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The physiological importance of the degradative processes in lysosomes is revealed by the existence of at
least 40 distinct inherited diseases, the so-called lysosomal storage disorders. Most of these diseases are
caused by a deficiency in a single lysosomal enzyme, or essential cofactor, and result in the lysosomal
accumulation of one, or sometimes several, natural compounds. The most prevalent subgroup of the
lysosomal storage disorders is formed by the sphingolipidoses, inherited disorders that are characterized
by excessive accumulation of one or multiple (glyco)sphingolipids. The biology of glycosphingolipids has
been extensively discussed in other contributions during this symposium. This review will therefore focus
in depth on (type 1) Gaucher disease, a prototypical glycosphingolipidosis. The elucidation of the primary
genetic defect, being a deficiency in the lysosomal glucocerebrosidase, is described. Characterization of
glucocerebrosidase at protein and gene level has subsequently opened avenues for therapeutic intervention.
The development of successful enzyme replacement therapy for type 1 Gaucher disease is discussed.
Attention is also paid to the alternative approach of substrate modulation using orally administered inhibi-
tors of glucosylceramide synthesis. Novel developments about the monitoring of age of onset, progression
and correction of disease are described. The remaining challenges about pathophysiology of glycosphingo-
lipidoses are discussed in view of further improvements in therapy for these debilitating disorders.
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1. INTRODUCTION

A characteristic feature of the long-lived eukaryotic cell is
the continuous recycling of macromolecular components.
Mammalian cells are equipped for this purpose with single
membrane-enclosed compartments in which a variety of
biological macromolecules can be safely and efficiently
degraded. These acid organelles, named lysosomes (De
Duve et al. 1955), receive substrates for degradation by
several routes. Endogenous and exogenous macromol-
ecules are generally imported into lysosomes by mem-
brane flow processes such as endocytosis, pinocytosis,
phagocytosis and autophagocytosis. In addition, direct
chaperon-mediated import of specific proteins from the
cytoplasm has been reported (Holzmann 1989; Dice et al.
1990). Lysosomes contain a relatively small set of approxi-
mately 60 acid hydrolases and a dozen accessory proteins
that allow sequential degradation of almost all macromol-
ecules, including lipids, glycosaminoglycans, oligosaccha-
rides, proteins and nucleic acids (Sandhoff & Kolter
2003). Specific carriers in the lysosomal membrane
mediate the export of the products of intralysosomal
catabolism to the cytoplasm where they can be reused.
The presence of transmembrane proteins with large,
highly glycosylated intralysosomal domains protects the
lysosomal membrane against self-digestion (Peters & von
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Figura 1994). The highly lytic action of the lysosomal
hydrolases is normally contained in the lysosomal/
endosomal compartments by several mechanisms. First,
many lysosomal hydrolases show a truly acidic pH opti-
mum, being hardly enzymatically active at near-neutral
pH. Second, some lysosomal hydrolases are intralysosom-
ally activated by proteolytic modification or by association
with additional cofactors that are required for optimal
catalytic activity (Sandhoff & Kolter 2003). Third, newly
synthesized or extracellular lysosomal hydrolases are very
efficiently delivered into lysosomes. The lectin-based
mechanism that governs the selective routing of newly
formed acid hydrolases to lysosomes was elucidated two
decades ago (Kornfeld & Mellman 1989). Upon co-
translational translocation of lysosomal enzymes into the
lumen of the endoplasmic reticulum their signal peptide
is removed, and specific asparagine residues are glycosyl-
ated by transfer of a preformed oligosaccharide from a dol-
ichol phosphate lipid carrier. The glycoproteins are folded,
assembled in correct multimeric structures and terminal
glucose moieties are removed from their glycans, an
important checkpoint in the quality control of protein
folding (Helenius 1994). Next, the glycoproteins are
exported to the Golgi apparatus where, exclusively, some
of their oligosaccharide chains obtain mannose-6-
phosphate moieties by a two-step process. The phosphom-
annosyl moieties act as a specific recognition signal
(Gieselmann et al. 2003). Selective binding of a major
fraction of most lysosomal enzymes to cation-dependent
or cation-independent MPRs, allows their segregation
from the secretory proteins in the trans-Golgi network. In
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endosomal compartments dissociation of MPRs and lyso-
somal protein ligands occurs because of local acidity. After
uncoupling, the receptor recycles to the Golgi apparatus
and the newly formed hydrolases are delivered into lyso-
somes. The cation-independent MPR is also involved in
the delivery to lysosomes of extracellular soluble acid
hydrolases containing mannose-6-phosphate residues.
Other lectin-type receptors are thought to play additional
important roles in uptake of extracellular acid hydrolases,
such as the asialo-glycoprotein receptor and mannose
receptor in the case of hepatocytes and macrophages,
respectively. In sharp contrast, targeting of integral lysoso-
mal membrane proteins is not mediated by phosphoman-
nosyl or other saccharide moieties but by specific peptide
motifs in their cytoplasmic domains. Further alternative
targeting mechanisms to lysosomes have to exist. Some
membrane-associated lysosomal enzymes such as gluco-
cerebrosidase do not acquire any phosphomannosyl moi-
eties in their glycans but are nevertheless efficiently
targeted to lysosomes by still unknown mechanisms (Aerts
et al. 1988). The lysosomal targeting of lysozyme and chi-
totriosidase in macrophages is also independent of lectin
receptors because these enzymes completely lack N-linked
glycans (Renkema et al. 1997). Moreover, investigations
on patients suffering from I-cell disease, in which forma-
tion of phosphomannosyl moieties is impaired, have indi-
cated that in hepatocytes and lymphocytes very efficient
intracellular sorting of newly formed soluble acid hydro-
lases can also occur independently of MPRs (Owada &
Neufeld 1982). The precise mechanism of the mannose-
6-phosphate independent targeting of soluble acid hydro-
lases is unknown, but it has been suggested that it involves
a transient membrane-association in the Golgi apparatus
(Rijnboutt et al. 1991).

The physiological importance of lysosomes is revealed
by the existence of at least 40 distinct inherited diseases,
the so-called lysosomal storage disorders (Neufeld 1991).
Most of these diseases are due to a deficiency in a single
lysosomal enzyme or essential cofactor and result in the
lysosomal accumulation of one or sometimes several natu-
ral compounds. According to the prevailing stored com-
pound, the lysosomal storage diseases are grouped as
mucopolysaccharidoses, sphingolipidoses, mucolipidoses,
lipidoses, glycoproteinoses, glycogenoses, ceroid lipofus-
cinoses and mucopolysaccharidoses. Some of the lysoso-
mal storage diseases are not single enzymopathies but are
based on defects in activator proteins, insufficient trans-
port of hydrolytic products across the lysosomal mem-
brane, deficiencies in non-lysosomal proteins involved in
lysosome biogenesis or post-translational modification of
lysosomal enzymes or inherited abnormalities in intra-
cellular membrane flow.

All lysosomal storage diseases are relatively rare, with
an overall birth incidence for the whole group of 1 : 5000–
1 : 10 000. The individual incidence of the more promi-
nent lysosomal diseases is estimated to be between
1 : 20 000 and 1 : 100 000 in most populations (Meikle et
al. 1999; Poorthuis et al. 1999). Genetic drift and founder
effects have led to unusually high incidences of specific
lysosomal storage diseases in some populations. The best
examples of this are Gaucher and Tay–Sachs disease
among Ashkenazim, and aspartylglucosaminuria, Salla
disease and infantile neuronal ceroid lipofuscinosis in Fin-
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land (Peltonen 1997). In general, the clinical manifes-
tation of lysosomal storage disorders is remarkably
heterogeneous, contributing to the limited awareness of
these diseases. The age of onset and progression of disease
vary considerably for almost each individual storage dis-
order. This remarkable phenotypic variability is usually
linked to the extent of the deficiency that is determined
by the exact nature of the underlying genetic defect. In
some lysosomal enzymopathies a strict correlation
between residual enzyme activity and severity of disease
manifestation exists. A common feature of lysosomal stor-
age disorders is that storage material only accumulates in
lysosomes of particular cell types. The nature and residual
capacity of the defective metabolic pathway, in combi-
nation with the actual flux through this pathway in various
cell types, determine the particular cell types that are
affected. This phenomenon explains why in some lysoso-
mal storage disorders external genetic or environmental
factors that influence the flux through the defective path-
way also have a major impact on disease manifestation.
The genotype–phenotype relation is therefore not strict in
many lysosomal storage disorders.

The most prevalent subgroup of the lysosomal storage
disorders is formed by the sphingolipidoses, inherited dis-
orders that are characterized by excessive accumulation of
one or multiple (glyco)sphingolipids. Table 1 summarizes
the nature and prevalence of this group of diseases. The
biology of glycosphingolipids has been extensively dis-
cussed in other contributions during this symposium. The
remainder of this review will therefore focus in depth on
(type 1) Gaucher disease, a prototypical glycosphingolip-
idosis. Attention will be paid to current insights into the
biochemical aspects of the disorder and the progress that
has been made in therapeutic correction of the deficiency.

2. GAUCHER DISEASE (GLUCOSYLCERAMIDOSIS):
A MACROPHAGE DISORDER

Gaucher disease is the most frequently encountered
lysosomal storage disorder in man (Barranger & Ginns
1989; Beutler & Grabowski 1995). The French medical
student Philippe C. E. Gaucher first described, in 1882,
the clinical features of the disease, reporting the presence
of large unusual cells in a 32-year-old female with an
enlarged spleen. At the beginning of the twentieth century,
it was already suggested that the disease was a familial
disorder. In 1934, the primary storage material in Gaucher
disease was finally identified as glucocerebroside
(glucosylceramide). This glycosphingolipid is the common
intermediate in the synthesis and degradation of ganglio-
sides and globosides. In 1965, Patrick and Brady et al.
showed independently that the primary defect in Gaucher
disease is a marked deficiency in activity of the lysosomal
enzyme glucocerebrosidase (EC. 3.2.1.45) (Brady et al.
1966; Patrick 1965).

Inherited deficiencies in glucocerebrosidase result in an
accumulation of its lipid substrate in the lysosomal com-
partment of macrophages throughout the body. Three dif-
ferent phenotypes are recognized, which are differentiated
on the basis of the presence or absence of neurological
symptoms. More recently, additional phenotypes of
Gaucher disease have been identified. For example, com-
plete deficiency in glucocerebrosidase activity results in
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Table 1. Birth prevalence (per 100 000) of common sphingolipidoses in The Netherlands (Poorthuis et al. 1999).

disease enzyme deficiency prevalence

Fabry a-galactosidase A 0.21
Gaucher glucocerebrosidase 1.16
Niemann–Pick type A and B acid sphingomyelinase 0.53
Niemann–Pick type C NPC1/NPC2 0.35
Krabbe galactosylceramidase 1.35
Sandhoff b-hexosaminidase A and B 0.34
Tay–Sachs b-hexosaminidase A 0.41
GM1-gangliosidosis b-galactosidase 0.41
metachromatic leukodystrophy arylsulphatase A 1.42

major skin permeability abnormalities with lethal conse-
quences, either prenatally or shortly after birth. The most
prevalent variant of the disease is the non-neuronopathic
form, named type 1 Gaucher disease. The age of onset
and clinical manifestations of type 1 Gaucher disease are
highly variable. The most common symptoms include
splenomegaly with anaemia and thrombocytopenia,
mostly due to hypersplenism, hepatomegaly and bone dis-
ease. Anaemia may contribute to chronic fatigue. Throm-
bocytopenia and prolonged clotting times may lead to an
increase in bleeding tendency. Atypical bone pain, patho-
logical fractures, avascular necrosis and extremely painful
bone crises may also have a great impact on the quality of
life. Type 1 Gaucher disease is relatively common in all
ethnic groups. It is prevalent among Ashkenazim with a
carrier frequency as high as approximately 1 in 10 and an
incidence of approximately 1 in 5000. The most common
mutation in the glucocerebrosidase gene of Caucasians,
including Ashkenazim, encodes the amino acid substi-
tution N370S. The heteroallelic presence of the N370S
mutation is always associated with a non-neuronopathic
course (Jonsson et al. 1987). It has been demonstrated
that the N370S glucocerebrosidase is normally produced
and present in lysosomes. Its catalytic activity is only sev-
erely impaired at pH values above 5.0, illustrating the sub-
tle nature of the mutation (Van Weely et al. 1993a). This
may contribute to the fact that most, but not all, homozy-
gotes for the N370S mutation do not develop significant
clinical symptoms. Twin studies and the poor predictive
power of phenotype–genotype investigations in Gaucher
disease have clearly indicated that epigenetic factors also
play a key role in Gaucher disease manifestation (Aerts et
al. 1993; Cox & Schofield 1997).

Although glucocerebrosidase is present in lysosomes of
all cell types, type 1 Gaucher disease patients solely
develop storage of glucocerebroside in cells of the mono-
nuclear phagocyte system. Macrophages participate in the
degradation of invading microbes, the natural turnover of
blood cells and in tissue modelling. Because of this, it is
not surprising that in many of the lysosomal storage dis-
orders accumulation of storage material also takes a
prominent place in tissue macrophages. The type 1 variant
of Gaucher disease is unique because lysosomal storage
occurs exclusively in macrophages. It is believed that the
storage material stems from the breakdown of exogeneous
lipids derived from the turnover of blood cells. Pseudo-
Gaucher cells may be observed in non-Gaucher patients
during conditions with markedly increased blood cell
turnover. This illustrates that, at least in man, the capacity
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of glucocerebrosidase in macrophages to cope with gluco-
sylceramide degradation is relatively limited.

The glucocerebroside-loaded cells in Gaucher patients
show a characteristic morphology with a ‘wrinkled paper’-
like appearance of their cytoplasm, which contains lysoso-
mal inclusion bodies; these cells are referred to as Gaucher
cells (figure 1). In recent decades, it has become apparent
that Gaucher cells are not inert containers of storage
material but viable, chronically activated macrophages
that contribute to the diverse clinical manifestations of
Gaucher disease. Increased circulating levels of several
pro-inflammatory cytokines (TNF-a, IL-1 b, IL-6 and IL-
8), the anti-inflammatory cytokine IL-10, and M-CSF
have been reported (Aerts & Hollak 1997; Cox 2001). It
has been suggested that cytokine abnormalities may play
a crucial role in the development of common clinical
abnormalities in Gaucher patients such as osteopenia,
activation of coagulation, hypermetabolism, gammopath-
ies and multiple myeloma and hypolipoproteinaemias.
More recently, examination of gene expression profiles by
suppressive subtraction hybridization analysis of Gaucher
and control spleens has led to the identification of over-
expression by Gaucher cells of transcripts for cathepsins
B, K and S (Moran et al. 2000). It is interesting to note
that osteoclast-derived cathepsin K is prominently
involved in osseous type 1 collagen destruction. Local
release of this cathepsin may therefore contribute to the
osteolysis in Gaucher disease. It has to be stressed that it
is still unclear to what extent Gaucher cells themselves, or
rather their precursors, secrete for themselves the various
harmful factors. There is, however, overwhelming evi-
dence that the local presence of Gaucher cells is a pre-
requisite for initiation of pathological processes.

3. THERAPY OF TYPE 1 GAUCHER DISEASE

One of the most attractive candidates among the
inherited lysosomal storage disorders for developing effec-
tive therapeutic interventions is type 1 Gaucher disease.
The molecular basis of the underlying genetic defect has
already been established in detail at gene and protein level.
Most importantly, just a single cell type, the tissue macro-
phage, is primarily implicated in the pathophysiology of
the disorder. The rationale for therapeutic intervention of
type 1 Gaucher disease is therefore relatively simple: cor-
rection (or prevention of ongoing formation) of Gaucher
cells. This could be accomplished by: (i) supplementation
of macrophages with the enzyme glucocerebrosidase
(enzyme replacement therapy; Brady (2003)); (ii)
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Figure 1. Gaucher cell in bone marrow aspirate of type 1
Gaucher patient.

reduction of glycolipid synthesis with specific inhibitors
(substrate deprivation or substrate balancing therapy; But-
ters et al. (2003); Platt et al. (2003)); or (iii) introduction
of glucocerebrosidase cDNA in haemopoietic progenitors
of macrophages (gene therapy; Gieselmann et al. (2003)).
Other more speculative avenues may be the stabilization
of specific mutant forms of the enzyme (chemical chap-
erons or inhibitors of proteolytic degradation) and the
manipulation of intralysosomal pH.

(a) Enzyme therapy
The pioneering work of Brady, Barranger and co-work-

ers at the National Institutes of Health (Bethesda, USA),
as well as valuable contributions by many others, has led
to a highly effective treatment of type 1 Gaucher disease
that is based on chronic intravenous administration of
human glucocerebrosidase (Brady 1997; Barranger &
O’Rourke 2001). The pioneering attempts to treat type
1 Gaucher disease by infusions with glucocerebrosidase
isolated from human placenta had already begun in the
early 1970s at the National Institutes of Health. Unfortu-
nately, these did not result in an effective therapy for two
compelling reasons. First, too little and insufficiently pure
glucocerebrosidase could be generated with the existing
technology. Second, most of the administered enzyme was
not delivered to macrophages but to other cell types such
as hepatocytes. The final development of an effective
enzyme replacement therapy for type 1 Gaucher disease
relied on a fortunate intersection of scientific disciplines:
the discovery of receptors for glycoproteins and the com-
plete purification of glucocerebrosidase. Purification of the
protein to homogeneity was achieved in 1977 and sub-
sequently isolation procedures were markedly improved
(Murray et al. 1985; Aerts et al. 1986). In 1974, the first
mammalian cell lectin, the asialoglycoprotein receptor was
described, followed by identification of a mannose-specific
lectin on Kupffer cells in the liver (Ashwell & Morell
1974). The mannose receptor was shown to interact avidly
with mannose-terminal glycoconjugates and mediate their
delivery into lysosomes (Stahl et al. 1978). Barranger,
Brady and co-workers realized that this receptor-mediated
uptake mechanism could be exploited for therapy of
Gaucher disease. Analysis of the carbohydrate compo-
sition of placental glucocerebrosidase showed the presence
of three complex-type glycans and a single high-mannose-
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type glycan per molecule (Takasaki et al. 1984). The pres-
ence of terminal galactose moieties in the glycans of pla-
cental glucocerebrosidase provided an explanation for the
undesired preferential targeting to hepatocytes. To
increase the amount of terminal mannose moieties in pla-
cental glucocerebrosidase an in vitro method based on
sequential enzymatic removal of N-acetylneuraminic acid,
galactose and N-acetylglucosamine moieties with exogly-
cosidases was developed (Furbish et al. 1981). The modi-
fied ‘mannose-terminated’ glucocerebrosidase remained
fully enzymatically active. It was later demonstrated that
a similar mannose-terminated form of the enzyme also
occurs naturally in lysosomes of human fibroblasts (Van
Weely et al. 1990). It is generated by sequential action of
lysosomal exoglycosidases during maturation of endogen-
ous glucocerebrosidase. Animal studies with the mannose-
terminated placental glucocerebrosidase revealed that the
enzyme was delivered differentially to Kupffer cells com-
pared with hepatocytes (Furbish et al. 1981). Upon treat-
ing a 5-year-old Ashkenazi Jewish boy with the modified
placental enzyme, Barranger and co-workers noted prom-
ising clinical improvements. In subsequent years, the
involvement of industry (Genzyme Corporation, Boston,
USA) was required to produce sufficient enzyme for
further clinical studies with mannose-terminated placental
glucocerebrosidase (Ceredase). In a study in 1990 with 12
type 1 Gaucher patients, Barton and co-workers finally
demonstrated unequivocally that two-weekly intravenous
administration of Ceredase (130 IU kg21 month21)
resulted in a marked improvement in organomegaly and
corrections of haematological abnormalities (Barton et al.
1991). The spectacular clinical response to enzyme
replacement therapy has led to a rapid application world-
wide. At present, approximately 3000 type 1 Gaucher
patients benefit from therapeutic intervention with Cere-
zyme, the recombinant form of glucocerebrosidase that
has superseded the placenta-derived Ceredase (Grabowski
et al. 1995).

The introduction of Ceredase was associated with con-
siderable controversy about optimal dosing regimens,
further stimulated by concerns about the safety of the
incompletely pure placental enzyme preparation and the
extreme costs for treatment of adult patients ($50 000 to
$500 000 per patient per year). The availability of pure
recombinant glucocerebrosidase and clinical investigations
on optimal individualized dosing regimens resolved most
of the debate (Hollak et al. 1995). However, at present
little is known about the optimal dosing regimens during
maintenance therapy. In many type 1 Gaucher patients
enzyme therapy initially results in a fast removal of a pro-
portion of Gaucher cells; however, complete removal is
difficult to accomplish. Apparently, a fraction of storage
cells is difficult to correct, even upon therapy with a very
high dose of enzyme. The true efficacy of targeting of
mannose-terminated glucocerebrosidase to macrophages
or Gaucher cells is unclear. Investigations in rats have
revealed that a major fraction of Ceredase is actually not
delivered to macrophages but rather endocytosed by liver
endothelial cells (Bijsterbosch et al. 1996). This finding is
not unexpected, because it has been demonstrated that
the mannose receptor is also expressed on these cells (see
Linehan et al. 1999). Despite elegant studies with radiola-
belled enzyme in volunteers, it remains an unanswered
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question, to which cells precisely mannose-terminated
glucocerebrosidase is delivered in Gaucher patients
(Mistry et al. 1996). Further research on potential
improvements in enzyme delivery to Gaucher cells in vari-
ous body locations is required.

Systemically administered glucocerebrosidase, a glyco-
protein of ca. 60 kDa, is unable to pass through the blood–
brain barrier. The outcome of enzyme replacement ther-
apy for acute neuronopathic (type 2) and severe forms of
chronic neuronopathic (type 3) Gaucher disease is disap-
pointing (Erikson 2001). Several clinical investigations
have revealed that in the severe neuronopathic Gaucher
patients, the effects of enzyme replacement therapy on vis-
ceral and haematological symptoms are good, but the fatal
neurological deterioration continues. Accumulation of
glucocerebroside and its metabolite glucosylsphingosine
inside the brain underlies the severe neuropathology of
these patients. Importantly, milder forms of type 3
Gaucher disease, where the chronic neuronopathic disease
is primarily caused by perivascular storage cells, respond
well to enzyme replacement therapy, and treatment with
a high dose enzyme regimen is recommended by the Euro-
pean Working Group on Gaucher Disease (Vellodi et al.
2001). Perivascular macrophages in the brain are known
to express mannose receptor (Linehan et al. 1999).

(b) Substrate deprivation therapy
An alternative approach for therapeutic intervention of

type 1 Gaucher and other glycosphingolipidoses is sub-
strate deprivation (also termed substrate reduction) ther-
apy. This challenging concept was first formulated by
Radin and co-workers (for a review, see Radin (1996)).
The approach aims to reduce the rate of glycosphingolipid
biosynthesis to levels that match the impaired catabolism.
The concept is that patients who have a significant
residual lysosomal enzyme activity could gradually clear
lysosomal storage material and therefore should profit
most from reduction of substrate biosynthesis.

Two main classes of inhibitor of glycosphingolipid
biosynthesis have already been described, both of which
inhibit the ceramide-specific glucosyltransferase (also
termed glucosylceramide synthase; GlcT-1; UDP-glucose:
N-acylsphingosine d-glucosyl-transferase, EC 2.4.1.80).
The enzyme catalyses the transfer of glucose to ceramide,
the first step of the biosynthesis of glucosphingolipids. The
first class of inhibitor is formed by analogues of ceramide.
The prototype inhibitor is PDMP (D, L-threo-1-phenyl-
2-decanoylamino-3-morpholino-1-propanol). More spe-
cific and potent analogues have subsequently been
developed based on substituting the morpholino group for
a pyrrolidino function and by substitutions at the phenyl
group: 4-hydroxy-1-phenyl-2-palmitoylamino-3-pyrroli-
dono-1-propanol (p-OH-P4) and ethylenedioxy-1-phenyl-
palmitoylamino-3-pyrrolidino-1-propanol (EtDo-P4)
(Lee et al. 1999). Studies in a knockout mouse model for
Fabry disease have shown that oral administration of the
compounds can result in a marked reduction of the
accumulating glycosphingolipid globotriaosylceramide
(Abe et al. 2000).

The second class of inhibitor of glucosylceramide syn-
thase is formed by N-alkylated iminosugars (see figure 2).
Such types of compounds were already in common use as
inhibitors of N-glycan-processing enzymes and the poten-
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Figure 2. Structures of deoxynojirimycin-type inhibitors of
glycosylceramide synthase. Butyl-DNM: butyldeoxynojiri-
mycin; AMP-DNM: adamantane-pentyl-deoxynojirimycin.

tial application of NB-DNJ as an HIV inhibitor had been
studied in AIDS patients. Platt and Butters, at the Glyco-
biology Institute in Oxford, were the first to recognize the
ability of NB-DNJ to inhibit glycosylceramide synthesis at
low micromolar concentrations (Platt et al. 1994). The
same researchers demonstrated significant reductions in
glycosphingolipid storage in the brain in knockout mouse
models of Tay–Sachs disease and Sandhoff disease
(Jeyakumar et al. 1999). Preclinical studies in animals and
the previous clinical trial in AIDS patients, have indicated
(transient) adverse effects in the gastrointestinal tract,
probably related to the ability of NB-DNJ to inhibit disac-
charidases on the intestinal brush border. Animal studies
have shown that the galactose analogue N-butyldeoxygal-
actonojirimycin may have the same therapeutic efficacy as
NB-DNJ, but does not cause gastrointestinal side effects
(Andersson et al. 2000). Overkleeft and co-workers, in
their search for inhibitors of glucosidases, have serendipit-
ously developed a more potent inhibitor of glucosylceram-
ide synthase. Adamantane-pentyl-deoxynojirimycin was
found to inhibit glycosphingolipid biosynthesis at low nan-
omolar concentrations (Overkleeft et al. 1998) and was
able to prevent globotriaosylceramide accumulation in a
Fabry knockout mouse model without overt side effects
(D. Copeland, personal communication).

The first clinical study of the use of NB-DNJ to treat a
glycosphingolipid storage disorder has been reported
recently (Cox et al. 2000). In an open-label phase I/II trial
28 adult type 1 Gaucher patients received 100 mg of NB-
DNJ three times daily (OGT 918; Oxford GlycoSciences).
Improvements in visceromegaly and haematological
abnormalities as well as corrections in plasma levels of glu-
cosylceramide and biomarkers of Gaucher disease activity
have been described, although the extent of the response
is less spectacular than generally observed with enzyme
replacement therapy. As expected, a dose–response
relationship is demonstrable for NB-DNJ in type 1
Gaucher patients. It has been reported that administration
of 50 mg of NB-DNJ three times daily is far less effective
(Heitner et al. 2002). Very recently, the European Medi-
cines Evaluation Agency (EMEA, the European equival-
ent of the US Food and Drugs Administration) has
granted marketing authorization of NB-DNJ (‘Zavesca’,
miglustat, Oxford GlycoSciences) for treatment of type 1
Gaucher patients who are unsuitable to receive enzyme
replacement therapy. Despite the imminent registration of
the drug in Europe, important insights will still have to be
gained about clinical efficacy and safety. Provided
iminosugars or other inhibitors of glucosylceramide syn-
thase prove to be safe in the long term, they should have
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an important role to play in the management of glyco-
sphingolipid storage disorders, including Gaucher disease.

(c) Gene therapy
Because tissue macrophages are derived from the bone

marrow, it is logical that curative bone marrow transplan-
tations have been reported for some patients with Gaucher
disease (Ringden et al. 1995). The risks of allogeneic
transplantation, however, do not justify this approach in
patients with milder forms of the disease. The observed
efficacy of enzyme replacement therapy and bone marrow
transplantation has stimulated the pursuit of gene therapy
for Gaucher disease. Three independent studies of gene
transfer to the haemopoietic cells of Gaucher patients have
been done but none produced encouraging results
(Richter & Karlsson 2001). Low transduction efficiencies
of CD34 cells and no sustained expression of glucocere-
brosidase in white blood cells have contributed to this.
The development of gene therapy strategies to correct
haematological and genetic disorders has been hampered
by the low levels of gene transfer into human stem cells
using vectors derived from oncoretroviruses. Much inter-
est has recently been focused on vectors derived from
lentiviruses that have been shown to transduce a variety
of non-dividing cells, including haemopoietic cells
(Richter & Karlsson 2001). The use of such vectors and
new developments for macrophage-specific gene targeting
may open novel possibilities for effective gene therapy of
Gaucher disease in the future.

(d) Monitoring of therapeutic correction
Considerable attention has been paid in type 1 Gaucher

disease to treatment goals and the monitoring of response
to therapeutic interventions (Cox 2001; Hollak & Aerts
2001). The definition of treatment goals has to depend on
clinical endpoints or surrogate endpoints that can predict
clinical benefit based on epidemiological, pathophysiolog-
ical or other scientific evidence. Because of the burden
imposed by chronic intravenous infusions and the high
costs associated with enzyme therapy, as well as the uncer-
tainty about dose-dependent, long-term adverse effects of
iminosugar therapy, it seems wise to establish for the indi-
vidual Gaucher patient the minimal dose of drug required
for effective intervention. In severely affected patients, the
initial response to therapy can be accurately assessed by
determination of spleen and liver volumes, haemoglobulin
level and platelet count. During maintenance therapy
these clinical parameters are, however, of little value.
Monitoring of the effect of therapy on bone disease is
complicated and has usually been restricted to docu-
mentation of the occurrence of bone crises, pathological
fractures or the need for surgical intervention. More
recently, quantitative chemical shift imaging has been
applied to study the triglyceride content of lumbar bone
marrow (Hollak & Aerts 2001). The fat fraction of the
bone marrow is variably reduced in Gaucher disease
owing to the displacement of normal triglyceride-rich
adipocytes by Gaucher cells. It has been noted that a
marked reduction in bone marrow fat fraction is predictive
for the occurrence of bone complications. A marked cor-
rection in bone marrow fat content after therapy can be
therefore defined as a treatment goal (Hollak et al. 2002).

A search for plasma abnormalities in Gaucher disease

Phil. Trans. R. Soc. Lond. B (2003)

has led to the discovery of a marked elevation in chitotrio-
sidase, a hitherto unknown human chitinase (Hollak et al.
1994). In symptomatic Gaucher patients plasma chito-
triosidase levels were found to be approximately 1000-fold
higher than in normal individuals. It has been shown, sub-
sequently, that Gaucher cells are the source of this hydro-
lase in plasma and that the elevated levels are an indicator
of the burden of storage cells in a patient. Chitotriosidase
is synthesized in the pathological macrophages, and its
elevated activity correlates with tissue glucosylceramide
storage as well as clinical parameters of disease severity.
Enzyme replacement therapy, substrate deprivation ther-
apy or bone marrow transplantation rapidly reduces the
plasma chitotriosidase activity, (see figure 3). To assess
the utility of chitotriosidase activity measurements as a
biomarker for treatment efficacy, the relationship and
clinical parameters have been studied (Hollak & Aerts
2001). Based on this investigation, it has been proposed
that in patients in whom initiation of treatment is ques-
tionable, based solely on clinical parameters, a chitotriosi-
dase activity above 15 000 nmol ml21 h21 may serve as an
indicator of a high Gaucher cell burden and an indication
for the initiation of treatment. A reduction of less than
15% after 1 year of treatment should be a reason to con-
sider a dose increase. Furthermore, a sustained increase
in chitotriosidase at any point during treatment should
alert the physician to the possibility of clinical deterio-
ration and the need for dose adjustment. The assay of chi-
totriosidase activity is complicated by the existence of
apparent substrate inhibition due to transglycosidase
activity (J. M. Aerts, in preparation). Another pitfall
results from the complete absence of the enzymatic
activity in ca. 6% of all individuals. This results from
homozygosity for a null allele of the chitotriosidase gene
(Boot et al. 1998). Plasma chitotriosidase levels in hetero-
zygotes for this mutation (ca. 35% of all individuals)
underestimate the actual presence of Gaucher cells in
patients. Determination of chitotriosidase genotype in
Gaucher patients is therefore recommended.

Chitotriosidase has been characterized in detail at the
gene and protein level (Boot et al. 1995, 1998; Renkema
et al. 1995, 1997). The enzyme mimics lysozyme in several
aspects. It is also selectively expressed in phagocytes,
particularly in chronically activated macrophages, and
likewise is a compact globular endoglucosaminidase lack-
ing N-linked glycans. The physiological role of chitotriosi-
dase also seems to be found in innate immunity. It has
been observed in studies with Candida albicans and
Aspergillus fumigatus that the enzyme exerts a potent fungi-
static effect by selective lysis of the growth tip of hyphae.
The molecular basis for the massive overexpression of chi-
totriosidase in Gaucher cells and in related foam cells
observed in arteriosclerosis, sarcoidosis, Wolman disease
and Niemann–Pick disease is still unknown and the sub-
ject of ongoing investigation.

(e) Prospects for therapy of type 1 Gaucher
disease

Enormous progress has been made in the therapy of
type 1 Gaucher disease, a severely debilitating disorder
characterized by intralysosomal storage of glucocerebro-
side in tissue macrophages. A highly effective therapy
based on chronic intravenous administration of mannose-
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Figure 3. Corrections in elevated plasma chitotriosidase after therapeutic intervention. (a) The response of the first type 1
Gaucher patient treated in continental Europe by intravenous administration of Ceredase (48 IU kg21 month21). (b) The
response of first type 1 Gaucher disease patient treated in continental Europe by oral administration of butyldeoxynojirimycin
(300 mg day21).

terminated recombinant human glucocerebrosidase is
available. During the past decade, this therapy has been
applied in several thousands of patients without serious
adverse effect. Moreover, for the same orphan disease
promising clinical responses have been observed upon oral
administration of an iminosugar inhibitor of glucosylcera-
mide synthesis. Provided long-term treatment with such
inhibitors is without adverse effects, substrate deprivation
therapy (in conjunction with enzyme replacement
therapy) may play an important role in the future clinical
management of patients suffering from glycosphingolipid
storage disorders. Progress in vector technology and selec-
tive expression of the transgene in macrophages seem to
be essential requirements before gene therapy can fulfil its
promise as cure for type 1 Gaucher disease.

Despite the success of the present enzyme replacement
therapy with Cerezyme, the question should be raised
whether the enzyme supplementation treatment can be
further improved to be more economic and widely avail-
able. It is unclear, for example, what percentage of the
mannose-terminated Cerezyme is actually endocytosed by
tissue macrophages and storage cells and what percentage
is ‘wasted’ in other cell types such as liver endothelial cells.
The occurrence and consequences of binding of the thera-
peutic enzyme to receptors other than the mannose-
receptor, to soluble receptor fragments like sMR or to
serum mannose-binding lectins still warrants further
examination. Little attention has so far been paid to the
expression of the mannose receptor on macrophages and
other cells types of Gaucher patients. Increased knowledge
of this matter may give valuable clues for further improve-
ment of the current enzyme replacement therapy. Similar
considerations can be made for substrate deprivation ther-
apy. In type 1 Gaucher disease one would prefer to selec-
tively inhibit the synthesis of glucosylceramide in blood
cells. More selective targeting of drugs to blood cells might
therefore result in major improvement of efficacy and
reduce the risk of side effects. The design of more potent
and selective inhibitors of glycosphingolipid synthesis is
another interesting avenue.
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4. NOVEL CHALLENGES

The molecular basis of most inherited glycosphingolip-
idoses has been elucidated in recent decades. Rational
approaches for therapeutic intervention have evolved and
in type 1 Gaucher disease effective intervention has
become available. By analogy, enzyme replacement ther-
apy with phosphomannose-terminated a-galactosidase A
is now applied for Fabry disease. Despite the fact that
Fabry disease is a true orphan disease, two different
enzyme preparations have recently been simultaneously
registered in Europe (Replagal (TransKaryotic Therapies)
and Fabrazyme (Genzyme)). Thorough comparative clini-
cal investigations must now reveal whether one of the
enzyme preparations is superior in clinical benefit and cost
efficacy (Blom et al. 2003).

A major limitation in developing and improving therapy
remains the lack of mechanistic insight into the pathophy-
siological processes underlying the various manifestations
of glycosphingolipidoses. It is still not understood why,
and how, chronic accumulation of glycosphingolipids in
lysosomes affects various cell types and triggers eventually
pathology. Further studies on inter- and intracellular sig-
nalling events are highly desirable. In this connection, the
non-lysosomal glyucosylceramidase activity may be parti-
cularly relevant. Our research group discovered the occur-
rence of non-lysosomal glycosylceramide catabolism
several years ago (Van Weely et al. 1993b). The enzyme
activity is not affected in Gaucher patients and shows a
different inhibitor specificity, all pointing to a product
from a distinct gene (Overkleeft et al. 1998). It remains
unclear to what extent the non-lysosomal glucosylcerami-
dase plays a role in the pathophysiology of Gaucher cells.
Its activity might be compensatory to a deficiency in lyso-
somal catabolism. However, it is also conceivable that
excessive extra-lysosomal glucosylceramide catabolism
results in excessive production of cytosolic ceramide that
may act as a signalling molecule and cause abnormal cell
behaviour (see figure 4). It is of interest to note that the
hydrophobic deoxynojirimycins are also potent inhibitors
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Figure 4. Hypothetical role for the non-lysosomal glucocerebrosidase in Gaucher cell pathology. Normal lysosomal degradation
of glucosylceramide does not result in generation of ceramide. The excessive extra-lysosomal glucosylceramide catabolism in
Gaucher macrophages results in excessive production of cytosolic ceramide that may act as a signalling molecule and cause
abnormal cell behaviour.

of the non-lysosomal glucosylceramidase (Overkleeft et al.
1998). Current approaches of substrate deprivation are
consequently also likely to inhibit the non-lysosomal
catabolism of glucosylceramide.

In recent years, our research group has employed con-
ventional proteomics technologies (two-dimensional gel
electrophoresis and mass finger printing, LC-MS/MS) to
gain additional insights into the molecular actors in the
pathophysiology of Gaucher disease. More recently, a
comparative analysis was made of Gaucher spleen and
serum samples using SELDI-technology (Protein
Biomarker, Ciphergen). This type of investigation has led
to the identification of a series of novel protein abnormali-
ties associated with symptomatic Gaucher disease. Most
striking is the dramatic production by Gaucher cells of a
chemokine, resulting in several 10- to 100-fold elevated
serum levels (R. Boot and T. M. Cox, unpublished data).
Recent histochemical studies indicate that true Gaucher
cells should probably not be viewed as highly inflamma-
tory cells, but rather as alternatively activated macro-
phages (ongoing collaborative study with J. Laman and S.
Gordon and their co-workers). The elevated serum levels
of pro-inflammatory cytokines in patients seem most prob-
ably due to excessive production by macrophages sur-
rounding mature storage cells.

A very distinct but equally important future challenge
forms the identification of the adaptations that occur in
patients suffering from glycosphingolipidoses in response
to gradually developing, chronic abnormalities in parti-
cular cell types. It can be envisioned that such research
lines may provide valuable information on mechanisms
that prevent or limit disease manifestation. Novel insights
in this area may be applicable for other disease conditions.

Phil. Trans. R. Soc. Lond. B (2003)

REFERENCES

Abe, A., Gregory, S., Lee, L., Killen, P. D., Brady, R. O., Kul-
karni, A. & Shayman, J. A. 2000 Reduction of globotriaosyl-
ceramide in Fabry disease mice by substrate deprivation.
J. Clin. Invest. 105, 1563–1567.

Aerts, J. M., Van Weely, S., Boot, R., Hollak, C. E. & Tager,
J. M. 1993 Pathogenesis of lysosomal storage disorders as
illustrated by Gaucher disease. J. Inherit. Metab. Dis. 16,
288–291.

Aerts, J. M. F. G. & Hollak, C. E. M. 1997 Plasma and meta-
bolic abnormalities in Gaucher’s disease. Baillieres Clin.
Haematol. 10, 691–709.

Aerts, J. M. F. G., Donker-Koopman, W. E., Murray, G. J.,
Barranger, J. A., Tager, J. M. & Schram, A. W. 1986 A pro-
cedure for the rapid purification in high yield of human gluc-
ocerebrosidase using immunoaffinity chromatography with
monoclonal antibodies. Anal. Biochem. 154, 655–663.

Aerts, J. M. F. G., Schram, A. W., Strijland, A., Van Weely,
S., Jonsson, L. M. V., Tager, J. M., Sorrell, S. H., Ginns,
E. I., Barranger, J. A. & Murray, G. J. 1988 Glucocerebrosi-
dase, a lysosomal enzyme that does not undergo oligosacch-
aride phosphorylation. Biochem. Biophys. Acta 964, 303–308.

Andersson, U., Butters, T. D., Dwek, R. A. & Platt, F. M.
2000 N-butyldeoxygalactonojirimycin: a more selective
inhibitor of glycosphingolipid biosynthesis than N-butyl-
deoxynojirimycin, in vitro and in vivo. Biochem. Pharmacol.
49, 821–829.

Ashwell, G. & Morell, A. G. 1974 The role of surface carbo-
hydrates in the hepatic recognition and transport of circulat-
ing glycoproteins. In Advances in enzymology, vol. 41 (ed.
W. A. Wood), pp. 99–128. New York: Academic Press.

Barranger, J. A. & Ginns, E. I. 1989 Glycosylceramide lip-
idosis: Gaucher disease. In The metabolic basis of inherited dis-
ease (ed. C. R. Scriver, A. L. Beaudet, W. S. Sly & D. Vall),
pp. 1677–1698. New York: McGraw-Hill.

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2916L.288[aid=4858870]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-3536^28^2910L.691[aid=4858448]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-2697^28^29154L.655[aid=4858871]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^29964L.303[aid=4858872]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9738^28^29105L.1563[aid=4858414]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2916L.288[aid=4858870]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-3536^28^2910L.691[aid=4858448]


Therapy of glycosphingolipidoses J. M. Aerts and others 913

Barranger, J. A. & O’Rourke, E. 2001 Lessons learned from
the development of enzyme therapy for Gaucher disease.
J. Inherit. Metab. Dis. 24, 89–96.

Barton, N. W. (and 11 others) 1991 Replacement therapy for
inherited enzyme deficiency: macrophage-targeted glucocer-
ebrosidase for Gaucher’s disease. New Eng. J. Med. 324,
1464–1470.

Beutler, E. & Grabowski, G. A. 1995 Gaucher’s disease. In
The metabolic basis of inherited disease (ed. C. R. Scriver, A. L.
Beaudet, W. S. Sly & D. Vall), pp. 2641–2670. New York:
McGraw-Hill.

Blom, D., Linthorst, G. E., Spijer, D., Donker-Koopman, W. E.,
Strijland, A. & Aerts, J. M. F. G. 2003 Recombinant enzyme
therapy of Fabry disease. Am. J. Hum. Genet. 72, 23–31.

Boot, R. G., Renkema, G. H., Strijland, A., van Zonneveld,
A. J., Muysers, A. O. & Aerts, J. M. F. G. 1995 Cloning of
cDNA encoding chitotriosidase, a human chitinase pro-
duced by macrophages. J. Biol. Chem. 270, 26 252–26 256.

Boot, R. G., Renkema, G. H., Verhoek, M., Strijland, A.,
Bliek, J., de Meulemeester, T. M. A. M. O., Mannens,
M. M. A. M. & Aerts, J. M. F. G. 1998 The human chito-
triosidase gene. Nature of inherited enzyme deficiency. J.
Biol. Chem. 273, 25 680–25 685.

Brady, R. O. 1997 Gaucher’s disease: past, present and future.
Baillieres Clin. Haematol. 10, 621–634.

Brady, R. O. 2003 Enzyme replacement therapy: conception,
chaos and culmination. Phil. Trans. R. Soc. Lond. B 358,
915–919. (DOI 10.1098/rstb.2003.1269.)

Brady, R. O., Kanfer, J. N., Bradley, R. M. & Shapiro, D. 1966
Demonstration of a deficiency of glucocerebroside-cleaving
enzyme in Gaucher’s disease. Clin. Invest. 45, 1112–1115.

Bijsterbosch, M. K., Donker, W., van de Bilt, H., Van Weely,
S., van Berkel, T. J. & Aerts, J. M. 1996 Quantitative analy-
sis of the targeting of mannose-terminal glucocerebrosidase.
Predominant uptake by liver endothelial cells. Eur. J.
Biochem. 237, 344–349.

Butters, T. D., Mellor, H. R., Narita, K., Dwek, R. A. & Platt,
F. M. 2003 Small-molecule therapeutics for the treatment
of glycolipid lysosomal storage disorders. Phil. Trans. R. Soc.
Lond. B 358, 927–945. (DOI 10.1098/rstb.2003.1278.)

Cox, T. M. & Schofield, J. P. 1997 Gaucher’s disease: clinical
features and natural history. Baillieres Clin. Hematol. 10,
657–689.

Cox, T. M. 2001 Gaucher disease: understanding the molecu-
lar pathogenesis of sphingolipidoses. J. Inherit. Metab. Dis.
24, 106–121.

Cox, T. M. (and 12 others) 2000 Novel oral treatment of
Gaucher disease with N-butyldeoxynojirimycin to decrease
substrate biosynthesis. Lancet 355, 1481–1485.

De Duve, C., Pressman, B. C., Gianetto, R., Wattiaux, R. &
Appelmans, F. 1955 Tissue fractionation studies. Intracellu-
lar distribution patterns of enzymes in rat liver tissue.
Biochem. J. 60, 604–617.

Dice, J. F., Terlecky, S. R., Chaing, H. L., Olsen, T. S., Isen-
man, L. D., Short-Russel, S. R., Freundlieb, S. & Terlecky,
L. J. 1990 A selective pathway for degradation of cytosolic
proteins by lysosomes. Sem. Cell Biol. 1, 449–455.

Erikson, A. 2001 Remaining problems in the management of
patients with Gaucher disease. J. Inherit. Metab. Dis. 24,
122–126.

Furbish, F. S., Steer, C. J., Krett, N. L. & Barranger, J. A.
1981 Uptake and distribution of placental glucocerebrosid-
ase in rat hepatic cells and effects of sequential deglycosyl-
ation. Biochim. Biophys. Acta 673, 425–434.

Gieselmann, V., Matzner, U., Klein, D., Mansson, J. E.,
D’Hooge, R., DeDeyn, P. D, Rauch, R. L., Hartmann, D. &
Harzer, K. 2003 Gene therapy: prospects for glycolipid stor-
age diseases. Phil. Trans. R. Soc. Lond. B 358, 921–925.
(DOI 10.1098/rstb.2003.1277.)

Phil. Trans. R. Soc. Lond. B (2003)

Grabowski, G. A., Barton, N. W., Pastores, G., Dambrosia,
J. M., Banerjee, T. K., McKe, M. A., Parker, C., Schif-
mann, R., Hill, S. C. & Brady, R. O. 1995 Enzyme therapy
in type 1 Gaucher disease: comparative efficacy of mannose-
terminated glucocerebrosidase from natural and recombi-
nant sources. Ann. Intern. Med. 122, 33–39.

Helenius, A. 1994 How N-linked oligosaccharides affect glyco-
protein folding in the endoplasmic reticulum. Mol. Biol. Cell
5, 253–265.

Hollak, C. E. M. & Aerts, J. M. F. G. 2001 Clinically relevant
therapeutic endpoints in type 1 Gaucher disease. J. Inherit.
Metab. Dis. 24, 97–105.

Hollak, C. E. M., Van Weely, S., van Oers, M. H. J. & Aerts,
J. M. F. G. 1994 Marked elevation of plasma chitotriosidase
activity. A novel hallmark of Gaucher disease. J. Clin. Invest.
93, 1288–1292.

Hollak, C. E. M., Aerts, J. M. F. G., Goudsmit, E. R., Phoa,
S. S., Ek, M., Van Weely, S., von dem Borne, A. E. & van
Oers, M. H. 1995 Individualised low-dose alglucerase ther-
apy for type 1 Gaucher’s disease. Lancet 345, 1474–1478.

Hollak, C. E. M., Maas, M., Akkerman, E., den Heeten, A. &
Aerts, H. 2002 Dixon quantitative chemical shift imaging is
a sensitive tool for the evaluation of bone marrow response
to enzyme supplementation in type 1 Gaucher disease. Blood
Cell Mol. Dis. 27, 1005–1012.

Heitner, R., Elstein, D., Aerts, J., Van Weely, S. & Zimran,
A. 2002 Low-dose N-butyldeoxynojirimycin (OGT 918) for
type I Gaucher disease. Blood Cell Mol. Dis. 28, 127–133.

Holzmann, E. 1989 Lysosomes. New York: Plenum Press.
Jeyakumar, M., Butters, T. D., Cortina-Borja, M., Hunnam,

V., Proia, R. L., Perry, V. H., Dwek, R. A. & Platt, F. M.
1999 Delayed symptom onset and increased life expectancy
in Sandhoff mice treated with N-butyl-deoxynojirimycin.
Proc. Natl Acad. Sci. USA 96, 6388–6393.

Jonsson, L. M. V., Murray, G. J., Sorrell, S. H., Strijland, A.,
Aerts, J. M. F. G., Ginns, E. I., Barranger, J. A., Tager,
J. M. & Schram, A. W. 1987 Biosynthesis and maturation of
glucocerebrosidase in Gaucher fibroblasts. Eur. J. Biochem.
164, 171–179.

Kornfeld, S. & Mellman, I. 1989 The biogenesis of lysosomes.
A. Rev. Cell Biol. 5, 483–525.

Lee, L., Abe, A. & Shayman, J. A. 1999 Improved inhibitors
of glucosylceramide synthase. J. Biol. Chem. 274, 14 662–
14 665.

Linehan, S. A., Martinez-Pomares, L., Stahl, P. D. & Gordon,
S. 1999 Mannose receptor and its putative ligands in normal
murine lymphoid and nonlymphoid organs. In situ
expression of mannose receptor by selected macrophages,
endothelial cells, perivascular microglia and mesanglial cells,
but not dendritic cells. J. Exp. Med. 189, 1961–1972.

Meikle, P. F., Hopwood, J. J., Clague, A. E. & Carety, W. F.
1999 Prevalence of lysosomal storage disorders. J. Am. Med.
Assoc. 281, 249–254.

Mistry, P. K., Wraight, E. P. & Cox, T. M. 1996 Therapeutic
delivery of proteins to macrophages: implications for treat-
ment of Gaucher’s disease. Lancet 348, 1555–1559.

Moran, M. T., Schofield, J. P., Hayman, A. R., Shi, G.-P.,
Young, E. & Cox, T. M. 2000 Pathologic gene expression
in Gaucher disease: upregulation of cysteine proteinases
including osteoclastic catepsin K. Blood 96, 1969–1978.

Murray, G. J., Youle, R. J., Gandy, S. E., Zirzow, G. C. & Bar-
ranger, J. A. 1985 Purification of beta-glucocerebrosidase by
preparative-scale high-performance liquid chromatography.
The use of ethylene glycol-containing buffers for chromato-
graphy of hydrophobic glycoprotein enzymes. Anal. Biochem.
147, 301–310.

Neufeld, E. F. 1991 Lysosomal storage disorders. A. Rev.
Biochem. 60, 257–280.

http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1007^28^29189L.1961[aid=4858890]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29274L.14662[aid=4858427]
http://dx.doi.org/10.1098/rstb.2003.1269
http://dx.doi.org/10.1098/rstb.2003.1278
http://dx.doi.org/10.1098/rstb.2003.1277
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-4793^28^29324L.1464[aid=157657]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9297^28^2972L.23[aid=4858874]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29270L.26252[aid=4858875]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29273L.25680[aid=4858876]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.915[aid=4858416]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2956^28^29237L.344[aid=4858878]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.927[aid=4858417]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-3536^28^2910L.657[aid=4858879]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2924L.106[aid=4858880]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0140-6736^28^29355L.1481[aid=4858374]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1043-4682^28^291L.449[aid=4858881]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2924L.122[aid=4858882]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.921[aid=4858421]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-4819^28^29122L.33[aid=4858336]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^295L.253[aid=1844694]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2924L.97[aid=4858883]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9738^28^2993L.1288[aid=4858455]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0140-6736^28^29345L.1474[aid=4858457]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1079-9796^28^2927L.1005[aid=4858884]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1079-9796^28^2928L.127[aid=4858474]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2956^28^29164L.171[aid=4858885]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29274L.14662[aid=4858427]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0098-7484^28^29281L.249[aid=3272111]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0140-6736^28^29348L.1555[aid=4858886]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-4971^28^2996L.1969[aid=4858496]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-2697^28^29147L.301[aid=4858887]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0066-4154^28^2960L.257[aid=160205]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2924L.89[aid=4858888]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-4793^28^29324L.1464[aid=157657]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29273L.25680[aid=4858876]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-3536^28^2910L.621[aid=4858456]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.915[aid=4858416]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2956^28^29237L.344[aid=4858878]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8436^28^29358L.927[aid=4858417]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0950-3536^28^2910L.657[aid=4858879]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2924L.106[aid=4858880]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2924L.122[aid=4858882]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3002^28^29673L.425[aid=4858334]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-7306^28^295L.253[aid=1844694]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0141-8955^28^2924L.97[aid=4858883]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9738^28^2993L.1288[aid=4858455]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1079-9796^28^2927L.1005[aid=4858884]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.6388[aid=2200004]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-2956^28^29164L.171[aid=4858885]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0743-4634^28^295L.483[aid=4858889]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0098-7484^28^29281L.249[aid=3272111]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-2697^28^29147L.301[aid=4858887]
http://pippo.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0066-4154^28^2960L.257[aid=160205]


914 J. M. Aerts and others Therapy of glycosphingolipidoses

Overkleeft, H. S., Renkema, G. H., Neele, J., Vianello, P.,
Hung, I. O., Strijland, A., van den Burg, A., Koomen, G. J.,
Pandit, U. K. & Aerts, J. M. F. G. 1998 Generation of spe-
cific deoxynojirimycin-type inhibitors of the non-lysosomal
glucosylceramidase. J. Biol. Chem. 273, 26 522–26 527.

Owada, M. & Neufeld, E. F. 1982 Is there a mechanism for
introducing acid hydrolases into liver lysosomes that is inde-
pendent of mannose-6-phosphate recognition? Evidence
from I-cell disease. Biochem. Biophys. Res. Commun. 105,
814–820.

Patrick, A. D. 1965 A deficiency of glucocerebrosidase in Gau-
cher’s disease. Biochem. J. 97, 17c–18c.

Peltonen, L. 1997 Molecular background of Finnish disease
heritage. Ann. Med. 29, 553–556.

Peters, C. & von Figura, K. 1994 Biogenesis of lysosomal
membranes. FEBS Lett. 346, 108–114.

Platt, F. M., Neises, G. R., Dwek, R. A. & Butters, T. D. 1994
N-butyl-deoxynojirimycin is a novel inhibitor of glycolipid
biosynthesis. J. Biol. Chem. 269, 8362–8365.

Platt, F. M., Jeyakumar, M., Andersson, U., Heare, T., Dwek,
R. A. & Butters, T. D. 2003 Substrate reduction therapy in
mouse models of the glycosphingolipidoses. Phil. Trans. R.
Soc. Lond. B 358, 947–954. (DOI 10.1098/rstb.2003.
1279.)

Poorthuis, B. J. H. M., Wevers, R. A., Kleijer, W. J., Groener,
J. E. M., de Jong, J. G. N., Van Weely, S., Niezen-Koning,
K. E. & van Doggelen, O. P. 1999 The frequency of lysoso-
mal storage diseases in The Netherlands. Hum. Genet. 105,
151–156.

Radin, N. S. 1996 Treatment of Gaucher disease with an
enzyme inhibitor. Glycoconj. J. 13, 153–157.

Renkema, G. H., Boot, R. G., Muysers, A. O., Donker-Koop-
man, W. & Aerts, J. M. F. G. 1995 Purification and charac-
terisation of human chitotriosidase, a novel member of the
chitinase family of proteins. J. Biol. Chem. 270, 2198–2202.

Renkema, G. H., Boot, R. G., Strijland, A., Donker-Koop-
man, W., van den Berg, M., Muysers, A. O. & Aerts,
J. M. F. G. 1997 Synthesis, sorting and processing into dis-
tinct isoforms of human macrophage chitotriosidase. Eur. J.
Biochem. 244, 279–285.

Richter, J. & Karlsson, S. 2001 Clinical gene therapy in hema-
tology: past and future. Int. J. Hematol. 73, 162–169.

Phil. Trans. R. Soc. Lond. B (2003)

Rijnboutt, S., Aerts, J. M. F. G., Geuze, H. J., Tager, J. M. &
Strous, G. J. 1991 Mannose-6-phosphate independent
membrane association and maturation of cathepsin D,
glucocerebrosidase and sphingolipid-activating protein in
HepG2 cells. J. Biol. Chem. 266, 4862–4868.

Ringden, O., Groth, C. G., Erikson, A., Granqvist, S., Mans-
son, J. E. & Sparrelid, E. 1995 Ten years’ experience of bone
marrow transplanatation for Gaucher disease. Transplan-
tation 56, 864–870.

Sandhoff, K. & Kolter, T. 2003 Biosynthesis and degradation
of mammalian glycosphingolipids. Phil. Trans. R. Soc. Lond.
B 358, 847–861. (DOI 10.1098/rstb.2003.1265.)

Stahl, P. D., Rodman, J. S., Miller, M. J. & Schlesinger, P. H.
1978 Evidence for receptor-mediated binding of glyco-
proteins and lysosomal glycosidases by alveolar macro-
phages. Proc. Natl Acad. Sci. USA 75, 1399–1430.

Takasaki, S., Murray, G. J., Furbish, F. S., Brady, R. O., Bar-
ranger, J. A. & Kobata, A. 1984 Structure of the N-aspara-
gine linked oligosaccharide units of human placental
glucocerebrosidase. J. Biol. Chem. 259, 10 112–10 117.

Van Weely, S., Aerts, J. M. F. G., van Leeuwen, M. B., Hei-
koop, J. C., Donker-Koopman, W. E., Barranger, J. A.,
Tager, J. M. & Schram, A. W. 1990b Function of oligosacch-
aride modification in glucocerebrosidase, a membrane-asso-
ciated lysosomal hydrolase. Eur. J. Biochem. 191, 669–677.

Van Weely, S., van den Berg, M., Barranger, J. A., Sa Mir-
anda, M. C., Tager, J. M. & Aerts, J. M. F. G. 1993a Role
of pH in determining the cell-type specific residual activity
of glucocerebrosidase in type 1 Gaucher disease. J. Clin.
Invest. 91, 1167–1175.

Van Weely, S., Brandsma, M., Strijland, A., Tager, J. M. &
Aerts, J. M. F. G. 1993b The existence of a non-lysosomal
glucocerebrosidase that is not deficient in Gaucher disease.
Biochim. Biophys. Acta 1181, 55–62.

Vellodi, A., Bembi, B., de Villemeur, T. B., Collin-Histed, T.,
Erikson, A., Mengel, E., Rolfs, A. & Tylki-Szymanska, A.
2001 Management of neuronopathic Gaucher disease: a
European consensus. J. Inherit. Metab. Dis. 24, 319–327.

GLOSSARY

MPR: mannose-6-phosphate receptor
NB-DNJ: N-butyldeoxynojirimycin
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