerous mutations in the GALC gene have been
identified in GLD (Wenger et al., 2000; Graziano and
Cardile,, 2015). Although most GLD patients show the
first signs of the infantile form of the disease during the
first semester after birth and may die before 2 years of age,
late infantile, juvenile, and adult cases also exist. It will be
interesting to assess the microvascular status in these older
patients to evaluate whether endothelial cell dysfunctions
are a common feature of the disease or are limited to
infantile GLD patients and twitcher mice. In this respect,
saposin A–/– mice may represent a useful experimental
animal platform for assessing the microvascular status in a
genetic model that mimics the late-onset form of GLD
(Matsuda et al., 2001).

In conclusion, GALC deficiency may induce signifi-
cant alterations of the microvascular network. In turn,
these alterations may contribute to CNS and systemic
damages that occur in GLD, with endothelial dysfunction
representing a possible novel pathogenic mechanism in
human leukodystrophies. Additional studies are required

Fig. 5. Confocal immunofluorescence analysis of GALC expression in
the microvascular endothelium of murine brain. Frontal cortex sec-
tions from a P36 wild-type mouse were stained with anti-GALC anti-
body (green) and biotin-conjugated Bandeiraea simplicifolia BSI-B4
lectin (red) to highlight blood vessels and analyzed under a confocal
laser scanning microscope. GALC immunoreactivity is observed in
brain parenchyma as well as in BSI-B4 lectin-positive endothelial
cells.
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to elucidate the molecular mechanisms responsible for the
observed psychosine-dependent and psychosine-
independent microvascular alterations. UInderstanding
these may pave the way toward more efficacious thera-
peutic approaches in GLD.
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