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Abstract

Metachromatic leukodystrophy is a lysosomal storage disease caused by the deficiency of
arylsulphatase A (ASA). This leads to storage of the membrane lipid sulphatide,which is abundant in
myelin. A pathological hallmark of the disease is demyelination, causing various and ultimately lethal
neurological symptoms. Today more than 110 mutations in the ASA gene have been identified,of
which only three are frequent. Patients homozygous for alleles, which do not allow for the synthesis
of functional ASA always suffer from the severe form of the disease, whereas alleles allowing the
expression of residual enzyme activity are associated with the later onset juvenile or adult forms of
metachromatic leukodystrophy. In addition,there are other as yet unknown genetic or epigenetic
factors modifying the phenotype substantially. ASA-deficient mice have been generated as a model of
metachromatic leukodystrophy.These mice store sulphatide and show progressive neurological
symptoms, but do not demyelinate. This animal model was recently improved using a transgenic
approach,which generated mice in which sulphatide synthesis in myelin-producing cells is enhanced.
This new animal model reflects the pathological characteristics of the human disease. ASA-deficient
mice have been used in various therapeutictrials involving enzyme replacement, haematopoietic
stem-cell-based gene therapy and direct injections of ASA-expressing viral vectors into the brain.
These animal studies have paved the way for future clinical studies of enzyme replacement and
gene therapy.
Conclusion:For many years this devastating disorder was considered untreatable and the outlook for patients
was poor. Within a comparativelyshort period of time since the ASA gene was cloned in 1989, genetic and
biochemical studies and data generated from newly developed animal models have led to the first clinical trials.
it is hoped that these developmentswill prove beneficial for patients.

Metachromatic leukodystrophy is a lysosomal storage disease caused by the deficiency of the enzyme arylsulphatase A (ASA). This enzyme catalyzes the first step
in the degradation pathway of the sphingolipid 3'-0sulphogalactosylceramide, also known as sulphatide. The
expression of this membrane lipid is restricted to certain
cell types. Sulphatide is particularly abundant in the myelin
of the nervous system, where it constitutes about 4% of all
myelin lipids. Myelin is synthesized by oligodendrocytes in
the central nervous system (CNS) or by Schwann cells in
the peripheral nervous system. Myelin wraps around axons
in a spiral fashion and is essential for electrical insulation
and fast saltatory impulse conduction along the myelinated
axon. Sulphatide is also found in other tissues, including
the distal tubules of the kidney and bile duct epithelia. If
ASA is deficient, sulphatide cannot be degraded and it accumulates. Functionally, this accumulation affects the nervous
system in particular. Storage in gall bladder epithelia and renal tubules results in little or no functional impairment. The
pathological hallmark of the disease is progressive demyelination, which results in a variety of neurological symptoms.
Patients develop ataxia, an initially flaccid and later spastic
paresis, optic atrophy and dementia. After years of suffering,

they finally die in a decerebrated state (for a more detailed
description of the disease see (1)).
Based on the age at disease onset, three clinical forms are
distinguished: a late-infantile form, with the first symptoms
developing around 2 years of age, a juvenile form, with patients presenting between 3 and 16years of age, and an adultonset form with manifestations appearing after 16 years of
age. While this distinction is certainly clinically helpful, it is
artificial, as disease severity is in fact a continuum. To date,
there is no specific treatment for metachromatic leukodystrophy, although patients with juvenile- and adult-onset
disease may benefit from allogeneic bone marrow transplantation in the early stages of disease. Based on results from animal studies, clinical studies of enzyme replacement therapy
are already in progress and studies are planned in the near future to investigate the direct injection of ASA-expressing viral vectors into the brain or haematopoietic stem-cell-based
gene therapy.

GENETICS OF METACHROMATICLEUKODYSTROPHY

The human ASA gene is a small gene with eight exons encompassing only about 3 kilobases of genomic sequence (2).
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Today, more than 110 different mutations causing metachromatic leultodystropy have been identified in the ASA gene
(see the Human Gene Mutation Database). Genetically, the
disease is heterogeneous: only three defective alleles are frequent (3,4).These include a splice donor-site mutation at the
exon Uintron 2 border, which has been found to account
for about 25% of all alleles amongst European patients (3).
A missense mutation causing a Pro246Leu substitution also
accounts for about 25% (3), and a missense mutation causing an Ilel79Ser substitution accounts for about 12%, of all
defective alleles (4). All other mutant alleles have only been
found in a few or single patients (e.g. (5)).
All types of mutations - deletions, insertions, splice site
mutations, missense mutations, etc. - have been described.
Missense mutations, however, are by far the most frequent
type of defect found in the ASA gene (1).
As biochemical characterization of the consequences of
missense mutations is rather laborious, only about a dozen
of the missense mutations have been examined at the biochemical level (e.g. (5-8)). The results of these studies have
revealed that the missense mutations can be divided into two
classes: in most cases the amino acid substitutions caused by
the missense mutations result in defective folding of the enzyme in the endoplasmic reticulum and subsequent rapid
proteasomal degradation (8). For a small minority of mutations, the extent of folding still allows the enzyme to pass
the quality control mechanisms of the endoplasmic reticulum and the enzyme reaches the Golgi apparatus and is
correctly sorted to the lysosome. Due to the structural alterations, however, the defective ASA polypeptides are not
stable in the lysosome and are rapidly degraded. One such
example has been studied in great detail and even involved
the crystallization of the defective enzyme (6).
As mentioned previously, the Pro426Leu substitution is
one of the most frequent defective alleles, particularly in patients with the attenuated adult-onset form of disease. The
Pro426Leu-substituted ASA has been shown to be synthesized normally and correctly sorted to the lysosome, where
it is rapidly degraded. ASA is synthesized as a dimer. At the
acidic pH of the lysosome, four of these dimers reversibly
associate to form octamers. Interestingly, the interface between the dimers in the octamer contains a cathepsin L
cleavage site. In the octamer, however, this site is inaccessible to the protease. From an evolutionary point of view,
octamerization of ASA has probably developed to protect
the enzyme from proteolytic attack by its fellow lysosomal
enzymes. Proline residue 426 is involved in the lysosomal
octamerization process of ASA. When this residue is substituted with leucine, the enzyme's ability to octamerize is
greatly impaired and most of the enzyme remains in dimeric
form in the lysosome. Thus, the cathepsin L cleavage site is
exposed and the enzyme is rapidly degraded. This is one of
few examples in metabolic diseases in general, in which the
biochemical consequence of a missense mutation has been
fully characterized at the molecular level. Such in-depth examinations are not only of academic interest they may also
point to new therapeutic options. As the Pro426Leu substituted ASA is enzymatically active, stabilization of the en-
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zyme through inhibitors of cathepsin L are, in principal, a
therapeutic option.
Examination of the frequency of certain ASA alleles
amongst patients with different forms of metachromatic
leukodystrophy has revealed a genotype-phenotype correlation in metachromatic leukodystrophy (3,4). Patients who
are homozygous for alleles that do not allow the synthesis of functional enzyme, always suffer from the most severe late-infantile form of metachromatic leukodystrophy.
In these cases, the lack of functional enzyme results in rapid
accumulation of sulphatide (9). Therefore, the onset of the
disease is early and progression is usually rapid. If a patient carries one allele that allows for the expression of low
amounts of residual enzyme activity - such as the abovementioned Pro426Leu allele - in most cases this results in
the juvenile-onset form of disease (3). Many patients with
adult-onset disease are in fact homozygous for alleles allowing for the expression of low amounts of functional enzyme.
These residual activities prolong the process of accumulation
and explain the late onset and less rapid progression of disease (9). Figure 1summarizes data on genotype-phenotype
correlations in metachromatic leukodystrophy, showing the
relationship between age at disease onset and the different
genotypes seen in patients. Interestingly, most patients carrying the Ilel79Ser allele who have been diagnosed were heterozygous for this allele and a null allele (10). So far, not a
single patient has been identified who is homozygous for this
allele. Considering that this allele is the third most frequent
amongst patients with metachromatic leukodystrophy, this
is unexpected. It may be speculated that homozygosity for
this allele may allow for normal sulphatide catabolism, so
that homozygous individuals may remain healthy and are
therefore not detected. This hypothesis is further supported
by the results of the characterization of a few patients with
very late-onset metachromatic leultodystrophy. For example, a patient developing the first symptoms at the age of
63 years was heterozygous for the Pro426Leu and Ilel79Ser
alleles (11). As the phenotype of patients with metachromatic leukodystrophy is substantially influenced by residual enzyme activity, this may be explained by a comparatively high residual enzyme activity associated with the
Ilel79Ser allele, which in combination the Pro426Leu allele,
allows for an even later onset of disease, as seen in
Pro426Leu homozygotes.
In addition to the correlation between genotype and age
at disease onset, there is another genotype-phenotype correlation in metachromatic leultodystrophy, which associates
the Pro246Leu and Ilel79Ser alleles with different clinical
phenotypes of patients. An international consortium has collected biochemical, genetic and clinical data from adult patients with metachromatic leukodystrophy (10).This collection revealed that patients homozygous for the Pro426Leu
allele almost always present initially with progressive motor
and sensory deficits. In contrast, in patients who carry an
Ilel79Ser allele the disease frequently starts with psychiatric
symptoms and patients develop neurological symptoms only
later in the course of the disease. Thus, there seems to be a
correlation between genotype and initial clinical symptoms.
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Figure 1 This figure shows the correlation between age at disease onset and the various arylsulphatase A (ASA) genotypes in patients with metachromatic
leukodystrophy. SDEx2 denotes one of the frequent defective ASA alleles in which a splice donor site at the exon 2/intron 2 border is mutated (allele frequency
-25O/o). Pro426Leu is an allele of similar frequency, carrying the respective missense mutation (3). lle179Ser accounts for about 12% of all defective alleles
amongst patients with metachromatic leukodystrophy. 0, depicts various null alleles. Dots give the age at onset for the various patients. Mean age is shown in
brackets. Data were compiled from various publications and unpublished results!!( Gieselmann, unpublished). Data for lle179Ser/O patients are from (10).

When considering genotype-phenotype correlations in
metachromatic leukodystrophy, one important issue should
be emphasized. When patients of identical genotype are
compared (e.g. Pro426Leu/Pro426Leu homozygotes), it becomes apparent that there is substantial variation occurring
within the same genotype (Fig. 1). Variability can even occur within the same family (12,13).This shows that there are
clearly other genetic or epigenetic factors, which influence
the phenotype of the patient substantially. These factors are
at present unknown. Nevertheless, the variation in phenotype observed in individuals with the same genotype precludes any prediction of clinical outcome based on genetic
analysis. The genotype-phenotype correlation in metachromatic leukodystrophy is only significant when groups of
patients are considered, and it does not allow for a precise
individual prediction of the clinical course of the disease.
ANIMAL MODELS OF METACHROMATIC LEUKODYSTROPHY

Metachromatic leukodystrophy is a disease for which no
naturally occurring animal model exists. The disease has
only been described in humans. For that reason an ASAdeficient ltnocltout mouse model was generated several years
ago (14). These mice store sulphatide in tissues similar to
humans (15). Sulphatide storage has been found in brain
white matter, in Schwanil cells, in the distal tubules of
the kidney and in gall bladder epithelia. Thus, the pattern of sulphatide storage in ASA-deficient mice mimics
that observed in humans with metachromatic leultodystro-

phy; however, the mice lack the pathological hallmark of
the disease, which is demyelination (14,16). Even in very
old (26 months) animals there are, at best, minimal signs
of demyelination in the nervous system. As the animals
do not develop demyelination in the central or peripheral
nervous systems, they are of limited value in pathogenetic
studies. Despite this, and the observation that lifespan is
not reduced, the animals do develop progressive neurological symptoms (17). Compared with controls, ASA-deficient
mice perform worse on a slowly rotating rod and various
other behavioural tests. Neurological symptoms become apparent after about 6 months of life, and slowly worsen over
time (17). As the mice do not show deinyelination, it seems
surprising that they develop neurological symptoms. Closer
examination reveals that sulphatide storage in the nervous
system is not restricted to the oligodendrocytes, but also
occurs in many neurons (18). Therefore, it seems possible
that the symptoms in the mice are caused by increasing sulphatide accumulation in neurons rather than oligodendrocytes. This may be extrapolated to humans. The disease has
been classified as a leukodystrophy, based on pathological
examinations of autoptic brains, in which storage has been
described in neurons as well as glial cells (19). Whether neuronal storage also contributes to symptoms in patients during
the early stages of disease is unknown, but the animal model
suggests that this may be the case.
The reason for the lack of demyelination in the
ASA-deficient mice seems to be insufficient sulphatide
accumulation. When sulphatide storage in the CNS of
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ASA-deficient mice was analysed at the age of 24 months,
it was only elevated by about 1.4-fold compared with normal controls (20). In patients, a three- to sevenfold increase
in sulphatide content was described in autoptic brains (1).
This finding suggests that the low degree of sulphatide accumulation is responsible for the lack of demyelination in
the mouse model. It should be mentioned that the turnover
of sulphatide in myelin is very slow. Its half-life appears to
be in the range of several months (21). As myelination is an
evolutionary conserved process, the half-life of myelin lipids
in men and mice is likely to be conserved too. As lysosomal
accun~ulationrequires sulphatide turnover, it may take as
long as 2 years before symptoms develop. So, the 1.4-fold
increase of sulphatide in mice possibly reflects the storage
in humans of about the same age. The short lifespan of mice
then limits the degree of accumulation to below the extent
needed for the development of demyelination.
If the reason for the absence of demyelination in the
ASA-deficient mouse is insufficient accumulation of sulphatide, then an increase in sulphatide should provoke
loss of myelin. To achieve this, transgenic mice were generated, which express the sulphatide-synthesizing enzyme
cerebroside sulphotransferase (CST) under the control of
an oligodendrocyte and Schwann cell-specific proteolipid
protein (PLP) promoter (M Eckhardt, unpublished). These
transgenic mice were crossed with ASA-deficient mice. In
the PLP-CST transgenic/ASA-knockout mice the enhanced
synthesis of sulphatide should lead to enhanced accumulation. Analysis of sulphatide concentrations in the brain of
these mice showed that, compared with the conventional
ASA-knockout mice, sulphatide was increased about twoto threefold. Consequently, these mice developed demyelination in the peripheral nervous system accompanied by a
substantial decrease in nerve conduction velocity. Also in
the CNS, irregular inyelin morphology and an increased frequency of hypomyelinated axons indicated demyelination.
At the biochemical level this was reflected by a reduction
of myelin basic protein. Compared with the peripheral nervous system, however, the degree of demyelination in the
CNS was less pronounced. In addition, the pathology in the
mice did not develop in the first months of life; it took more
than a year before myelin pathology developed. Nevertheless, this new animal model is the first to reflect the pathology
characteristic of the human disease.

THERAPEUTIC TRIALS

To date, no specific treatment is available for metachromatic
leukodystrophy, but various therapeutic trials have been performed in the mouse model. Trials in humans have focused
on haematopoietic stem cell transplantation. To understand
the rationale of therapies that were so far applied it is helpful
to briefly review the process by which ASA and lysosomal
enzymes in general are sorted to the lysosome.
ASA is synthesized at the rough endoplasmic reticulum
where it receives N-linked oligosaccharide side chains. Upon
passage through the Golgi apparatus these oligosaccharide
side chains receive mannose-6-phosphate residues, which
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represent the sorting signal specific for lysosomal enzymes.
The residues bind to mannose-6-phosphate receptors, which
mediate further vesicular transport to the lysosome. During this process, it is important to realize that binding to
the receptors in the Golgi apparatus is incomplete and a
considerable fraction of ASA is secreted. The secreted ASA
can be recaptured by neighbouring cells because mannose6-phosphate receptors are also present on the plasma
membrane. ASA binding to these plasma membrane-located
receptors is the basis of internalization and effective delivery to the lysosomes (22). Thus, it is either possible to
provide the mannose-6-phosphate-containing reconlbinant
ASA directly by intravenous injection, or to transplant ASAexpressing cells into the patient. These cells will secrete
ASA, which can be endocytosed by the deficient cells of
the patient.

Therapeutic trials in patients with
metachromatic Ieultodystrophy
Based on this rationale, a number of patients were treated
by haematopoietic stem cell transplantation (23,24). Importantly, monocytic cells of bone marrow can migrate into the
brain and differentiate into microglial cells (25). Thus, these
cells are able to cross the blood-brain barrier and should be
able to deliver enzymes to oligodendrocytes and neurons. It
is, however, still controversial to what extent patients with
metachromatic leukodystrophy benefit from this treatment.
It seems to be agreed that treatment of patients with the
rapidly progressing late-infantile form of the disease is ineffective (26). These patients should not undergo transplantation. If transplantation is performed in the early disease
stages in patients with late-onset forms of metachromatic
leukodystrophy it seems that, at least in some patients, disease progression is slowed (23,24). Surprisingly, in these patients there is no improvement in peripheral nerve pathology
(C Peters, personal communication and (27)).
Intravenous injection of recombinant ASA has been investigated in ASA-deficient mice. These mice were injected
with very high doses - up to 40 mg/kg body weight - of ASA
produced in Chinese hamster ovary cells (28). These mice
showed a reduction in sulphatide storage in the kidneys and
the peripheral nervous system. Surprisingly, after the fourth
injection of high doses of ASA there was also a slight reduction in sulphatide storage in the brain. Importantly, the
reduction was restricted to inacrophages; a reduced accumulation in oligodendrocytes was not detected. This finding
is important, as it is unclear how much sulphatide storage
in macrophages contributes to the pathology in the disease.
The histochemical iiz situ evaluation of storage was done
with Alcian blue, which allows for a qualitative and, to a
limited extent, quantitative evaluation. Therefore, it cannot
be excluded that there may also have been a modest reduction in storage in the oligodendrocytes, but this has not yet
been demonstrated. These unexpected positive results have
led to the initiation of a phase 1/11 clinical study currently
being performed in Denmark in patients suffering from the
late-infantile form of the disease.
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Therapeutic trials in ASA-deficient mice
Other studies performed in the mouse model involved direct injection of ASA-expressing recombinant viral vectors
into the brain. As this technique is expected to yield rapidly
increasing levels of ASA in the brain, it may be particularly
suitable for patients suffering from the late-infantile form of
metachromatic leukodystrophy, in which the rapid clinical
deterioration requires an immediate increase of enzyme activity. One of the studies used lentiviral vectors, which were
injected into the hippocampal fimbria of the mice (29). This
study showed widespread distribution of enzyme activity in
the brains of ASA-deficient mice. The study also showed
protection against degeneration of hippocampal neurons, resulting in improved learning abilities in the mice.
Another study used adeno-associated viral vectors to express ASA in the brains of ASA-deficient mice (16,30).After
injection, ASA was expressed in the brain, cerebellum and
brainstem, and expression lasted for the entire observation
period of up to 15 months post injection. The mice showed a
substantial reduction of sulphatide storage, accompanied by
an improvement in neuropathological findings, such as reduced microglial activation and neuronal degeneration. The
study was performed with two sets of mice: in one set, the
injection of the viral vectors was done in young animals before the development of symptoms. In the second, injection
was in older animals that had already developed initial signs
of neuromotor disability. Whereas sulphatide reduction and
neuropathological correction was similar in both trials, the
treatment did not prevent the progression of neuromotor
disabilities in the older mice (30). The reason for this difference is unknown. It should be noted that treatment did
not influence the levels of gangliosides GM2 and GD3 in
the brain - which, for unknown reasons, also accumulate in
the ASA-deficient mice - nor did it improve the reduction
of galactosylceramide, which also occurs in ASA-deficient
mice. Perhaps these uncorrected lipid abnormalities account
for the persisting neurological symptoms in the mice. Nevertheless, the results of these studies are sufficiently promising
that clinical studies are planned in the near future in the
rapidly progressing late-infantile form of the disease.
A number of studies have used cell-based therapies in the
ASA-deficient mouse. In these trials, different cell types were
transplanted into the ASA-deficient mice. Because it can
be expected that therapeutic efficacy will be better the more
ASA these cells produce, some studies used cells that were
genetically modified prior to transplantation to overexpress
ASA. The latter involved studies in which haematopoietic
stem cells were transduced with either retroviral or lentiviral vectors and subsequently transplanted into ASA-deficient
mice. The outcome of these studies was quite different. Studies using retroviral vectors demonstrated only a marginal
reduction of sulphatide storage and only marginal effects
on neurological symptoms in the mice (31). When lentiviral vectors were used, there was a substantial improvement
in demyelination, with almost full correction of decreased
nerve conduction velocity (32). This therapeutic success is
remarkable because none of the other groups working with
the same animal model have been able to detect demyelina-

tion and corresponding alterations of electrophysiological
parameters in the animals. The same group extended these
experiments further and demonstrated the reversal of neurological damage in these animals upon haematopoietic stem
cell transplantation (33). It must be kept in mind, however, that the neurological symptoms these mice display are
not caused by demyelination, but most likely by neuronal
storage. Thus, demonstration of reversal of neuropathology in these animals is of little relevance to metachromatic
leukodystrophy, as these data do not allow the conclusion
that demyelination in the disease can be reversed. In general, due to the lack of demyelination in the ASA-knockout
mouse, this animal model does not allow the design of experiments addressing the reversibility of damage in this disease.
Amongst the cell-based therapy options in metachromatic
leukodystrophy, haematopoietic stem-cell-based gene therapy is certainly the most feasible with respect to clinical applications. Therefore, based on the results obtained with the
ASA-knockout mice, clinical trials are planned in patients
with metachromatic leultodystrophy in the near future.
Other cell-based therapy options, which have been tried
in the ASA-deficient mouse involve transplantation of oligodendroglial progenitor cells (34),neural progenitor cells (35)
and glial precursor cells derived from embryonic stem cells
(36). In studies of the transplantation of non-genetically
modified oligodendroglial precursor cells, histochemical
evaluation showed sulphatide storage to be reduced and
the neurological symptoms of the mice were substantially
improved. When neural progenitor cells, genetically modified to express large amounts of ASA, were transplanted
into ASA-deficient mice, partial clearance in cells surrounding the transplanted cells was observed. The same applies
to genetically modified glial precursor cells derived from
embryonic stem cells. In this case, sulphatide storage was
diminished only in the vicinity of the transplanted cells.
Although these three studies are difficult to compare because
the experimental settings were quite different, it is surprising
that non-genetically modified oligodendroglial cells seem to
be therapeutically more efficient than cells overexpressing
ASA. This suggests that the properties of the cell type chosen for transplantation is important.

CONCLUSION
Metachromatic leultodystrophy is a lysosomal storage disease, which is well understood at the genetic level and for
which a genotype-phenotype correlation exists when groups
of patients are compared. The phenotypic variation amongst
patients with the same genotype is, however, substantial, so it
remains impossible to predict the individual disease course
based on genetic data alone. The animal model currently
available for the disease does not develop the widespread
demyelination seen in patients, although the mice store sulphatide in the same tissues as humans. Therefore, the use
of ASA-deficient mice in pathogenic studies and studies
examining the prevention and reversibility of myelin degeneration is very limited. The mice enable proof of principle investigations, in which, primarily, the reduction of
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sulphatide is demonstrated. Experimental studies in these
animals have involved enzyme replacement therapies based
on transplantation of cells a n d gene therapeutic trials. As a
consequence, enzyme replacement therapy, haematopoietic
stem-cell-based gene therapy a n d direct injection of adenoassociated viral vectors may soon be investigated in clinical
trials.

CONFLICT OF INTERESTS STATEMENT
VG holds a limited number of stoclc options in t h e Danish
company Zymenex A/S, which produces ASA for clinical
application.
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