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Introduction

Lysosomal storage disorders
Lysosomal storage disorders (LSDs) are inherited metabolic diseases characterized by

impaired lysosomal function. Lysosomes are small single membrane-bounded organelles
in eukaryotic cells, which are involved in the breakdown of intra- and extracellular
biomolecules [1]. Lysosomes contain about 40 different hydrolytic enzymes. Each is
responsible for breaking down particular substrates. Most LSDs are the result of a direct
defect of one of these hydrolases, however, defects in enzyme co-activators, membrane
transporters, targeting mechanisms for protein localization to the lysosome, or intracellular
vesicular trafficking can also cause storage disorders [2]. When a lysosomal enzyme (or
another type of protein important for its function) is absent or malfunctioning,
macromolecules that are normally degraded will accumulate in the lysosome. This
ultimately will lead to high concentrations of such macromolecules in the lysosomes of
cells responsible for breakdown of these specific molecules. The accumulation of these
macromolecules hampers lysosomal function and may result in impaired functioning of the
cell as a whole. This eventually leads to progressive pathological dysfunction of tissues,
their nature being depending on the type of disorder. Thus, all LSDs share a common
pathogenesis: a genetic defect that leads to accumulation of substrates in lysosomes. The
clinical manifestations, however, vary widely across the LSDs and sometimes even within
a particular disease, depending on the genetic defect and the particular substrate stored.
Over 70 distinct LSDs with an OMIM classification, and several other inherited disorders
in the extended lysosomal apparatus are discerned today (see Table 1). The LSDs can be
subdivided into several categories based on the type of defect and/or stored substrate
product.

Table 1. Lysosomal storage disorders and inherited defects in lysosome-like organelles.

Sphingolipidoses
Cer: ceramide, GlcCer: glucosylceramide, Gb3: globotriaosylceramide, gangliosides GM1 and GM2, SM: sphingomyelin

Disease Eponyme OMIM Locus Gene Gene product Storage

Farber Lipogranulomatosis 228000 8p22 Acid ceramidase Cer
ASAH

Fabry Anderson-Fabry 301500 Xq22 α-Galactosidase A Gb3
GLA

Gaucher Glucosylceramidosis 606463 1q21 Glucocerebrosidase GlcCer
230900 GBA
231000
230800

GM1 gangliosidosis 230500 3p21 β-Galactosidase GM1

230600 GLB1

Tay-Sachs GM2-gangliosidosis B 272800 15q23 β-Hexosaminidase α-subunit GM2
HEXA

Sandhoff GM2-gangliosidosis O 268800 5q13 β-Hexosaminidase β-subunit GM2
HEXB
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Table 1 continued

Sphingolipidoses
Cer: ceramide, GlcCer: glucosylceramide, Gb3: globotriaosylceramide, gangliosides GM1 and GM2, SM: sphingomyelin

Disease Eponyme OMIM Locus Gene Gene product Storage

Tay-Sachs GM2 ganglliosidosis 272750 5q32 GM2 activator protein GM2
AB variant AB GM2A

Krabbe Globoid cell 245200 14q31 β-Galactosylceramidase     GalCer
leukodystrophy GALC

Metachromatic   Arylsulfatase A 250100 22q13 Arylsulfatase A Sulfatide
leukodystrophy deficiency ARSA

Prosaposin deficiency 176801 10q22 Prosaposin Multiple 
PSAP lipids

Saposin B deficiency Metachromatic 249900 10q22 Saposin B Sulfatide
leukodystrophy variant PSAP

Saposin C deficiency Gaucher variant 610539 10q22 Saposin C GlcCer
PSAP

Niemann-Pick types 257200 11p15 Acid sphingomyelinase    SM
A and B SPMPD1

607616

Other lipidoses
Disease Eponyme OMIM Locus Gene Gene product Storage

Niemann-Pick type C1 257220 18q11 NPC1 Cholesterol, GSL
NPC1

Niemann-Pick type C2 607625 14q24 NPC2 Cholesterol, GSL
NPC2

Wolman Cholesteryl ester 278000 10q23.2 Acid lipase Cholesterol-ester
storage disease LIPA

Mucopolysaccharidoses (MPS) 
DS: dermatansulfate, HS: heparansulfate, KS: keratansulfate, CS: chrondoitinsulfate, HA: hyaluronan

Disease Eponyme OMIM Locus Gene Gene product Storage

MPS I Hurler  607015 4p16 α-Iduronidase DS , HS
Hurler/Scheie (MPS 1H) IDUA
Scheie 607015

(MPS 1HS)
607016
(MPS 1S)

MPS II Hunter 309900 Xq28 Iduronate sulfatase DS, HS
IDS

MPS IIIA Sanfilippo A 52900 17q25 Heparan N-sulfatase HS
SGS

MPS IIIB Sanfilippo B 252910 17q21 N-Acetyl glucosaminidase    HS

NAGLU

MPS IIIC Sanfilippo C 252930 8p11 α-Glucosaminide HS
TMEM76 acetyl-CoA transferase 
HGSNAT

MPS IIID Sanfilippo D 252940 12q14 N-acetyl glucosamine HS
GNS 6-sulfatase 
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Table 1 continued

Mucopolysaccharidoses (MPS) 
DS: dermatansulfate, HS: heparansulfate, KS: keratansulfate, CS: chrondoitinsulfate, HA: hyaluronan

Disease Eponyme OMIM Locus Gene Gene product Storage

MPS IVA Morquio A 253000 16q24 Galactosamine KS ,CS 
GALNS 6-sulfatase

MPS IVB Morquio B 253010 3p21 Acid β-galactosidase KS
GLB1

MPS VI Maroteaux-Lamy 253200 5q12 Arylsulfatase B DS
ARSB

MPS VII Sly 253220 7q21 Glucuronidase DS, HS, CS
GUSB

MPS IX Haluronidase 601492 3p21 Hyaluronidase 1 HA
deficiency HYAL1

Glycogen storage disease
Disease Eponyme OMIM Locus Gene Gene product Storage

Pompe Glycogen storage 232300 17q25 α-Glucosidase Glycogen
disease type II GAA

Multiple substrate storage due to multiple enzyme deficiencies
Disease Eponyme OMIM Locus Gene Gene product Storage

Multiple sulfatase Austin disease 272200 3p26 Formyl-glycine Sulfatide,
deficiency SUMF1 generating enzyme Mucopolysaccharides

Galactosialidosis 256540 20q13 Protective protein GSL,
PPCA Cathepsin A Polysaccharides

Mucolipidosis I-cell disease 252500 12q23 UDP-GlcNac Multiple lipids
type II GNPTAB Phosphotransferase & oligosaccharides

α/β unit 

Mucolipidosis Classic pseudo-Hurler 252600 12q23 UDP-GlcNac See above
type IIIA polydystrophy GNPTAB Phosphotransferase

α/β unit 
Mucolipidosis type III Pseudo-Hurler 

polydystrophy 352605 16p UDP-GlcNac See above
GNPTG Phosphotransferase 

γ-subunit

Mucolipidosis type IV 252650 19p13 Mucolipin-1 See above
MCOLN1 cation channel

Glycoproteinoses
Disease Eponyme OMIM Locus Gene Gene product Storage

Aspartylglucosaminuria 208400 4q32 Glycosyl-asparaginase Aspartylglucosamine
AGA

Fucosidosis 230000 1p34 α-Fucosidase Oligosaccharides
FUCA

α-Mannosidosis 248500 19q12 α-Mannosidase Oligosaccharides
MAN2B1

β-Mannosidosis 248510 4q22 β-Mannosidase Oligosaccharides
MANBA

Sialidosis Sialidase deficiency 256550 6p21 α-Sialidase Oligosaccharides
NEU1 Neuraminidase

Mucolipidosis type I 

Schindler NAGA deficiency 609242 22q13 α-N-Acetyl Oligosaccharides
NAGA glucosaminidase

Kanzaki disease 609241
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Table 1 continued

Lysosomal transport defects
Disease Eponyme OMIM Locus Gene Gene product Storage

Cystinosis 219800 17p13 Cystinosin Cystin
219900 CTNS (cystin transport)
219750

Methylmalonic aciduria Vitamin B12 277380 unknown Vitamin B12 Vitamin B12
lysosomal release defect carrier (CbIF)

Salla Sialuria 604322 6q14 Sialin   Sialic acid
SLC17A5 (sialic acid transport)

Lysosomal protease defect 
Disease Eponyme OMIM Locus Gene Gene product Storage

Pycnodystostosis 265800 1q21 Cathepsin K Collagen fibrils 
CTSK osteoclasts

Autophagy defects 
Disease Eponyme OMIM Locus Gene Gene product Storage

Danon Pseudoglycogenosis II 300257 Xq24     LAMP2 Vacuoles
LAMP2

X-linked myopathy 310440 Xq28 XMEA Vacuole
XMEA

Vacuolar myopathy Muscular dystrophy 601846 19p13 MDRV Vacuoles
with vacuoles MDRV

Autophagic vacuolar 609500 unknown unknown Vacuoles
myopathy

Neuronal Ceroid Lipofuscinoses (NCL)
SAPs: sphingolipid activator proteins, SCMAS: subunit c mitochondrial ATP synthase

Disease Eponyme OMIM Locus Gene Gene product Storage

CLN1 Haltia-Santavuori 256730 1p32 PPT1 SAPs
CLN1 palmitoyl protein thioesterase 1

CLN2 Janský-Bielschowsky 204500 11p15 TPP1 SCMAS 
CLN2 tripeptidyl peptidase I

CLN3 Spielmeyer-Sjögren 204200 16p12 CLN3 SCMAS
Batten CLN3

CLN4A Kufs 204300 unknown unknown SCMAS

CLN4B Parry disease 162350 unknown unknown SAPs

CLN5 vLINCL Finnish 256731 13q22 CLN5 SCMAS
CLN5 

CLN6 Lake-Cavanagh 601780 15q21 CLN6 SCMAS
CLN6

CLN7 vLINCL Turkish 610951 unknown unknown SCMAS

CLN8 Northern epilepsy 600143 8p32 CLN8 SCMAS
CLN8 

CLN9 Variant Batten disease 609055 unknown regulator of SCMAS
dihydroceramide 
synthase

CLN10 Congenital NCL 610127 11p15 Cathepsin D SAPs
CTSD 
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Table 1 continued

Disorders in extended lysosomal apparatus (melanosomes, lamellar bodies)
Disease Eponyme OMIM Locus Gene Gene product Storage

Chediak-Higashi 214500 1q42 LYST Enlarged vacuoles
LYST Melanosomes

MYOV Griscelli type1 214450 15q21 Myosin 5A Melanin  granules
MYO5A

RAB27A Griscelli type2 603868 15q21 RAB27A Melanin granules
RAB27A

Melanophilin Griscelli type3 609227 2q37 Melanophilin Melanin granules
MLPH

HPS-1 Hermansky- 604982 10q23 HPS-1 Multiple vacuoles
Pudliak type 1 HPS-1

Disorders in extended lysosomal apparatus (melanosomes, lamellar bodies)
Disease Eponyme OMIM Locus Gene Gene product Storage

HPS-2 Hermansky-Pudliak type 2 608233 5q14 AP3 β-subunit See above
AP3B1

HPS-3 Hermansky-Pudliak type 3 606118 3q24 HPS-3 See above
HPS3

HPS-4 Hermansky-Pudliak type 4 606682 22q11 HPS-4 See above
HPS-4

HPS-5 Hermansky-Pudliak type 5 607521 11p15 HPS-5 See above

HPS-5 HPS-6 See above
HPS-6 Hermansky-Pudliak type 6 607522 10q24

HPS-6

HPS-7 Hermansky-Pudliak type 7 607145 6p22 Dysbindin See above
DTNB1

HPS-8 Hermansky-Pudliak type 8 609762 19q13 BLOC1S3 See above
BLOC1S3

Surfactant SMPD3 610921 16p13 ABCA3 Alveolar proteinsis
metabolism ABCA3
dysfunction-4

Congenital Harlequin fetus 242500 2q34 ABCA12 Abnormal keratin
and lamellar 601277 ABCA12
ichthyosis

This thesis focuses on two relatively common glycosphingolipidoses (inherited
deficiencies in glycosphingolipid degradation, see Fig. 1 for an overview): Gaucher
disease and Fabry disease. Although both disorders concern lysosomal glycosphingolipid
accumulation, their clinical presentation is completely different, presumably due to the fact
that lipid storage occurs in different cell types and organs in the two disorders. In Gaucher
disease the storage is usually restricted to tissue macrophages, whereas in Fabry disease
storage occurs in many different cell types.
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Gaucher disease
Gaucher disease (McKusick 230800) is the most frequently encountered recessively

inherited lysosomal storage disorder [3,4]. Gaucher disease is characterized by
accumulation of glucosylceramide (or glucocerebroside) in lysosomes of tissue
macrophages [5]. Glucosylceramide is an intermediate in the biosynthesis and lysosomal
degradation of gangliosides and globosides. The lysosomal accumulation of this lipid is the
result of an inherited deficiency in the activity of the lysosomal hydrolase
glucocerebrosidase (GBA1, EC 3.2.1.45) [6,7]. Normally glucosylceramide is broken
down to ceramide and glucose by GBA1 (Fig. 2). Deficiency of GBA1 is known to be
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Figure 1. Lysosomal glycosphingolipid catabolism and its associated enzyme deficiencies.
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caused by various mutations in the GBA1 gene, which is located on chromosome 1q21
[8,9]. In Gaucher patients, both alleles of the GBA1 gene are mutated; in carriers, only a
single allele is mutated. Presently, more than 200 different GBA1 gene mutations have
been described ([10], http://life2.tau.ac.il/GeneDis/). Only a limited number of these
mutations occur frequently. The mutations encoding amino acid substitutions at position
370 (N370S), position 444 (L444P), position 463 (R463C), and position 496 (R496H) as
well as the 84GG frame shift mutation and the IVS2 splice junction mutation are more
common, especially among Caucasian patients with type I Gaucher disease [5]. Among
Dutch Gaucher patients the most frequently encountered mutation is the N370S amino acid
substitution [11]. This amino acid change renders an enzyme with abnormal catalytic
features and lysosomal stability [12,13]. Of note, defects in saposin C, the accessory
protein mediating degradation of glucosylceramide by GBA1, may also result in a
Gaucher-like phenotype [14]. Glucocerebrosidase is a 497 AA protein with 4 N-linked
glycans. In contrast to other lysosomal hydrolases, GBA1 does not acquire mannose-6-
phosphate moieties [15]. Very recently, it was demonstrated that interaction of newly
synthesized GBA1 with newly synthesized lysosomal membrane protein LIMP mediates
the transport to lysosomes [16].

Storage of glucosylceramide occurs mainly in lysosomes of tissue macrophages of
Gaucher patients. A definitive explanation for the cell-type specific lipid accumulation
does not exist. It is assumed that in most cells an ubiquitous non-lysosomal
glucocerebrosidase (GBA2) protects against massive glucosylceramide accumulation [17-
19]. Lysosomal storage in macrophages of Gaucher patients can however not be prevented
due to the fact that very large quantities of glycosphingolipids are directly introduced in
their lysosomes by phagocytosis of senescent blood cells. The glucosylceramide-loaded
macrophages of Gaucher patients show a characteristic morphology and are referred to as
Gaucher cells (Fig. 3). It has become clear that Gaucher cells are not inert containers of
storage material but viable, chronically activated macrophages which contribute to the
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diverse clinical manifestations of Gaucher disease. In tissue lesions of Gaucher patients,
mature storage cells, which are alternatively activated macrophages, are surrounded by
newly formed, highly inflammatory cells [20]. Consistent with these observations,
Gaucher patients show increased plasma levels of several pro-inflammatory and anti-
inflammatory cytokines, chemokines, and hydrolases [21,22]. Factors released by Gaucher
cells and surrounding macrophages are thought to play a crucial role in the development
of common clinical abnormalities in Gaucher patients such as osteopenia, activation of
coagulation, and gammopathies. Metabolic abnormalities also occur in Gaucher patients.
Patients show a markedly increased resting energy expenditure and in addition an
increased hepatic glucose production pointing to insulin resistance [23-25]. Consistent
with this, adiponectin levels are reduced in symptomatic Gaucher patients [26].
Accumulation of Gaucher cells leads to splenomegaly with anaemia and
thrombocytopenia, hepatomegaly and bone disease. Anaemia may contribute to chronic
fatigue. Thrombocytopenia and prolonged clotting times can lead to an increased bleeding
tendency. Atypical bone pain, pathological fractures, avascular necrosis and extremely
painful bone crises may also have a great impact on the quality of life. In some severe
cases, neurological degeneration also occurs. Based on clinical features, three forms of
Gaucher disease are generally distinguished [5]. Type I Gaucher disease is defined as the
non-neuronopathic variant, whereas type II and type III Gaucher disease are the acute and
subacute neuronopathic variants, respectively. More recently, it has become apparent that
complete deficiency of GBA1 results in a very severe phenotype resulting in neonatal
death due to impaired skin permeability properties, the so-called collodion baby [27].

The prevalent phenotype is the non-neuronopathic type I Gaucher disease. Age of onset
and severity of clinical manifestations are highly variable within this variant. Indications
exist that external factors, for example infections promoting blood cell turnover, may
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Figure 3. Gaucher cell (bone marrow film from a Gaucher patient). Macrophage with an excentric nucleus. The cytoplasm has a
striated pattern (‘wrinkled tissue’) characteristic of Gaucher disease. The macrophage is loaded with glucosylceramide resulting
from massive turnover of cells, without having the normal degradation capacity. Glucosylceramide accumulating in tubular
structures leads to the striated pattern. Magnification: 700×; Staining: Jenner-Giemsa. Adapted from: C.E.M. Hollak, R.G. Boot,
B.J.H.M. Poorthuis, J.M.F.G. Aerts, From gene to disease: Gaucher disease, Ned. Tijdschr. Geneeskd. 149 (2005) 2163-2166.
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promote onset of type I Gaucher disease. There are several reports on phenotypic
discordant identical twins with Gaucher disease [28].

Two costly therapies are registered for the treatment of type I Gaucher disease. Enzyme
replacement therapy (ERT) was first developed. It supplies the missing enzyme
exogenously, through intravenous infusions. The treatment is based on chronic intravenous
administration of human placental glucocerebrosidase (Ceredase, alglucerase) [29],
nowadays recombinant enzyme (Cerezyme, imiglucerase, both manufactured by Genzyme
Corp., Mass., USA) [30]. The oligosaccharide chains of alglucerase and imiglucerase have
been modified to end in mannose sugars. These glucocerebrosidase oligosaccharide chains
terminating in mannose are specifically recognized by endocytic carbohydrate receptors on
macrophages, the target cells in Gaucher disease. In this way the enzyme is internalized
selectively by macrophages and efficiently delivered to their lysosomes. ERT results in
spectacular improvement of the visceral and hematological problems in Gaucher patients.
Another registered therapeutic intervention for type I Gaucher disease involves small
molecules that act on metabolic pathways to decrease substrate production, referred to as
substrate reduction therapy (SRT) [31,32]. SRT is based on oral administration of N-
butyldeoxynojirimycin (OGT-918, miglustat, Zavesca, Actelion, Basel, Switzerland), an
inhibitor of glucosylceramide biosynthesis [32]. SRT results in clinical improvements in
mildly to moderately affected type I Gaucher patients [33]. The theoretical advantages of
using small molecules are that they can be delivered orally, can cross the blood-brain
barrier, and are less antigenic than larger molecules such as enzymes [32].

Fabry Disease
Fabry disease, also known as Anderson-Fabry disease (McKusick 301500), is an X-linked

lysosomal storage disorder resulting from deficient activity of α-galactosidase A [34,35].
The α-Galactosidase A gene is located at Xq22.1 [36,37]. Normally the globoside
globotriaosylceramide (Gb3), also named ceramidetrihexoside (CTH), is broken down to
lactosylceramide by α-Galactosidase A [38] (Fig. 4). Deficient activity of α-galactosidase
A results in accumulation of its substrate in lysosomes of various cell types. Extensive lipid
storage occurs in arterial walls, in particular in endothelial cells (Fig. 5). It has been
proposed by Desnick [38] that as the abnormal storage of globotriaosylceramide increases
in time, the channels of blood vessels become narrowed, leading to decreased blood flow
and decreased nourishment of the tissues normally fed by these vessels. This process
occurs in all blood vessels throughout the body, but particularly affects the small vessels
in skin, kidney, heart and the nervous system. This accumulation of Gb3 in the
endothelium is thus believed to underlie the clinical manifestations in Fabry disease:
progressive renal insufficiency (often kidney transplantation or dialysis is required),
premature myocardiac infarction or hypertrophy, arrhythmias and cerebral infarctions.
Some patients have gastrointestinal difficulties that are characterized by frequent bowel
movements, especially after eating [38]. Typically, the disease begins during childhood
with episodes of excruciating pain and discomfort in the hands and feet (known as
acroparesthesias). The painful episodes may be brought on by exercise, fever, fatigue,
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stress or changes in weather conditions. In addition, young patients can develop a spotted
dark red skin rash (known as angiokeratoma) especially in the region between umbilicus
and knees. Other symptoms are absence of sweating (anhidrosis) and a characteristic
change on the cornea of the eye (which does not affect vision). The disease progresses
slowly and symptoms of kidney, heart and/or neurological involvement occur between the
ages of 30 and 45. In fact, many patients are only first diagnosed when the accumulated
storage material begins to affect kidney or heart function [38].

Because the gene for α-Galactosidase A is located on the X chromosome, a female carrier
of Fabry disease has a 50% chance of transmitting the defective Fabry gene to a son who
will then develop Fabry disease. In addition, she has a 50% chance of transmitting the
defective Fabry gene to her daughters who will in turn be carriers (Fig. 6A). Of course, if
a male with Fabry disease and an unaffected (non-carrier) female have children, all of their
daughters will be Fabry carriers but none of their sons will be affected (Fig. 6B). Fabry
occurs in all ethnic groups. As an X-linked disorder Fabry disease primarily affects men,
but recently it has become more broadly appreciated that female carriers can also exhibit
complications, although usually the disease has a more attenuated and protracted course in
these cases [39-43]. This finding sharply contrasts with the general lack of symptoms
among heterozygote carriers of another X-linked lysosomal hydrolase deficiency, Hunter
disease. Evidence is accumulating that globotriaosylceramide elevation and clinical
manifestation of Fabry disease actually do not necessarily correlate. Prominent Gb3
accumulation occurs in hemizygotes at or even before birth, long before any clinical
symptoms develop [44]. The discrepancy between early storage of Gb3 and clinical
symptoms is also noted in Fabry mice generated by disruption of the α-galactosidase A
gene [45]. The absence of infantile manifestations in Fabry patients completely lacking α-
galactosidase A activity indicates that Gb3 accumulation does not cause immediate, and
perhaps not even directly, signs of disease. Consistent with this, plasma or urinary levels
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of Gb3 in neither hemizygotes nor heterozygotes, correlate with the severity of disease
manifestations (see chapter 11 [43] and [46,47]). Plasma Gb3 concentrations in some pre-
symptomatic boys may exceed those in symptomatic adult hemizygotes. A recent study has
provided evidence for the presence of an unidentified substance in plasma of symptomatic
Fabry disease patients that stimulates proliferation of vascular smooth muscle cells and
cardiomyocytes in vitro [48]. It is conceivable that this substance is a causative factor in
the development of left ventricular hypertrophy and increased intima media thickness in
Fabry patients. Although Gb3 accumulation is clearly a prerequisite for manifestation of
Fabry disease, these observations point to the existence of another factor in addition to Gb3
that is involved in the pathogenesis of the disorder. Very recently it was discovered in our
center that plasma of Fabry patients contains markedly increased concentrations of
deacylated globotriaosylceramide, globotriaosylsphingosine (lyso-Gb3). The relative
increase in the plasma concentrations of this cationic amphiphilic glycolipid exceeds that
of Gb3 by more than an order of magnitude. At concentrations occurring in plasma of
symptomatic Fabry patients, lyso-Gb3 promotes Gb3 storage and induces proliferation of
smooth muscle cells in vitro suggestive of a causative role of lyso-Gb3 in the pathogenesis
of Fabry disease.

As mentioned earlier, Gaucher disease can be effectively treated by ERT. This therapeutic
approach has been copied for Fabry disease. The therapy is based on chronic intravenous
administration of recombinant α-Galactosidase A preparations [49,50]. In contrast to
glucocerebrosidase, α-Galactosidase A acquires mannose-6-phosphate moieties and this
recognition signal is employed to target therapeutic enzymes (agalsidases alfa (Replagal,
Shire) and agalsidase beta (Fabrazyme, Genzyme) to lysosomes of various cell types.
Monitoring of the efficacy of therapeutic intervention by enzyme supplementation is
problematic in the case of Fabry disease since many of the symptoms appear poorly
reversible [51,52]. Specific biomarkers for storage cells, as available for Gaucher disease,
are lacking.
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Figure 5. Deposits of glycolipids in endothelial cells of an artery and vacuolization as evidenced by their extensive cytoplasm
(arrows). Magnification: 400×. Adapted from: http://www.kidneypathology.com/Enf_hereditarias.html.
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Biomarker discovery
Biomarkers are specific biomolecules found in altered amounts in body fluids and/or

tissues, which can serve as indicators of the progress of a disease or its response to
therapeutic intervention. Ideally in the case of lysosomal storage disorders, biomarkers
originate from the pathological storage cells and are detectable in bodily fluids that can be
conveniently obtained, such as blood and urine. Non-invasive monitoring of Gaucher and
Fabry disease is of great importance for various reasons. Firstly, no clear genotype-
phenotype correlation has been demonstrated in both disorders [11,53]. In the case of both
disorders, there is a striking variability in the severity of symptoms and complications
between patients, even within the same family [5,38]. In addition, clinical responses of
individual patients are very hard to predict. Lastly, available therapies are costly. It is
therefore important to identify biomarkers that may assist clinicians in decision making
regarding initiation of therapy and optimizing dosing regimens for individual patients [54].

To illustrate the value of biomarkers in the clinical management of lysosomal storage
diseases, the use of plasma chitotriosidase activity and CCL18 levels in the diagnosis and
monitoring of Gaucher disease is briefly discussed (for more information see [55] and
Chapter 2 [56], respectively). Chitotriosidase (EC 3.2.1.14), a human analogue of
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Figure  6. (A) Female X-linked inheritance. If a mother carries the Fabry gene (carrier mother), 50% of her offspring will inherit
the gene. Sons will then have Fabry disease. Daughters will then be carriers. (B) Male X-linked inheritance. A father with Fabry
disease (affected father) will only pass the gene to all his daughters who will be carriers. NB: Female carriers are not totally
asymptomatic.

versie 17-04.qxp  17-4-2008  10:47  Pagina 24



chitinases from lower animals, has a thousand fold increased activity in plasma of
symptomatic Gaucher patients. Chitotriosidase activity does not reflect one particular
clinical symptom of Gaucher disease, but is an indicator of total storage burden (Gaucher
cell marker) [55]. The enzyme chitotriosidase is specifically produced and secreted by the
pathological storage macrophages. Changes in plasma chitotriosidase activity reflect
changes in clinical symptoms. Monitoring of plasma chitotriosidase levels is nowadays
commonly used in decision making regarding initiation and optimization of costly
therapeutic interventions (ERT or SRT). However, because about 6% of the population is
completely chitotriosidase-deficient due to a gene mutation [57], not every Gaucher patient
can be monitored by measuring chitotriosidase activity in plasma. This stimulated research
for novel plasma biomarkers for Gaucher cells and led more recently to the identification
of CCL18 (also named PARC) as an alternative to chitotriosidase [56,58-60]. Levels of
CCL18, a chemokine overproduced and secreted by Gaucher cells, are elevated in plasma
of symptomatic Gaucher patients. Plasma CCL18 levels can also be employed to monitor
the disease, particularly in those patients lacking chitotriosidase (Chapter 3 [56]).

Biomarkers that reflect or predict complications of Fabry disease are currently
unavailable. The recent availability of ERT for Fabry disease has stimulated the search for
early signs, symptoms or biochemical abnormalities that may relate to progressive disease.
There is a strong need for comparable surrogate markers for Fabry disease and the search
for such molecules is an area of intense investigation.

Proteomics
This thesis deals with investigations on specific protein expression in Gaucher disease

and Fabry disease. Use has been made of modern mass spectrometric techniques that allow
identification of proteins, even in complex samples. This type of research is often referred
to as proteomics. i.e. the analysis of a proteome. The term proteome is used to describe the
complete set of proteins expressed in a biological material [61]. Classical proteomics
implies the separation of proteins in a sample derived from cells or tissues or other
biological samples, and their subsequent identification. The most commonly used
separation method is two-dimensional gel electrophoresis (2DGE). This technique is
capable of simultaneously resolving thousands of protein species, including their modified
forms, in one, albeit complex, separation procedure. 2DGE is a technique which sorts
proteins in gel according to two independent properties, in two discrete steps: the first-
dimension step, isoelectric focusing, separates proteins according to their isoelectric point
(pI); the second-dimension step, SDS-polyacrylamide gel electrophoresis, separates
proteins according to their molecular weight (Fig. 7). Most spots visualized on the
resulting two-dimensional gel correspond to a single protein species in the sample. 
Thousands of different proteins can thus be separated, and information such as the protein
pI, the apparent molecular weight, and an indication for the amount of each protein can be
obtained. Unfortunately, the separation of highly acidic, highly basic, hydrophobic, and
very small proteins is rather challenging.

Once proteins have been separated, visualized and possibly quantified, they must be
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identified. When 2DGE is used to separate proteins, spots are excised from the gel and
proteins are digested into fragments by specific proteases such as trypsin. The fragments
are subsequently analyzed by mass spectrometry in a process called peptide mass
fingerprinting, in which proteins are identified by comparing the mass of the peptide
fragments with data predicted from genetic or protein sequence information. The most
commonly used type of mass spectrometer is the MALDI-TOF. This refers to matrix-
assisted laser desorption/ionization mass spectrometry based on time-of-flight. MALDI-
TOF is a method in which biological molecules such as proteins or DNA fragments are
'vaporized' and the resulting ions are measured. The protein fragments are ionized in a
solid-phase sample by a laser beam. An even more sophisticated, but more time-
consuming, method is tandem mass spectrometry. Each peptide analyzed by mass
spectrometry is subjected to further fragmentation and mass spectrometry, to give
information about the peptide sequence.

For the purpose of this thesis work, we also made use of a novel technology, surface-
enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS).
This application of mass spectrometry combines absorption chromatography with time-of-
flight mass spectrometric detection. Complex samples are applied to ProteinChip arrays
with different chromatographic surfaces (Fig. 8A) allowing retention chromatography of
complex protein mixtures. Different classes of proteins bind specifically to different
arrays, and unbound proteins and other substances (which are not compatible with mass
spectrometry) are washed away, thus reducing sample complexity and preparation time.
The arrays retain a subset of enriched proteins. To analyze the bound proteins each array
is then inserted into the mass spectrometer for measurement of the mass of proteins over a
broad mass range (Fig. 8B). In principle, the relative quantity of the proteins detected in
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Figure 7. Schematic representation of 2D gel electrophoresis. Proteins are separated according to their isoelectric point using
isoelectric focusing (IEF). Next, proteins are separated in a second dimension according to their approximate molecular weight
using SDS-PAGE.
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different samples is also detected and the instrument's sensitivity enables measurement of
relatively small changes in expression levels. Furthermore, the instrument's high
throughput permits processing of large numbers of samples to increase the statistical
significance. Thus, protein profiling using the ProteinChip SELDI platform is a
complementary approach overcoming some limitations of 2DGE, such as restrictive
throughput capabilities and difficulties in the separation of small proteins (<10kDa).
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Figure 8. Schematic representation of SELDI-TOF MS. (A) Crude sample is applied to ProteinChip arrays containing chemically
modified surfaces (e.g. cationic, anionic, hydrophobic) or pre-activated surfaces specifically interacting with proteins of interest
(e.g. antibody-antigen or receptor-ligand) to enrich for certain proteins. Non-binding proteins, salts, and other contaminants are
washed away, eliminating sample "noise". (B) Retained proteins are analyzed by time-of-flight mass spectrometry.
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Outline of the thesis

The aim of the studies described in this thesis was to identify biomarkers for Gaucher and
Fabry disease in order to improve the monitoring of progression of these diseases and to
facilitate decision making regarding initiation of therapy and optimal dosing. Several
studies to monitor disease with such biomarkers were performed. The outcomes of these
investigations are described in section I for Gaucher disease and in section II for Fabry
disease.

Section I: Biomarkers for Gaucher disease

In chapter 2 an overview is given of biomarkers for Gaucher disease, with emphasis on
their value as indicators of response to treatment and establishment of guidelines for
treatment.

The value of CCL18 as Gaucher cell marker was investigated in symptomatic Gaucher
patients and is described in chapter 3. In this study we demonstrate that the storage cells
in various body locations not only produce chitotriosidase but also are also responsible for
the production of the chemokine CCL18. Thus, CCL18 proves to be an alternative marker
for storage cells in Gaucher patients.

The limitations of quantification of CCL18 in Gaucher disease blood samples by SELDI-
TOF MS are discussed in chapter 4. The study revealed that limited binding capacity and
sample-dependent suppression of CCL18 ionization both contribute significantly to the
final peak intensity. Accordingly, SELDI-TOF MS does not offer a reliable procedure to
quantitatively monitor CCL18 levels in blood and thus cannot be applied in evaluation of
disease status of Gaucher patients.

In an attempt to find a biomarker for skeletal disease in Gaucher patients, the plasma
levels of MIP-1α and MIP-1β, both implicated in skeletal complications in multiple
myeloma, were determined and the relation with bone complications was studied. The
results of this study are presented in chapter 5. In summary, MIP-1α and MIP-1β are
elevated in plasma of Gaucher patients and unaltered high levels of MIP-1β during therapy
seem associated with ongoing skeletal disease.

Given the debate whether high dose ERT results in a faster and better response in bone
we investigated whether a difference in therapeutic enzyme dosing influences the response
in plasma MIP-1β concentration. For this purpose we retrospectively determined MIP-1β
responses in two comparable patient groups receiving either a relatively low dose or a
relatively high dose of ERT. The effect of long term treatment with a relatively low or high
dose on the plasma levels of MIP-1β is discussed in chapter 6. Plasma MIP-1β levels
improved faster during the first year of treatment in the higher-dosed patient group. This
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was also observed for responses in the storage cell marker chitotriosidase and the bone
marrow burden score.

Three siblings with Gaucher type III, born between 1992 and 2004 were treated with ERT
and SRT. Due to new insights regarding therapy for Gaucher type III during this period,
the three siblings were not treated identically. In chapter 7 we report whether differences
in timing and dosing regimens subsequently lead to differences in therapeutic outcome.
The two eldest siblings started with low-dose ERT at a young age. The dosage was
subsequently increased and combined with SRT. In the youngest sibling both high-dose
ERT and SRT were initiated five months after birth. The two eldest siblings showed
significant neurological impairment since the age of 1.5 years. The neurological course in
the youngest sibling was significantly better. Based on these results, the combined use of
high-dose ERT and SRT can be regarded as a promising therapy for Gaucher type III,
especially if started at a young age.

For proteomic analysis of Gaucher disease, plasma of Gaucher disease type I patients was
compared with plasma of healthy volunteers, using classical 2DGE. The outcome of the
investigation is presented in chapter 8. Briefly, our study revealed induction of large-scale
proteolysis in Gaucher plasma 'in vitro', the extent of which seems to correlate with disease
severity.

Profiling of plasma proteins by means of SELDI-TOF MS has become a popular
approach to obtain a disease-specific protein profile. The advantage of SELDI-TOF MS
over conventional techniques is the possibility of applying complex body fluids such as
saliva, urine and blood directly to the chip. To find differences, which can be single protein
markers or different patterns in the protein profiles, data analysis methods are used.
Several existing tools are combined to form a solid statistical basis for biomarker
discovery. These tools are described in chapter 9.

Since the relationship between glucocerebrosidase genotypes and Gaucher patient
phenotypes is not strict we investigated whether it is possible to measure protein levels of
glucocerebrosidase in clinical samples because this may provide deeper insight with regard
to Gaucher disease aetiology. We report a sensitive method to detect point mutations in
proteins from complex samples. The methodology, as described in chapter 10, allows
mutational analysis on the protein level, directly measured on complex biological samples
without the necessity of elaborate purification procedures.

Section II: Biomarkers for Fabry disease

Clinical and biochemical characteristics of the Dutch Fabry cohort were collected
retrospectively and are described in chapter 11. Analysis of the characteristics of the
Dutch Fabry cohort has revealed a limited relationship between various disease
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manifestations. Individual symptoms seem not to correlate with elevated urinary or plasma
Gb3 levels, limiting their value as surrogate disease markers.

As described in chapter 9 principal component discriminant analysis of SELDI-TOF MS
data obtained from serum specimens allowed classification of Gaucher disease patients.
We have studied the value of SELDI-TOF MS plasma profiling for discrimination of
symptomatic Fabry disease in a similar fashion. The outcome of this investigation is
reported and discussed in chapter 12. We show that it is much harder to classify between
Fabry patients and controls than between Gaucher patients and controls.

Epilogue
A review discussing biomarkers for lysosomal disorders is presented in chapter 13. The

various aspects and the possible roles of candidate proteins are discussed.

The pathophysiology of delirium is still poorly understood although several mechanisms
have been proposed. Proteomics provides the opportunity to identify proteins potentially
involved in the pathophysiological mechanism for example by comparing protein
expression profiles. We compared serum protein profiles of patients during postoperative
delirium with protein profiles of patients who underwent the same operation but did not
become delirious using SELDI-TOF MS. The results of this study are presented in
addendum 1.

During the course of the studies described in this thesis, novel insights were obtained
regarding biomarkers for lysosomal storage disorders. A summary of the results of the
studies is given in chapter 14. In addition, a number of selected topics are discussed in an
integrated manner in the discussion. Finally, future investigations on biomarkers for
lysosomal storage disorders are proposed.
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