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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

13

Introduction

versie 17-04.qxp  17-4-2008  10:47  Pagina 13



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

15
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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.

17
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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

18
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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

19
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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

20
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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.

23

Introduction

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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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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Abstract

The value of biomarkers in the clinical management of lysosomal storage diseases is best
illustrated by the present use of plasma chitotriosidase levels in the diagnosis and
monitoring of Gaucher disease. The enzyme chitotriosidase is specifically produced and
secreted by the pathological storage macrophages (Gaucher cells). Plasma chitotriosidase
levels are elevated on average 1000-fold in symptomatic patients with Gaucher disease and
reflect the body burden on storage cells. Changes in plasma chitotriosidase 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 (enzyme replacement therapy or substrate reduction therapy). A novel
substrate has been developed that further facilitates the measurement of chitotriosidase in
plasma samples. Moreover, an alternative Gaucher-cell marker, CCL18, has been very
recently identified and can also be employed to monitor the disease, particularly in those
patients lacking chitotriosidase due to a genetic mutation. There is a need for comparable
surrogate markers for other lysosomal storage diseases and the search for such molecules
is an area of intense investigation.
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Biomarkers
Biomarkers are characteristics that are measured and evaluated as indicators of normal or

pathological processes, or responses to a therapeutic intervention. When the relationship
between a biomarker and a clinically relevant disease feature is established, the biomarker
can serve as a surrogate endpoint to substitute for a clinical endpoint. Biomarkers are
potentially of great value for the clinical management of lysosomal storage diseases
(LSDs). Ideally, biomarkers originate from the pathological storage cells and are
detectable in bodily fluids that can be conveniently obtained, such as blood and urine. As
illustrated below by the example of Gaucher disease, true biomarkers may indeed support
diagnosis and may assist clinicians in decision making regarding the need for the initiation
of therapy as well as the optimization of therapy [1].

Biomarkers for Gaucher disease
Gaucher disease is the most common LSD worldwide. This recessively inherited disease

is caused by a deficiency in the lysosomal hydrolase glucocerebrosidase (EC 3.2.1.45),
resulting in massive intralysosomal storage of the natural glycosphingolipid
glucosylceramide [2]. In the majority of patients with Gaucher disease (those suffering
from the so-called type I variant), lipid storage is restricted to tissue macrophages. These
storage cells (named Gaucher cells) are viable macrophages, which secrete various factors
that promote local tissue destruction and ongoing formation of storage cells. Characteristic
features of Gaucher disease are hepatosplenomegaly, pancytopaenia and skeletal
deterioration. These pathological entities are attributed to the accumulation of Gaucher
cells in the spleen, liver and bone marrow [2].

Given the prominent role of Gaucher cells in the pathophysiology of the disorder,
considerable attention has been focused on the identification of plasma markers for such
macrophages. Abnormalities in levels of tartrate-resistant acid phosphatase, angiotensin
converting enzyme, hexosaminidase and lysozyme in serum samples of patients with
Gaucher disease have been documented for some time (for a review see [3]).   More
recently, increased plasma levels of various cathepsins, for example cathepsin K, have
been reported in patients with Gaucher disease [4]. All of these proteins are known to be
produced by macrophages. However, none of them appears to be a truly specific marker
for pathological Gaucher cells and their concentrations in the serum of symptomatic
patients with Gaucher disease may overlap with those in healthy subjects. Their use as
biomarkers for Gaucher cells is therefore restricted. 

The need for a very sensitive and specific plasma biomarker for Gaucher cells prompted
a search that led to the discovery of a very marked abnormality in the serum of
symptomatic patients with Gaucher disease. Serum from such individuals showed a 1000-
fold increased capacity to degrade the fluorogenic substrate 4-methylumbelliferyl-
chitotrioside [5]. The corresponding enzyme had not been previously described and was
named chitotriosidase. The chitotriosidase protein was subsequently purified and its cDNA
was cloned [6,7]. Chitotriosidase was found to be the human analogue of chitinases from
lower organisms. In situ hybridization and histochemistry of bone marrow aspirates and
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sections of spleen from patients with Gaucher disease revealed that chitotriosidase is very
specifically produced by storage cells. This is also supported by the close linear
relationship between levels of chitotriosidase and glucosylceramide in different sections of
spleen from patients with Gaucher disease. As glucosylceramide is the best possible
quantitative measure for storage cells, it may be deduced that chitotriosidase production is
directly proportional to the number of Gaucher cells. In a culture model of Gaucher cells,
chitotriosidase accounts for almost 10% of the total level of secreted protein. In sharp
contrast, common tissue macrophages and dendritic cells do not produce chitotriosidase.
These observations help to explain the very specific, gross elevation in chitotriosidase
levels in the blood of patients with Gaucher disease. A relationship between the total body
burden on storage cells in patients with Gaucher disease and their plasma chitotriosidase
levels has been noted. The plasma chitotriosidase level does not reflect one particular
clinical symptom of Gaucher disease, suggesting that it rather reflects the sum of the levels
of enzyme secreted by Gaucher cells in various body locations [5].
The activity of chitotriosidase in plasma can be determined by monitoring the hydrolysis

of 4-methylumbelliferyl-chitotrioside. However, the ability of chitotriosidase to
transglycosylate as well as hydrolyze this substrate complicates the enzyme assay. Special
care has to be taken to ensure that the enzyme activity is truly proportional to the amount
of chitotriosidase protein. A far more convenient, sensitive and accurate method is to
measure the activity of chitotriosidase with respect to the recently designed fluorogenic
substrate, 4-methylumbelliferyl deoxychitotrioside [8]. 
Interpretation of plasma chitotriosidase levels is intrinsically complicated by the common

occurrence of a particular 24-base-pair duplication in the chitotriosidase gene, which
prevents the formation of chitotriosidase protein [9]. In most ethnic groups, about one in
three individuals carries this abnormality and about 1 in 20 individuals is homozygous for
this trait. The frequency of chitotriosidase deficiency is similar among patients with
Gaucher disease [4,9]. The severity and progression of disease in such patients cannot,
therefore, be monitored by measuring chitotriosidase activity in plasma.

Very recently, a proteomics and genomics search led us to the discovery that Gaucher
cells massively overproduce and secrete the chemokine CCL18 (also known as pulmonary
and activation-regulated chemokine [PARC]) [10]. Plasma CCL18 levels are 10- to 50-fold
elevated in symptomatic patients with Gaucher disease. Measurement of plasma CCL18
levels is, therefore, an excellent additional tool for monitoring changes in the body burden
of Gaucher cells. It is particularly useful for the evaluation of those patients that are
deficient in chitotriosidase.

The use of biomarkers for monitoring therapy for LSDs
Prior to the 1990s, the only available therapy for Gaucher disease was bone marrow

transplantation. Retrospective analysis of plasma samples from patients with Gaucher
disease who had undergone successful bone marrow transplantation revealed a gradual
reduction in plasma chitotriosidase levels, coinciding with the disappearance of storage
cells [11]. The considerable risks associated with transplantation, however, have limited its
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application. The pioneering studies by Brady, Barranger and co-workers at the National
Institutes of Health in Bethesda, USA have led to the development of a broadly applicable
therapy for type I Gaucher disease (for an overview see [12]). This treatment, generally
referred to as enzyme replacement therapy (ERT), is based on intravenous infusions of a
human glucocerebrosidase preparation. The enzyme, nowadays the recombinant product
imiglucerase (Cerezyme®; Genzyme Corp.), is modified in its N-linked glycans to favour
uptake by mannose receptors. Such receptors are abundant on the surfaces of tissue
macrophages and mediate endocytotic delivery of their ligands to lysosomes. ERT usually
results in profound corrections in organomegaly and haematological abnormalities in
patients with Gaucher disease [13]. Stabilization of skeletal disease and reversal of bone
marrow infiltration occurs in most patients. The changes in plasma chitotriosidase levels
in response to ERT have been extensively monitored, and a major reduction in levels of the
biomarker is usually observed. However, an extensive study in the Academic Medical
Center in Amsterdam revealed that a lack of response of plasma chitotriosidase levels to
ERT is always accompanied by a lack of clinical response. In contrast, a prominent
reduction in levels of the biomarker precedes significant clinical improvements [1].
Changes in concentrations of plasma CCL18 are proportional to those in plasma
chitotriosidase during the successful treatment of Gaucher disease [10]. This further
substantiates that the source of both biomarkers is Gaucher cells.

An alternative treatment for Gaucher disease has recently been developed; so-called
substrate reduction therapy. As first described by Radin in 1996, it is hypothesized that a
partial inhibition of glycosphingolipid synthesis may balance the reduced catabolic
capacity in patients with Gaucher disease [14]. The target for intervention is the enzyme
glucosylceramide synthase, which catalyzes the formation of glucosylceramide from
ceramide and uridine diphosphate-glucose. An important breakthrough was the realization
that oral administration of the small compound N-butyl-deoxynojirimycin (Zavesca®;
Actelion) can inhibit glycosphingolipid biosynthesis without overt side effects [15]. A
multi-center clinical study revealed that oral administration of 100 mg N-butyl
deoxynojirimycin three times daily led to significant improvements in organomegaly,
haematological abnormalities and radiological abnormalities in spinal bone marrow [16].
These findings have led to the licensing of Zavesca® for treatment of moderate type I
Gaucher disease in adult patients who are unsuited to ERT [17]. Concomitant with clinical
improvements in patients receiving N-butyl-deoxynojirimycin, clear reductions in plasma
chitotriosidase and CCL18 levels have been noted [10].

The use of biomarkers in establishing guidelines for treatment
Thorough retrospective analysis of corrections in levels of chitotriosidase and clinical

improvements in patients with Gaucher disease receiving ERT has led to the
implementation of the following guidelines in The Netherlands: in patients in whom the
initiation of treatment is questionable based solely on clinical parameters, a chitotriosidase
activity above 15 000 nmol/hour/mL in the case of individuals with normal chitotriosidase
genotype, and an enzyme activity above 7500 nmol/hour/mL in the case of individuals
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heterozygous for the chitotriosidase mutation, serves as an indicator of a high Gaucher cell
burden and is a criterion for the initiation of treatment. A reduction in chitotriosidase
activity of less than 15% after 12 months of treatment should be a reason to consider a dose
increase. Furthermore, a sustained increase in chitotriosidase activity at any point during
treatment should alert the physician to the possibility of clinical deterioration and the need
for adjustment of therapy [1].

Biomarkers for other LSDs
The successful development of therapeutic interventions for type I Gaucher disease based

on ERT and substrate reduction therapy has resulted in investigations of comparable
approaches for the treatment of other LSDs. Meanwhile, recombinant enzyme preparations
are registered for the treatment of Fabry disease (agalsidase alfa [Replagal®; Shire] and
agalsidase beta [Fabrazyme®; Genzyme Corp.]) and mucopolysaccharidosis type I
(Aldurazyme®, Genzyme Corp.). Drugs are currently being developed for other inherited
LSDs. The importance of biomarkers in the optimization of a therapeutic approach have
become clear over the last decade. In view of this it is not surprising that considerable
attention is focused on the detection of useful biomarkers for other LSDs. The analysis of
gene expression in storage cells and/or a thorough survey of the protein composition of the
bodily fluids [12] of symptomatic patients have been used to identify potential new
biomarkers. The latter approach has become more feasible by the recent availability of
mass spectrometric techniques that allow accurate analysis of individual proteins in
complex mixtures such as plasma and urine. For example, the discovery of the biomarker
CCL18 in plasma from patients with Gaucher disease by surface enhanced laser desorption
ionization mass spectrometry suggests that a similar approach might also yield suitable
biomarkers for some of the other LSDs [10].

It should be kept in mind that the identification of biomarkers in patients with Gaucher
disease is favoured by the fact that Gaucher cells occur in very large numbers and that
these cells actively secrete proteins. In this regard it should also be mentioned that analysis
of plasma or urine samples with respect to the storage compound or metabolites thereof
might offer an alternative to secretory protein-based biomarkers. For example, the efficacy
of treatment in Fabry disease and mucopolysaccharidosis type I is presently analyzed by
monitoring the levels of storage products (the lipid globotriaosylceramide and
glucosaminoglycans, respectively). Detailed investigations must clarify to what extent
these metabolite abnormalities reflect the actual intralysosomal storage in tissues. Only
careful comparisons of changes in clinical parameters with those in candidate markers will
help to establish their value as biomarkers that allow prediction of clinical benefit or risk
[18].
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Abstract

Gaucher disease is characterized by storage of glucosylceramide in lysosomes of tissue
macrophages as the result of an autosomal recessively inherited deficiency in
glucocerebrosidase. Progressive accumulation of these glycolipid-laden Gaucher cells
causes a variety of debilitating symptoms. The disease can be effectively treated by costly
intravenous infusions with recombinant glucocerebrosidase. Chitotriosidase is massively
secreted by Gaucher cells and its plasma levels are employed to monitor efficacy of
enzyme therapy. Broad scale application is hampered by the common genetic defect in this
surrogate marker. We report that in plasma of symptomatic Gaucher patients the
chemokine CCL18 is on average 29-fold elevated, without overlap between patients’ and
control values (median control plasma level is 33 ng/mL, range: 10-72 ng/mL, median
Gaucher plasma level is 948 ng/mL, range: 237-2285 ng/mL). Plasma CCL18
concentrations decrease during therapy, comparably to chitotriosidase levels.
Immunohistochemistry demonstrates that Gaucher cells are the prominent source of
CCL18. Plasma CCL18 levels can serve as alternative surrogate marker for storage cells
in Gaucher patients and monitoring of plasma CCL18 levels proves to be very useful in
determination of therapeutic efficacy, especially in patients that are deficient in
chitotriosidase activity. The potential physiological consequences of chronically elevated
CCL18 in Gaucher patients are discussed.
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Introduction

Gaucher disease is one of the most prevalent lysosomal storage disorders in man. The
disease is due to an autosomal recessively inherited deficiency in lysosomal
glucocerebrosidase activity (E.C. 3.2.1.45), leading to accumulation of its substrate
glucosylceramide in the lysosomes of macrophages [1]. Progressive accumulation of these
glycolipid-laden macrophages (Gaucher cells) in various locations in the body causes a
spectrum of clinical symptoms. Three different clinical phenotypes are recognized, based
on the age of onset of neurological signs. The clinical manifestations of the most common
non-neuronopathic variant (type I Gaucher disease) includes anemia and
thrombocytopenia, hepatosplenomegaly and skeletal deterioration [1]. A frequent sign is
the development of monoclonal or oligoclonal gammopathies [2].

Non-invasive monitoring of Gaucher disease by determination of plasma factors that are
exclusively secreted by Gaucher cells is of great importance for various reasons. The
glucocerebrosidase genotype of individuals is not always predictive for the phenotypic
expression of Gaucher disease [3]. Even among monozygotic twins with abnormal
glucocerebrosidase genotypes, a remarkable variability in disease manifestations can occur
[4]. The availability of an effective, but very costly therapy has also urged the
identification of surrogate markers for Gaucher cells that can guide decision on initiation
of therapy and dosing regimens. The identification of factors secreted by Gaucher cells is
also of fundamental interest since it may lead to better understanding of the unique
pathophysiology of the disorder.

A number of years ago we discovered that Gaucher cells massively secrete a hitherto
unknown chitinase. The activity of the enzyme, named chitotriosidase, in plasma of
symptomatic Gaucher patients is elevated on average several hundred-fold. For example
in the initial chitotriosidase study, plasma activity was found to be elevated on average
641-fold (median control plasma 20 nmol/mL/h, range 4-76 nmol/mL/h, median Gaucher
plasma 12824 nmol/mL/h, range 3122-65349 nmol/mL/h) [5]. Plasma chitotriosidase has
proven to be a useful surrogate marker for Gaucher disease manifestations and is employed
for diagnosis, early determination of onset of disease and monitoring of therapeutic
efficacy [5-8]. Plasma chitotriosidase levels do not reflect one particular clinical symptom,
but rather are a reflection of the total body burden of Gaucher cells [9]. The use of plasma
chitotriosidase as a Gaucher cell marker is hampered by the fact that about 5 to 6% of the
population, including Gaucher patients, is deficient in chitotriosidase activity due to a 24-
basepair duplication in the chitotriosidase gene. Obviously these individuals can not be
monitored by the measurement of plasma chitotriosidase activity [5,10].

To identify novel factors derived from Gaucher cells, we analyzed plasma samples of
Gaucher patients before therapeutic intervention and compared that with control plasma
using surface-enhanced laser desorption/ionization time-of-flight (SELDI-TOF MS) mass
spectrometry. In plasma of a symptomatic patient a peptide of 7856 Da was found to be
markedly increased in relation to Gaucher disease manifestation. Subtractive hybridization
studies previously revealed that RNA encoding for a protein with identical mass is
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upregulated in Gaucher spleen [11]. This protein, named pulmonary and activation-
regulated chemokine (PARC, systematic name CCL18), is a member of the C-C
chemokine family [12,13]. Chemokines are a large family of low molecular weight (7-12
kDa) proteins. They are characterized by the presence of four conserved cysteines involved
in forming essential disulfide bonds. CXC and CC chemokines are distinguished according
to the position of the first two cysteines [14,15]. Their main biological role is found in
mediating chemotaxis of leucocytes, a process mediated by G protein-coupled receptors of
which most of them recognize more than one chemokine [14,15].

We here report on CCL18 plasma levels in symptomatic patients with adult type I
Gaucher disease. To test its value as surrogate disease marker, plasma CCL18 levels were
analyzed in relation to parameters of disease severity, other surrogate markers, and the
effect of therapy. The implications of chronically increased CCL18 for the
pathophysiology of Gaucher disease are discussed.

Materials & methods

Patients
All patients with Gaucher disease (type I) studied (29 males and 26 females; 12-67 years

old, at the initiation of therapy) were known to us either by contact with the Netherlands
Gaucher Society or by referral to the Academic Medical Center. Of the 55 type I patients,
47 received enzyme replacement therapy (Ceredase®, Cerezyme®: Genzyme
(individualized dosing)), 2 patients received substrate reduction therapy (chronic oral
administration of an imunosugar-inhibitor of glucosylceramide synthesis, (Zavesca® (N-
butyldeoxynojirimycin): Oxford Glycosciences) and 6 patients were not treated. The 36
controls consisted of healthy volunteers (males, n=16; females, n=20).

Assessment of disease severity
To assess the clinical severity of the Gaucher patients, the severity scoring index (SSI)

was used. The score, accounting for a variety of clinical symptoms, is calculated according
to Zimran et al. [16]. Several indicators of disease severity were separately assessed. They
included: Hemoglobin, platelet count, spleen size, liver size and bone marrow fat fraction.
Patients were also divided in two groups according to presence or absence of the spleen
and presence or absence of skeletal symptoms.

SELDI-TOF MS
Plasma samples were surveyed for basic proteins using surface-enhanced laser

desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS). Plasma
samples were exposed to a weak cation exchange surface and bound proteins were
subsequently analyzed on a PBSII reader (Ciphergen Biosystems, Fremont, CA, USA).
Samples (10 μL) were denatured in 9 M Urea, 2% CHAPS and 1% DTT at RT (60 min).
An aliquot (10 μL) of this solution was mixed with 90 μl binding buffer (50 mM Tris HCl,
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pH 8.0, 0.1% Triton X100) and added to a WCX2 ProteinChip array. After 40 min at RT
the ProteinChips were washed with binding buffer (2 times, 5 min) and 50 mM Tris HCl,
pH 8 (2 times, 5 min). After a quick rinse with distilled water the ProteinChips were dried
and matrix was added (sinapinic acid). ProteinChip arrays were read with laser intensity
200 and mass deflector set at 500 Da.

Immunocapture experiments were performed using a PS20 ProteinChip array precoated
with anti-CCL18 or anti-TNFα monoclonal antibodies. Samples (10 μL) were incubated
with 90 μL binding buffer and allowed to bind for 2 h. After washing (as before)
ProteinChip arrays were dried, matrix was applied and arrays were read with laser intensity
180 and mass deflector set at 500 Da.

ELISA
Plasma CCL18 levels were measured by a sandwich ELISA assay using a commercially

available CytoSet (Biosource International, California USA), consisting of a capture-
antibody, a biotinylated detection-antibody, recombinant CCL18 standard and
streptavidin-HRP conjugate. Assay conditions were exactly as described by the
manufacturer.

Enzyme activity assays
Serum angiotensin converting enzyme (ACE) activity was measured using hippuryl-L-

histidyl-L-leucine as substrate, as described [17]. The activity of serum β-hexosaminidase
was measured using 4-methylumbelliferyl-N-acetylglucosamine (Sigma, St. Louis, MO)
as substrate in citrate/phosphate buffer (0.1/0.2M) at pH 4.0. The standard enzyme activity
assay for chitotriosidase with 4MU-chitotriose (4-methylumbelliferyl β-D-N,N’,N’’-
triacetylchitotriose, Sigma) as substrate was performed at pH 5.2, as previously described
[5].

Bone marrow fat fraction
Dixon quantitative chemical shift imaging (QCSI) was used to assess bone marrow fat

fraction of the axial skeleton as described in detail by Maas et al. [18,19]. In short, bone
marrow fat fraction is used as a reflection of severity of bone marrow involvement, since
progressive infiltration of the bone marrow with Gaucher cells is associated with
disappearance of normal adipocytes.

Immunohistochemistry
Immunohistochemistry was performed on frozen sections of Gaucher spleen to detect

expression patterns of CCL18. The methodology of immunocytochemical procedures used
here has been reviewed in detail previously [21]. In brief, frozen sections of 6 mm were
cut and thawmounted on glass slides. Slides were kept overnight at room temperature in
humidified atmosphere. After air-drying the slides for one hour, slides were fixed in fresh
acetone containing 0.02% (v/v) H2O2. Slides were then air-dried for 10 min, washed with
PBS and incubated with optimally diluted anti-CCL18 antibody (AB60, mouse
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monoclonal, R&D Systems) overnight at 4°C in humidified atmosphere. Incubations with
secondary rabbit anti-mouse-Ig-biotin (Dako, Glostrup, Denmark) and tertiary HRP-
labelled avidin-biotin-complex (ABC/HRP: Dako) were performed for 1 hour at RT.
Between incubation steps slides were washed twice with PBS. Horseradish peroxidase
(HRP) activity was revealed by incubation for 10 min at RT with 3-amino-9-ethyl-
carbazole (AEC: Sigma, Zwijndrecht, the Netherlands), leading to a bright red precipitate.
After washing, sections were counterstained with hematoxylin, and embedded with
glycerol-gelatin. Primary antibody reagent omission control staining was performed.

RNA isolation and northern blot
Total spleen RNA was isolated using the RNAzol B (Biosolve, Barneveld, The

Netherlands) RNA isolation kit according to the manufacturers instructions. For Northern
blot analysis, 15 μg samples of total RNA were run in 10 mM Hepes, 6% formaldehyde-
agarose gels, transferred to Hybond N nylon membranes (Amersham, Buckinghamshire,
UK) by the capillary method, and immobilized by UV cross-linking. The following probes
were used: full length CCL18 cDNA and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a RNA control. The probes were radiolabelled with 32P using the random
priming method [20]. Hybridization conditions were exactly as described before [10].

Statistical analysis
Results are given as median and range. The data were analyzed using the Mann-Whitney

U-test. Correlations were tested by the rank correlation test (Spearman coefficient, ρ). P-
values less than 0.05 were considered statistically significant.

Results

In an attempt to identify novel factors present in plasma of Gaucher patients, we analyzed
plasma samples of Gaucher patients before and after a few years of therapeutic
intervention using surface-enhanced laser desorption/ionization mass spectrometry
(SELDI-TOF MS). For this purpose Gaucher plasma was applied on a weak cation
exchange ProteinChip array at different buffer conditions. A peptide of 7856 Da was
virtually absent in control samples but prominent in a sample of an untreated symptomatic
Gaucher patient (see Fig. 1A). The molecular mass and the basic isoelectric point of the
peptide is remarkably similar to that of a member of the human C-C chemokine family
named “pulmonary and activation-regulated chemokine” (PARC, systematic name
CCL18), of which the mRNA was previously noted to be upregulated in the spleen of a
Gaucher patient [11]. Immuno-capture experiments revealed that in serum of symptomatic
Gaucher patients elevated levels of CCL18 occur (see Fig. 1B).

In order to accurately quantify the levels of CCL18 in plasma of Gaucher patients a
sandwich ELISA assay was employed. Figure 2 shows the CCL18 levels in plasma
samples from 36 controls and from 55 symptomatic Gaucher patients (prior to initiation of
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therapy). The median plasma CCL18 level in controls is 33 ng/mL (range 10-72 ng/mL),
whereas the median level in the patients’ samples is 948 ng/mL (range 237-2285 ng/mL).
The levels of CCL18 in plasma of symptomatic Gaucher patients are thus on average 29
fold elevated. Importantly, there is no overlap between symptomatic patient values and
control values. All patient plasma CCL18 values are considerably higher than the control
mean + 3*SD (99.7% confidence interval).

The relationship between plasma CCL18 levels and parameters of disease was examined.
No strict correlation was noted with hematological abnormalities (hemoglobin levels and
platelet count), degree of splenomegaly or hepatomegaly (data not shown). Moreover, we
did not observe any difference between plasma CCL18 levels in patients with enlarged
spleen or without spleen and no relation between chemokine levels and occurrence of
skeletal disease (data not shown). The bone marrow fat fraction, as assessed with
quantitative chemical shift imaging (QCSI) [18], did not correlate with plasma CCL18
levels either. In type I Gaucher patients with a mild degree of disease manifestation
(individuals with a severity scoring index < 5) [16] plasma CCL18 levels tend to be lower
than in more severely affected individuals (SSI ≥ 5), median: 722 ng/mL (range: 405-1160
ng/mL) vs. median: 974 ng/mL (range: 303-2285 ng/mL) respectively, although not
statistically significant. Similar relationships between plasma chitotriosidase activity and
other Gaucher disease parameters were demonstrated previously [9]. Analysis of the
present cohort of type I Gaucher patients showed that plasma chitotriosidase, β-
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Figure 1. SELDI-TOF mass spectra of profiling (A) and antibody capture (B) experiments. Panel A. Weak cation exchange
(WCX2) ProteinChip array: plasma samples of a Gaucher patient before (a) and after treatment (b) and a control experiment with
recombinant CCL18 in 0.5% (w/v) BSA (c). Mass range 7000-8500 m/z. Panel B. PS20 ProteinChip array coated with
monoclonal antibodies: anti-CCL18 (d-h) and (as a control) anti-TNFα (i). Recombinant CCL18 (d), sera of Gaucher patients (e
and f), control sera (g and h) and a pool of patient samples (i) were exposed to the antibody-coated arrays. Mass range 7000-
8500 m/z.
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hexosaminidase and angiotensin converting enzyme (ACE) levels also tend to be lower in
mildly affected individuals compared to severe patients, however also not statistically
significant: (plasma chitotriosidase: (SSI < 5) median 8085 nmol/mL/h (range 4939-13358
nmol/mL/h) vs. (SSI ≥ 5) median 18773 nmol/mL/h (range 2393-80074 nmol/mL/h);
plasma β-hexosaminidase: (SSI < 5) median 1477 nmol/mL/h (range 756-2678
nmol/mL/h) vs. (SSI ≥ 5) median 2580 nmol/mL/h (range 1072-7486 nmol/mL/h); plasma
ACE: (SSI < 5) median 140 U/L (range 100-148 U/L) vs. (SSI ≥ 5) median 202 U/L (range
116-324 U/L)). In the case of tartrate resistant acid phosphatase (TRAP) a more limited
correlation with disease severity was observed (plasma TRAP: (SSI < 5) median 1053
nmol/mL/h (range 768-2307 nmol/mL/h) vs. (SSI ≥ 5) median 2418 nmol/mL/h (range
616-14539 nmol/mL/h)). Plasma CCL18 values were weakly correlated to chitotriosidase,
TRAP and ACE levels: CCL18 vs. chitotriosidase: n=51; Spearman ρ=0.542; P < 0.0001;
CCL18 vs. chitotriosidase wild type: n=38; Spearman ρ=0.571; P=0.0002; CCL18 vs.
TRAP: n=36; Spearman ρ=0.558; P=0.0004; CCL18 vs. ACE: n=29; Spearman ρ=0.493;
P=0.007. The relation with β-hexosaminidase levels was even less strict: n=55; Spearman
ρ=0.391; P=0.003. The four chitotriosidase-deficient Gaucher patients showed high
plasma CCL18 values (863, 1122, 951, 329 ng/mL), consistent with their severe disease
manifestations.

The effect of enzyme replacement therapy on plasma CCL18 in Gaucher patients was
examined. Figure 3A shows the marked reduction in two representative patients that
responded clinically well to enzyme replacement therapy. As observed for chitotriosidase,
there was an initial prominent reduction in plasma CCL18, followed by a slowly
progressing decrease over the successive years. Patients responding poorly to this
treatment showed no sustained reduction in plasma CCL18 (see Fig. 3B). A decline in
plasma CCL18 was also observed for patients treated with substrate reduction therapy (see
Fig. 3C). In sharp contrast, patients that did not receive enzyme replacement therapy
showed a gradual increase of CCL18 plasma levels in time (Fig. 3D).
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Figure 2. Plasma CCL18 levels in controls and Gaucher patients. Plasma CCL18 levels in controls (n=36) and Gaucher patients
(n=55). Chemokine concentrations were determined as described in Materials & Methods.
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A weak correlation exists between the plasma levels of chitotriosidase and CCL18 in
naïve Gaucher patients. There is striking similarity in corrections in both parameters in
individual Gaucher patients during therapy. Fig. 4A & B shows that the reductions in
plasma CCL18 and chitotriosidase upon enzyme replacement therapy are completely
proportional. The relative corrections in both markers correlate significantly, see Fig. 4C:
(n=47 individual Gaucher patients; Spearman ρ=0.706; P<0.0001). The relative reduction
in excess plasma ACE and excess plasma β-hexosaminidase during therapy also correlated
to that in CCL18 (ACE; n=40 individual Gaucher patients, Spearman ρ=0.579, P < 0.0001;
plasma β-hexosaminidase:  n=39 individual Gaucher patients, Spearman  ρ=0.6218, P<
0.0001). Interestingly, the relative reduction in plasma CCL18 during therapy also closely
correlates with the corrections in the fat fraction of the lumbar spine bone marrow (Fig. 5).
All the findings suggest that reductions in CCL18 reflect corrections in the presence of
Gaucher cells.

To investigate whether CCL18 is produced directly by Gaucher cells, the presence of
CCL18 mRNA in Gaucher spleen was studied by northern blot analysis. As can be seen in
Fig. 6A, CCL18 mRNA is highly expressed in the patient’s spleen and almost absent in
control tissue. Next, immunohistochemistry on sections from spleens of two Gaucher
patients unequivocally revealed the specific expression of CCL18 protein in all Gaucher
cells (see Fig. 6 B and C). Expression of CCL18 was virtually absent in other cells in these
spleen sections. Similar labeling was observed for chitotriosidase (not shown).
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Figure 3. Effect of therapeutic interventions on plasma CCL18 levels. Panel A: plasma CCL18 levels in two individuals
responding well to enzyme replacement therapy. Panel B: plasma CCL18 levels in two individuals responding clinically poorly
to enzyme replacement therapy. Panel C: plasma CCL18 levels in two individuals on substrate deprivation therapy. Panel D:
plasma CCL18 levels in two untreated Gaucher patients. Closed symbols represent chitotriosidase wild type individuals; open
symbols chitotriosidase deficient individuals. The arrow indicates the initiation of therapy.
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CCL18 is supposed to be involved in initiation of an adaptive immune response,
recruitment of naïve T and B cells towards antigen presenting cells, and as such may
contribute to development of antibody producing plasma cells. We therefore investigated
whether the levels of CCL18 in plasma correlate with the presence of gammopathy. No
obvious difference was noted between plasma CCL18 values in patients with or without
detectable monoclonal gammopathy: mean: 1305 ng/mL (range: 525-2005 ng/mL, n=9)
vs. mean: 932 ng/mL (range: 101-2285 ng/mL, n=46) respectively. However, the plasma
concentration of CCL18 (1878 ng/mL) was relatively high in the case of one Gaucher
patient who had uncontrolled proliferation of monoclonal plasma cells in the bone marrow.
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Discussion

Our study describes a marked increase in plasma levels of the CC chemokine CCL18 in
symptomatic Gaucher patients. This chemokine, originally identified as a T cell
chemoattractant, also attracts CD38-negative mantle zone B-lymphocytes. It has been
speculated that CCL18 plays a role in the recruitment of T and B-lymphocytes toward
antigen presenting cells (APC), a crucial step in the initiation of adaptive immune
responses [12,13,22,23]. The chemotactic response of T cells to CCL18 is abolished by
treatment of the cells with pertussis toxin, indicating a role for heterotrimeric G protein-
coupled receptors. The exact receptor, however, remains unidentified [12]. There have
been several reports on elevated levels of CCL18 in human disease, for example
atherosclerosis, active hepatitis C infection, hypersensitive pneumonitis, allergic contact
hypersensitivity, sepsis as well as rheumatoid arthritis and ovarian carcinoma [24-30].
Different detection methods have been employed in the previous studies, in some
investigations CCL18 mRNA was detected either by RT-PCR analysis or in situ
hybridization [24,25,27,29,30] and in other studies ELISA’s were used to measure CCL18
protein in synovial or ascitic fluid [26,28]. To our knowledge this is the first report on
chronically elevated plasma levels of CCL18 in a disease condition. Interestingly, the
recurrent theme of all disease states in which CCL18 is over-expressed seems to be
inflammation.
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Our findings suggest that plasma CCL18 can act as reliable surrogate disease marker that
is useful in the case of Gaucher disease for further confirmation of diagnosis,
demonstration of disease onset and monitoring of efficacy of therapeutic intervention. The
increase in plasma CCL18 is far more pronounced than that in ACE, β-hexosaminidase and
TRAP. Very mild affected patients still show abnormal plasma CCL18 in contrast to the
other markers mentioned above. As compared to CCL18, chitotriosidase is more
spectacularly increased in symptomatic Gaucher patients, provided that they do not carry
the chitotriosidase gene defect. In the case of Gaucher patients that are deficient in
chitotriosidase activity, monitoring of plasma CCL18 seems a good and reliable alternative
that can aid in the clinical management of Gaucher patients. Immunohistochemical
analysis of spleen sections from two Gaucher patients have indeed revealed that Gaucher
cells are the prominent source of CCL18 as well as chitotriosidase. Fractional corrections
in plasma CCL18 levels and of other disease markers like chitotriosidase, ACE and β-
hexosaminidase are similar in Gaucher patients following therapy. Corrections in bone
marrow fat fraction, an indirect assessment of Gaucher cell infiltration of the marrow, are
also paralleled by corrections in plasma CCL18 (or chitotriosidase).

The CCL18 in plasma is derived from Gaucher cells in various body locations. This is
suggested by the lack of correlation between the plasma CCL18 levels and splenic volume.
As is the case for plasma chitotriosidase levels, the concentration of CCL18 in the
circulation does not reflect one particular clinical sign of the disease but reflects the total
body burden of Gaucher cells. Plasma CCL18 (or chitotriosidase) concentrations do not
strictly correlate with the severity scoring index. Several factors may contribute to this.
Firstly, the scoring index does not reflect the actual body burden on storage cells but rather
scores the incidence of pathological events. Secondly, Gaucher cells in different body

54

Chapter 3

A B1           2
18S

CCL18

GAPDH

Figure 6. Expression of CCL18 in Gaucher spleen. Panel A: Detection of CCL18 mRNA in Gaucher spleen by northern blot
analysis. Control and Gaucher spleen total RNA was analyzed by northern blotting as described in Material and Methods. Lane
1: Control spleen; Lane 2: Gaucher spleen. The probes used: full length CCL18 cDNA and glyceraldhyde-3-phosphate
dehydrogenase (GAPDH) as a RNA control. The 18S ribosomal band is indicated. Panel B: Detection of CCL18 protein by
immunohistochemistry in Gaucher spleen. Clustered large swollen cells are Gaucher cells and label massively for CCL18 protein
(arrows). Some surrounding spleen cells also show some labeling (arrowheads). (magnification, x400).
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locations may contribute differently to the chronic CCL18 concentration in the circulation.
Thirdly, the kinetics of elimination of CCL18 from the circulation by mechanisms such
receptor mediated uptake and excretion via the kidney may vary among individual
patients.

The potential role of chronically elevated CCL18 in the pathophysiology of Gaucher
disease is of interest. Abnormalities concerning serum immunoglobulins and other
manifestations of disturbed B-cell function, like monoclonal or oligoclonal gammopathies,
occur frequently in Gaucher patients. However, we did not observe any correlation
between the plasma levels of CCL18 and the presence of a monoclonal gammopathy. Since
all symptomatic Gaucher patients show at least 10-fold increased plasma levels of CCL18,
it can be envisioned that this constitutes a risk factor for the development of disturbed B-
cell function with other factors influencing the eventual outcome.

It has been reported that CCL18 can function as a natural antagonist of the CCR3
chemokine receptor [31,32]. CCR3 is expressed by eosinophils, Th2 cell subsets,
basophils, mast cells, neural tissue, some epithelia and CD34+ progenitor cells [33,34].
Eosinophil chemotaxis induced by the most potent CCR3 agonists, like eotaxin and
macrophage chemoattractant protein-4 (MCP-4) can be inhibited by CCL18 at
concentrations as low as 10 nM [31,32]. The CCL18 plasma levels in symptomatic
Gaucher patients exceed these inhibitory concentrations considerably (3-27 times). It
seems likely that tissues rich in Gaucher cells contain even higher CCL18 concentrations.
At this moment it is not clear whether Gaucher patients show abnormalities in CCR3
mediated chemotaxis of eosinophils. Moreover, it can not be excluded that the high
concentrations of CCL18 in plasma and tissues block also other chemokine receptors,
explaining neutrophil chemotaxis abnormalities in Gaucher disease [35,36].

Increased plasma chitotriosidase levels have been found to be extremely useful as
surrogate marker for Gaucher cell burden in Gaucher patients. The extent of elevation in
plasma CCL18 in symptomatic patients is far less compared to that in chitotriosidase. The
application of plasma CCL18 is therefore particularly of interest for those Gaucher patients
in which chitotriosidase is lacking due to a homozygosity for the common gene defect. At
present it can not be excluded that plasma CCL18 can also be markedly increased due to
other pathologies. It should be clear that measurement of plasma CCL18 for primary
diagnosis of Gaucher disease should therefore not be advocated. Only in those cases in
which the disease has been confirmed by demonstration of glucocerebrosidase deficiency
or gene defects the monitoring of plasma CCL18 is useful to obtain an impression of
Gaucher cell burden.

In conclusion, our finding of markedly elevated plasma CCL18 levels in symptomatic
Gaucher patients warrants further investigations regarding its applicability in the clinical
management of Gaucher disease as well as its role in the peculiar pathophysiology of the
disorder.
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Abstract

SELDI-TOF MS assisted the discovery of the chemokine CCL18 as plasma biomarker
for pathological storage cells in Gaucher disease patients. Prognostic elevation of CCL18
in blood of Gaucher patients has been confirmed by ELISA. Given its low molecular mass,
positive charge, and relatively high abundance, CCL18 seems a particular attractive
protein for SELDI-TOF based quantitation. Therefore, we determined CCL18 levels in
plasma using SELDI-TOF MS and ELISA, in parallel. CCL18 levels in some blood
samples were significantly underestimated when determined by SELDI-TOF MS. Spiking
of recombinant CCL18 indicated that its detection by SELDI-TOF MS is strongly
determined by the nature of the sample, even markedly varying between samples obtained
from one donor at different time points. Independent of the total CCL18 concentration in
blood only 1-10% of the chemokine bound to the ProteinChip® Array. Even when
comparable amounts of CCL18 from distinct samples were bound to the ProteinChip®

Array, diverse peak intensities could be observed. Thus, limited binding capacity and
sample-dependent suppression of CCL18 ionization contribute significantly to the final
peak intensity. In conclusion, SELDI-TOF MS offers no reliable procedure to
quantitatively monitor CCL18 levels in blood and thus cannot be applied in evaluation of
disease status of Gaucher patients.
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Introduction

The non-neuronopathic type I variant of Gaucher disease (GD) is one of the most
frequently encountered lysosomal storage disorders. Type I GD is caused by a deficiency
in the lysosomal hydrolase glucocerebrosidase (EC 3.2.1.45), resulting in massive storage
of the glycosphingolipid glucosylceramide in lysosomes of tissue macrophages [1]. The
characteristic lipid-laden macrophages, so-called Gaucher cells, are viable cells that
secrete diverse factors involved in local tissue damage and formation of more storage cells.
The pathological cells are mainly found in liver, spleen, and bone marrow. The
accumulation of Gaucher cells leads to marked hepatosplenomegaly and bone marrow
abnormalities resulting in pancytopenia. Gaucher cells also seem to trigger skeletal disease
[1].
Accurate prediction of the clinical course of type I GD on the basis of glucocerebrosidase

genotype is not feasible. Most strikingly in this respect, discordant phenotypes among
identical twins have been reported [2]. Successful therapeutic interventions have been
developed for type I GD. Widely applied is already the so-called enzyme replacement
therapy (ERT) based on chronic intravenous administration of recombinant
glucocerebrosidase [3]. ERT results in marked improvements of the major symptoms in
Gaucher patients. More recently, beneficial responses have also been documented for
treatment of Gaucher patients with Zavesca (N-butyldeoxynojirimycin), an inhibitor of
glucosylceramide biosynthesis [4]. This so-called substrate reduction therapy (SRT) also
results in major clinical improvements in moderately to mildly affected type I Gaucher
patients.

Very high costs are associated with ERT and SRT of type I Gaucher patients. The poor
predictability of clinical responses of individual Gaucher patients to ERT or SRT, has
prompted the search for biomarkers that may assist clinicians in decision making regarding
initiation of therapy and optimizing dosing regimens for individual patients [5].
Biomarkers are specific biomolecules found in an increased/decreased amount in body
fluids and/or tissues and are indicators of the progress of a disease or responses to
therapeutic intervention. Ideally, biomarkers are produced by the storage cells themselves,
Gaucher cells in the case of GD, and detectable in easily accessible material such as blood
or urine.
In 1994 a truly specific marker for the pathological Gaucher cells was already discovered

[6]. Chitotriosidase (EC 3.2.1.14), a human analogue of chitinases from lower animals,
showed a thousand fold increased activity in serum of symptomatic Gaucher patients.
Chitotriosidase activity does not reflect one particular clinical symptom of GD, but is an
indicator of total storage burden (Gaucher cell marker) [6]. Nowadays monitoring of this
biomarker is commonly used for decision making regarding initiation and optimization of
costly therapeutic interventions (ERT or SRT). Because about 6% of the population is
completely chitotriosidase-deficient due to a mutation of the gene [7], not every Gaucher
patient can be monitored by measuring chitotriosidase activity in plasma. This has
stimulated research for novel plasma biomarkers for Gaucher cells. For this purpose
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surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-
TOF MS) was employed [8].

SELDI-TOF MS is a relatively novel application of mass spectrometry that combines
absorption chromatography with time-of-flight mass spectrometric detection. Using
different kind of arrays, with a wide variety of chromatographic (for protein profiling and
peptide mapping applications) or pre-activated surfaces (for immunoassay, receptor-ligand
binding, and DNA-binding protein applications), groups of proteins are selectively bound
to the chip. Subsequently, chips are washed several times to remove unbound molecules
and other interfering substances. As in matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry, molecules are co-crystallized with matrix molecules and ionized
using a laser. The advantage of SELDI-TOF MS over conventional techniques is the
possibility to apply complex biological samples such as serum or plasma directly due to
specific retention of target proteins.

SELDI-TOF mass spectrometric analysis of blood from Gaucher patients using
negatively charged CM10 ProteinChip® Arrays (weak cation exchange arrays) assisted the
discovery of another valuable biomarker for GD [8]. A peptide of 7.8 kDa was prominent
in plasma of an untreated symptomatic Gaucher patient but was nearly absent in control
samples [8]. The protein was subsequently identified as CCL18, a member of the human
C-C chemokine family. mRNA of CCL18 (also known as PARC: pulmonary and
activation-regulated chemokine) was previously noted to be up-regulated in the spleen of
a symptomatic Gaucher patient [9]. Subsequent analysis with an ELISA revealed that
plasma CCL18 is elevated 10 to 50-fold in symptomatic Gaucher patients, with no overlap
between values in symptomatic patients and controls. The median plasma CCL18 level in
controls is 33 ng/mL (equalling 4.2 nM), ranging from 10 to 72 ng/mL (1.3-9.2 nM). In
Gaucher patients the median plasma CCL18 level is 948 ng/mL (121 nM), ranging from
237 to 2285 ng/mL (30-291 nM) [8]. Gaucher cells are responsible for the massive
overproduction and secretion of CCL18. The levels of CCL18 measured by ELISA
correspond nicely to severity of disease manifestation and reductions in the serum
chemokine occur during effective therapeutic correction of the disorder. Changes in
plasma CCL18 mimic those observed in chitotriosidase activity, the established biomarker
for GD [8]. The demonstration of massive production of CCL18 mRNA and protein by
pathological storage macrophages in Gaucher patients further confirmed its value as
biomarker in monitoring this disorder. Measurement of plasma CCL18 has been reported
by several investigators to be a useful tool to monitor changes in total storage burden,
especially for chitotriosidase deficient individuals [8,10,11].

Given CCL18’s favourable physico-chemical characteristics for mass spectrometrical
detection (low molecular mass, positive charge, and relatively high abundance), we
investigated whether SELDI-TOF based quantitation of CCL18 in blood can be used to
quickly monitor the disease status of Gaucher patients.
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Materials & methods

Reagents
Recombinant human CCL18 (rhCCL18) was purchased from PeproTech Inc. (Rocky Hill,

New Jersey, USA) and R&D Systems Inc. (Minneapolis, Minnesota, USA). DTT, Tris, and
Urea were purchased from Sigma Chemical Company (St Louis, Missouri, USA).
Acetonitrile and Hydrochloric Acid were purchased from Merck (Darmstadt, Germany).
Triton X-100 was purchased from BHD Laboratory Supplies (Poole, Dorset, UK).
CHAPS, Sinapinic Acid, and TFA were purchased from Fluka Biochemika (Buchs,
Switzerland). All-in-1 Peptide Standard was purchased from Ciphergen Biosystems Inc.
(Fremont, California, USA). The pre-mixed peptide standard includes Arg8-Vasopressin,
1084 Da; Somatostatin, 1637 Da; Porcine Dynorphin, 2147 Da; Human
Adrenocorticotropic Hormone (1-24), 2933 Da; Bovine Insulin β-chain, 3495 Da; Human
Insulin, 5807 Da, and Hirudin BHVK, 7033 Da.

ProteinChip® Arrays
CM10 ProteinChip® Arrays (weak cation exchange arrays with carboxylate functionality,

formerly known as WCX2 ProteinChip® Arrays) were purchased from Ciphergen
Biosystems Inc. (Fremont, California, USA).

Patients
Of the 8 Gaucher patients (all type I), 5 received ERT (alglucerase, imiglucerase,

[individualized dosing], Genzyme, Cambridge, Massachusetts, USA) and 3 patients were
not treated. All patients with GD studied were known by referral to the Academic Medical
Center. EDTA plasma and serum samples were obtained before and after several years of
therapeutic intervention. Controls consisted of male and female healthy volunteers.
Approval was obtained from the Ethic Committee. Informed consent was provided
according to the Declaration of Helsinki.

SELDI-TOF MS
Experiments with EDTA plasma and serum

Blood samples were surveyed for basic proteins with SELDI-TOF MS making use of the
anionic surface of CM10 ProteinChip® Arrays. First 10 μL of EDTA plasma/serum was
mixed with 90 μL of denaturation solution (9 M Urea, 2% CHAPS, and 1% DTT). After
incubation for 1 hour at room temperature (RT), 10 μL of this solution was mixed with 90
μL binding buffer (50 mM Tris + 0.1% Triton X-100, adjusted to pH 8 with hydrochloric
acid). Before application of the sample to a CM10 ProteinChip® Array, all spots were
equilibrated. To equilibrate the CM10 ProteinChip® Array, spots were washed twice with
200 μL of binding buffer for 5 minutes on a platform shaker and using a Ciphergen
Biosystems 96-well bioprocessor. After equilibration, buffer was removed and samples
were added. The samples were allowed to bind to the anionic surface for 40 minutes at RT
on a platform shaker. Subsequently the ProteinChip® Arrays were washed twice with 200
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μL binding buffer for 5 minutes on a platform shaker. Next the ProteinChip® Arrays were
washed twice with 200 μL binding buffer without Triton X-100 for 5 minutes on a platform
shaker. To remove salts ProteinChip® Arrays were briefly washed with deionized water.
After air-drying, 0.5 μL of sinapinic acid (10 mg/mL) dissolved in 50% aqueous
acetonitrile and 1% TFA was added to each spot twice. After co-crystallization of the
proteins with the matrix molecules, a pulsed nitrogen laser was used for ionization of the
samples. ProteinChip® Arrays were analyzed using a PBSIIc ProteinChip® Reader
(Ciphergen Biosystems Inc. Fremont, California, USA), a linear laser
desorption/ionization time-of-flight mass spectrometer equipped with time-lag focussing.
The result is a mass spectrum composed of the mass to charge ratios and intensities of the
desorbed (poly)peptide ions. All spectra were acquired in the positive-ion mode. Spectra
were externally calibrated against a mixture of known peptides (All-in-1 Peptide Standard,
Ciphergen Biosystems Inc. Fremont, California, USA). Spectra were normalized to the
total ion current in the mass range from 1000 to 10,000 Dalton.

Experiments with rhCCL18
Experiments with rhCCL18 were performed using CM10 ProteinChip® Arrays. After

incubation of rhCCL18 with denaturation solution for 1 hour at RT, 10 μL of this solution
was incubated with 90 μL binding buffer (50 mM Tris + 0.1% Triton X-100, adjusted to
pH 8 (or 9) with hydrochloric acid). Samples were allowed to bind to the anionic surface
for 40 minutes at RT on a platform shaker. For equilibration of CM10 ProteinChip® Arrays,
washing steps, matrix application and MS analysis see “Experiments with EDTA plasma
and serum”.

Spike experiments with rhCCL18 in EDTA plasma and serum
In these experiments equal amounts of rhCCL18 were added to EDTA plasma/serum

samples before denaturing with 9 M Urea, 1% DTT, and 2% CHAPS at RT for 1 hour.
Samples were spiked in such a way that up to 1000 femtomoles of CCL18 ends up in a
final volume of 100 microliter (equalling 10 nM). Again CM10 ProteinChip® Arrays were
used to specifically bind basic proteins. 10 μL of denatured EDTA plasma/serum spiked
with rhCCL18 was mixed with 90 μL binding buffer and allowed to bind to the anionic
surface for 40 minutes at RT on a platform shaker. For sample preparation, equilibration of
CM10 ProteinChip® Arrays, washing steps, matrix application and MS analysis see
“Experiments with EDTA plasma and serum”.

ELISA
CCL18 levels in EDTA plasma were measured by a sandwich ELISA using a

commercially available CytoSet (Biosource International, Camarillo, California, USA),
consisting of a capture antibody, a biotinylated detection antibody, recombinant CCL18
standard, and streptavidin-horseradish peroxidase conjugate. Assay conditions were
exactly as described by the manufacturer.
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Results

CCL18 levels in EDTA plasma of eight type I Gaucher patients, before and after several
years of therapeutic intervention, were determined using SELDI-TOF MS and in parallel
using ELISA (see Fig. 1). CCL18 plasma levels as determined by semi-quantitative
SELDI-TOF mass spectrometric measurements did not correlate with CCL18 levels as
measured by ELISA. In some samples none to very little CCL18 was detected by SELDI-
TOF analysis, despite the presence of large amounts of chemokine as indicated by ELISA.
Vice versa, in other samples low CCL18 concentrations as determined with ELISA and
SELDI MS more closely mimicked each other. The determination of CCL18 by ELISA is
highly reliable [9]. This is also demonstrated by the consistent finding that in patients
receiving ERT the blood levels of CCL18 and those of chitotriosidase, the well established
biomarker for GD, go down proportionally [8]. The mass spectrometric detection of
CCL18 in specific EDTA plasma samples proved to be itself reproducible (not shown).
However, in serial serum samples of Gaucher patients upon enzyme replacement therapy
SELDI-TOF analysis revealed often no consistent reduction in CCL18 levels, sharply
contrasting to the results with ELISA measurements. In light of the strong discrepancy
between plasma CCL18 levels as determined by SELDI-TOF MS and ELISA, further
investigations were performed. 

First we examined whether the lack of correlation between CCL18 levels as determined
by SELDI-TOF analysis and ELISA was due to intrinsic problems with respect to the
linearity of quantitative SELDI-TOF analysis. To investigate this we made titration curves
with rhCCL18. Stepwise addition of increasing amounts of rhCCL18 resulted in
proportionally increased peak intensities although complete proportionality was not
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Figure 1. CCL18 levels in EDTA plasma of eight Gaucher patients, before and after therapy. CCL18 levels were determined in
duplicate (mean values are shown) using SELDI-TOF MS (Y-axis: peak intensity in arbitrary units, A.U.) and in parallel using a
validated ELISA (X-axis: ng/mL plasma). Each patient is represented by a different symbol, closed and open symbols
representing samples taken before and after therapy, respectively.
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retained (Fig. 2A). The titration experiment indicates that the SELDI method allows
quantitative detection of CCL18 over a considerable range, at least with relatively low
concentrations of pure rhCCL18 in a strictly defined buffer solution.

Our next objective was to determine whether the nature of the applied sample plays a role
in the problems surrounding quantitation of CCL18 with SELDI-TOF MS. To test this we
titrated rhCCL18 in control serum. As in the previous experiment, similar amounts of
rhCCL18 were applied to the ProteinChip® Array, only this time in the presence of serum.
Overall, much lower peak intensities were observed. The addition of 1000 femtomole
rhCCL18 alone resulted in a peak intensity of 36 arbitrary units. In the presence of plasma,
however, peak intensity was reduced to 16% of the original signal. Importantly, a stepwise
increase of rhCCL18 did not consistently lead to higher peak intensities in the protein
profile (Figs. 2B and 2C). These data demonstrate that detection of CCL18 in the protein
profile obtained by SELDI-TOF MS is markedly affected by the concomitant presence of
blood components.

Next, we examined whether the type of serum affected the detection of CCL18 with the
SELDI-TOF procedure. We spiked a fixed amount of rhCCL18 into plasma of 8 different
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Figure 2. Titration of rhCCLl8 in buffer and serum. Increasing amounts of rhCCL18 (0-1000 fmol per spot) were applied to the
surface of a weak cation exchange (CM10) ProteinChip® Array in the presence or absence of control serum. A.U.: Arbitrary Units
(A) Titration curve of increasing amounts of rhCCL18 in a buffered solution. (B) Titration curve of increasing amounts of
rhCCL18 in control serum. (C) SELDI protein profile of a titration of rhCCL18 in control serum. Mass range: 7000 to 9000 m/z
(mass-to-charge ratio).
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controls and examined the resulting mass spectra. With the use of constant amounts of
rhCCL18 added to serum, comparable peak intensities should result. In contrast, highly
variable peak intensities were found (Fig. 3A). These data show that detection of CCL18
by SELDI-TOF MS is affected differently in various blood samples. Finally, we spiked a
fixed amount of rhCCL18 in EDTA plasma of two controls obtained at four different time
points over a period of two years. Variable peak intensities of CCL18 were observed
despite the fact that constant amounts of rhCCL18 were added to plasma samples of the
same control (Fig. 3B).

Altogether, these spiking studies with rhCCL18 demonstrate that detection of CCL18 by
SELDI-TOF MS is strongly determined by the nature of the sample, even markedly
varying between samples obtained from the same donor at different time points.
Finally, we tested the capacity of CM10 ProteinChip® Arrays to bind CCL18 from EDTA

plasma samples. For this purpose a variety of EDTA plasma samples with different levels
of CCL18 were used. Basic proteins were captured as described before and CCL18 levels
were measured by ELISA before and after binding of the sample to the ProteinChip® Array.
In all cases we noted that just 1-10% (mean: 5.1%) of all the administered CCL18 actually
bound to the ProteinChip® Array. Even when similar amounts of CCL18 from different
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samples were bound, significantly different peak intensities were detected with SELDI-
TOF analysis. For example, in the case of two EDTA plasma samples with almost similar
concentrations of CCL18 (472 and 461 ng/mL, respectively), similar amounts were
retained on the surface (as concluded from ELISA analysis of binding of CCL18 to the
ProteinChip) but peak intensities were found to be 2.3 and 14.1 arbitrary units.

Discussion
Biomarkers are useful as a diagnostic tool for (early) diagnosis of lysosomal storage

disorders. Additionally, they are of great use in decision-making regarding initiation and
optimization of expensive therapy (ERT or SRT) and monitoring efficacy of therapeutic
intervention. To search for novel biomarkers, protein profiles are often generated. In
principle, SELDI-TOF MS is an attractive technique to rapidly provide profiles of proteins
and peptides from different specimens given its sensitivity, simplicity, ease-of-use and low
sample requirements. A high-throughput approach such as SELDI-TOF technology is, in
theory, a useful platform to search for new biomarkers or monitor established biomarkers
for clinical management of patients.

In this report we show that SELDI-TOF protein profiling, while initially worthwhile in
biomarker discovery [8], is not an ideal approach to quantitatively monitor CCL18 levels
in Gaucher patients and can therefore not be applied in evaluation of disease status. The
outcome of the study is particularly disappointing since CCL18 seems to be an ideal
protein for this type of MS analysis. It is a small, relatively abundant protein (in the nM
range) with a positive charge and without glycans. These properties should allow CCL18
to bind strongly to the surface of a CM10 ProteinChip® Array and ionize (relatively) easy
too. This is indeed observed when using a pure rhCCL18 preparation. However, the
complexity of blood-derived samples negatively influences the detection of CCL18 with
the ProteinChip® Array.

Our study thus revealed a serious intrinsic problem associated with SELDI-TOF MS
protein profiles obtained from blood samples. The observed peak intensity of a particular
protein may not reflect the actual amount present in the sample but rather result from the
amount of protein actually bound to the ProteinChip® Array and its efficiency of
ionization, both potentially being influenced by other components present in the sample.
Phenomena such as binding competition and suppression of ionization obviously play a
role here. Because ProteinChip® Arrays have a limited binding capacity (estimated: 2-5
picomole for CM10 ProteinChip® Array), components present in blood compete for
binding on the surface of the ProteinChip® Array. Bound proteins compete for laser energy,
transferred via energy absorbing matrix molecules, to become ionized and eventually reach
the detector of the mass spectrometer. Some components present in blood clearly suppress
the signal of other proteins, like the chemokine CCL18, by competing for binding places
and/or ionization energy. Even little alterations in blood composition may affect binding
competition/ionization suppression and thus influence the outcome of the experiment.
We conclude from our investigation that SELDI-TOF based detection of CCL18 in blood
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samples presently offers no reliable procedure to rapidly quantify actual chemokine levels
in Gaucher patients and can therefore not be employed in reliable assessment of disease
status. The use of an ELISA-based detection of CCL18 has to be recommended for this
purpose. It seems likely that, apart from CCL18, other proteins in blood samples will
encounter similar problems when analyzed by SELDI-TOF MS. Our observations with
CCL18 clearly illustrate that semi-quantitative monitoring of disease-specific biomarkers
in complex fluids with SELDI-TOF protein profiling experiments remains a tremendous
challenge.
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Abstract

Pancytopenia, hepatosplenomegaly and skeletal complications are hallmarks of Gaucher
disease. Monitoring of the outcome of therapy on skeletal status of Gaucher patients is
problematic since currently available imaging techniques are expensive and not widely
accessible. The availability of a blood test that relates to skeletal manifestations would be
very valuable. We here report that macrophage inflammatory protein (MIP)-1α and MIP-
1β, both implicated in skeletal complications in multiple myeloma (MM), are significantly
elevated in plasma of Gaucher patients. Plasma MIP-1α of patients (median 78 pg/mL,
range 21-550 pg/mL, n= 48) is elevated (normal median 9 pg/mL, range 0-208 pg/mL, n=
39). Plasma MIP-1β of patients (median 201 pg/mL, range 59-647 pg/mL, n=49) is even
more pronouncedly increased (normal median 17 pg/mL, range 1-41 pg/mL, n= 39; one
outlier: 122 pg/mL). The increase in plasma MIP-1β levels of Gaucher patients is
associated with skeletal disease. The plasma levels of both chemokines decrease upon
effective therapy. Lack of reduction of plasma MIP-1β below 85 pg/mL during 5 years of
therapy was observed in patients with ongoing skeletal disease. In conclusion, MIP-1α and
MIP-1β are elevated in plasma of Gaucher patients and remaining high levels of MIP-1β
during therapy seem associated with ongoing skeletal disease.
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Introduction

Type I Gaucher disease is the most frequently encountered lysosomal storage disorder.
Deficiency in glucocerebrosidase (EC 3.2.1.45) results in massive storage of the
glycosphingolipid glucosylceramide in lysosomes of tissue macrophages [1]. The
characteristic lipid-laden macrophages, so-called Gaucher cells, secrete various factors
involved in local tissue damage and further formation of storage cells [2]. Accumulation
of these cells in liver, spleen, and bone marrow leads to pronounced hepatosplenomegaly,
pancytopenia and bone manifestations, such as avascular necrosis, pathological fractures,
bone pain and bone crises. In addition, radiological evidence of Gaucher related skeletal
pathology, such as decreased signal intensity on MRI, reflecting bone marrow infiltration,
lytic lesions and osteopenia, is often present [1]. Several plasma abnormalities have been
noted in Gaucher patients (see Aerts et al [2]). The most striking plasma marker reflecting
the presence of Gaucher cells was discovered a decade ago [3]. The activity of
chitotriosidase (EC 3.2.1.14), a human analogue of chitinases from lower animals, was
found to be on average 1000-fold elevated in plasma of symptomatic Gaucher patients.
Monitoring of plasma chitotriosidase is now used for decision making regarding initiation
and optimization of therapeutic interventions. More recently, a second Gaucher cell marker
was identified. CCL18, a member of the human C–C chemokine family, is elevated 10- to
50-fold in plasma of Gaucher patients without overlap between patient and control values
[4]. CCL18, also known as PARC (pulmonary and activation-regulated chemokine), was
already known to be up-regulated in Gaucher spleen [5]. Chitotriosidase and CCL18 both
stem from Gaucher cells [4]. The measurement of plasma CCL18, next to TRAP and ACE
[2], is a useful alternative to monitor Gaucher patients [4,6-8], especially when dealing
with chitotriosidase deficient individuals [9]. The plasma markers chitotriosidase and
CCL18 reflect the total body burden of storage cells, but do not correlate with specific
clinical symptoms. In particular, the degree of skeletal involvement does not correlate with
total Gaucher cell burden. Currently, there are no plasma or urinary biomarkers predicting
onset or progression of bone involvement in Gaucher disease. Several studies have
indicated that classical osteoporosis markers reflecting osteoclast activity do not correlate
well with skeletal disease in Gaucher patients [10,11]. The lumbar spine bone mineral
density as assessed by DXA has been found to be on average lower in Gaucher patients as
compared with a reference population and to improve upon therapy [12,13].

Two costly therapies are registered for the treatment of type I Gaucher disease. First
developed was enzyme replacement therapy (ERT), a treatment based on chronic
intravenous administration of human placental glucocerebrosidase [14], nowadays
recombinant enzyme [15]. ERT results in spectacular improvement of the visceral and
hematological problems in Gaucher patients. Another registered therapeutic intervention
for type I Gaucher disease is substrate reduction therapy (SRT), based on oral
administration of N-butyldeoxynojirimycin (Zavesca), an inhibitor of glucosylceramide
biosynthesis [16]. SRT results in clinical improvements in mildly to moderately affected
type I Gaucher patients [17]. The efficacy of both ERT and SRT regarding skeletal disease
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has been, and still remains, topic of debate (see for example Weinreb et al [18]). Successful
treatment is predicated on monitoring response and making appropriate adjustments based
on achievement of defined therapeutic goals [19]. However, monitoring the effect of
treatment on skeletal manifestations of Gaucher disease is problematical. One advocated
approach is to monitor bone mineral density, which may relate to the risk for fractures [11].
In severe skeletal disease its use is however limited to the diffusely involved skeletal parts
and a relation with Gaucher related bone complications has so far not been established. A
favored approach is the measurement of lumbar bone marrow fat fraction by quantitative
chemical shift imaging [20]. A low fat fraction, reflecting massive Gaucher cell infiltration,
is associated with a high risk for skeletal complications [20,21]. A limitation of this
technique is that it is expensive, time consuming and not widely available.

Given the present limitations, we started a search for a plasma parameter that may relate
to skeletal disease in Gaucher patients. For this purpose, we focused on chemokines
critical to bone homeostasis. Earlier microarray experiments performed in our laboratory
indicated that the mRNAs encoding chemokines macrophage inflammatory protein (MIP)-
1α and MIP-1β were up-regulated in the spleen of a symptomatic Gaucher patient 8-fold
and 17-fold, respectively, when compared to control spleens. The two chemokines are of
special interest since they have recently been implicated in the pathogenesis of skeletal
disease in patients suffering from multiple myeloma (MM) [22,23]. In this study we report
on the plasma levels of the chemokines MIP-1α and MIP-1β in type I Gaucher patients,
their relationship with bone complications and their association with ongoing skeletal
disease during therapeutic intervention.

Patients, materials, & methods

Gaucher disease patients and controls
Control subjects consisted of 18 male (mean age 39 years, range 24-54) and 21 female

healthy volunteers (mean age 38 years, range 23-54). All patients with Gaucher disease
type I studied (25 males (mean age 39 years, range 16-67) and 24 females (mean age 39
years, range 12-66)) were known by referral to the Academic Medical Center. Of the 49
type I patients, 46 received ERT (alglucerase, imiglucerase, Genzyme, Cambridge, MA,
individualized dosing [24]) while 3 patients were not treated. EDTA
(ethylenediaminetetraacetic acid) plasma and serum samples were obtained before and
during therapeutic intervention. To assess the clinical severity of patients the Severity
Score Index (SSI) was used [25,26]. Skeletal disease was defined as having a history of at
least one of the following severe bone complications, prior to start of ERT; bone crises,
avascular necrosis or pathological fractures. Ongoing skeletal disease after start of therapy
was defined as developing a new episode of one of the above mentioned severe skeletal
complications and/or experiencing periods of aggravating bone pain, necessitating the use
of pain medication, which was in the opinion of the physician related to Gaucher disease.
Bone marrow involvement was assessed by measurement of the bone marrow fat fraction
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using Dixon quantitative shift imaging (QCSI) of the lumbar spine [20,21]. Only a single
patient with ongoing skeletal disease received during the entire period of analysis co-
medication with bisphosphonates. Two patients, without skeletal medications at start of
therapy, received co-medication that may affect bone metabolism during the last 2 and 4
years of analysis, respectively. Approval was obtained from the Ethical Committee.
Informed consent was provided according to the Declaration of Helsinki.

Enzyme-Linked Immuno Sorbent Assay (ELISA)
Levels of MIP-1α (in EDTA plasma), MIP-1β (in EDTA plasma and spleen extracts) and

osteoprotegerin (OPG) (in serum) were measured by sandwich ELISA using commercially
available DuoSet ELISA Developmental kits (R&D Systems Inc. Minneapolis, MI),
consisting of a capture antibody, a biotinylated detection antibody, recombinant standard,
and streptavidin-horseradish peroxidase (HRP) conjugate. Assay conditions were exactly
as described by the manufacturer. No diurnal variation or impact of physical activity on
MIP-1α or MIP-1β levels were observed in five normal subjects.

Levels of soluble receptor activator of NFκB (sRANKL) in EDTA plasma and serum
were measured by ELISA using a commercially available enzyme immunoassay
(Biomedica Medizinprodukte GmbH &b Co, Wien, Austria), consisting of a microtiter
plate pre-coated with recombinant OPG, a biotinylated anti-sRANKL antibody,
recombinant standard, control sample and ready to use streptavidin-HRP conjugate and
TMB substrate. Although assay conditions were exactly as described by the manufacturer
we could not reliably detect sRANKL in Gaucher plasma or serum samples. The
manufacturer warns for complications when lipidemic or hemolyzed samples are used.
Even analysis of freshly obtained blood samples from Gaucher patients gave poor results,
suggesting that analysis was intrinsically hampered by the known lipidemic and/or
hemolytic nature of Gaucher patient materials.

Levels of CCL18 in EDTA plasma were measured by a sandwich ELISA using a
commercially available CytoSet (Biosource International, Camarillo, CA), consisting of a
capture antibody, a biotinylated detection antibody, recombinant CCL18/PARC standard,
and streptavidin-HRP conjugate. Assay conditions were exactly as described by the
manufacturer.

Enzyme activity assays
The standard enzyme activity assay for chitotriosidase with 4 MU-chitotriose (4-

methylumbelliferyl β-D-N,N’,N’’-triacetylchitotriose; Sigma Chemical Company, St.
Louis, MI) as substrate was performed at pH 5.2, as previously described [3].
Chitotriosidase values of patients who were heterozygous for the chitotriosidase mutation
were multiplied by 2 [3,27].

Immunohistochemistry
Immunohistochemistry was performed on frozen sections of Gaucher spleen to detect

MIP-1β expression patterns. The methodology of immunocytochemical procedures has
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been described in detail previously [28]. Frozen sections of 6 μm were cut and thaw-
mounted on glass slides. Slides were kept overnight at room temperature (RT) in
humidified atmosphere. After air-drying the slides for 1 hr, they were fixed in fresh acetone
containing 0.02% (vol/vol) hydrogen peroxide. Slides were then air-dried for 10 minutes,
washed with phosphate-buffered saline, and incubated with optimally diluted anti-MIP-1β
antibody (mouse anti-human MIP-1β; R&D Systems Inc.) overnight at 4°C in a humidified
atmosphere. Incubations with secondary rabbit antimouse-Ig-biotin (Dako, Glostrup,
Denmark) and tertiary HRP-labeled avidin-biotin-complex (ABC/HRP; Dako) were
performed for 1 hr at RT. Between incubation steps slides were washed twice with
phosphate-buffered saline. HRP activity was revealed by incubation for 10 minutes at RT
with 3-amino-9-ethyl-carbazole (AEC; Sigma Chemical Company), leading to a bright red
precipitate. After washing, sections were counterstained with hematoxylin and embedded
with glycerol-gelatin. Primary antibody reagent omission control staining was performed.
Photomicrographs were acquired using a Zeiss axioskop microscope equipped with
10´/0.30 numeric aperture, and 40´/0.75 numeric aperture Zeiss Plan Neofluar objectives
and a Zeiss AxioCam MRc5 digital camera operating with AxioVision AC release 4.5 as
acquisition software.

Preparation of spleen extracts
Spleen extracts were prepared from frozen spleens of 2 control individuals and 4 Gaucher

patients. Ten gram of frozen spleen, which had been stored at -80°C, was minced into little
pieces and 30 ml distilled water was added. This suspension was thoroughly homogenized
and sonicated 5 times 15 s on/off at 6 microns, MSE. All procedures were performed on
ice. Subsequently the extract was centrifuged for 30 minutes at 12000 rpm (rotor SS34,
Sorvall RC-5b Du Pont Instruments, Wilmington, DE) at 4°C. The supernatant was
removed and stored at -20°C as an aqueous spleen extract.

Statistical analysis
Results are given as median and range. Mann-Whitney U test analysis was used for the

following comparisons: Biomarker levels of control subjects and Gaucher patients,
Gaucher patients with or without skeletal disease and Gaucher patients with or without
splenectomy. To make biomarker level comparisons between patients before and after
therapy, data were analyzed using the paired t test. Correlations were tested by the rank
correlation test (Spearman coefficient, ρ). Differences in the percentage of patients with
QCSI and MIP-1β levels above defined thresholds were assessed by Chi-square test.
Sensitivity and specificity were determined using two by two table analysis. Results were
considered to be statistically significant when two-tailed P-values were < 0.05.
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Results

Plasma and splenic levels of MIP-1αα and MIP-1ββ in controls and Gaucher patients
MIP-1α levels were determined in plasma from 39 control subjects and 48 symptomatic

Gaucher patients prior to therapy or not receiving therapy (Fig. 1A). The median plasma
MIP-1α level in Gaucher patients (78 pg/mL, range 21-550 pg/mL) differed significantly
(P < 0.0001) from that in control subjects (9 pg/ml, range 0-208 pg/mL). Overlap was seen
between values in patients and control subjects. MIP-1β levels were measured in plasma
from 39 control subjects and 49 symptomatic Gaucher patients prior to therapy or not
receiving therapy (Fig. 1B). The median plasma level in Gaucher patients (201 pg/mL,
range 59-647 pg/mL) differed significantly (P < 0.0001) from that in control subjects (17
pg/ml, range 1-122 pg/mL). Apart from one clear outlier in the control group, showing
repeatedly a plasma MIP-1β of 122 ± 5 pg/mL, there was no overlap.

MIP-1β levels in extracts from spleens of 2 control subjects and 4 symptomatic Gaucher
patients were determined. MIP-1β levels were on average 2.5-fold elevated in Gaucher
spleens. The MIP-1β levels in the two control spleens and the four Gaucher spleens were
1136, 1712, and 2376, 3136, 3912 and 4544 pg/gram spleen tissue, respectively.
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Figure 1. Plasma levels of MIP-1α and MIP-1β in controls and Gaucher patients. (A) Plasma MIP-1α levels in control subjects
(n=39) and Gaucher patients (n=48). (B) Plasma MIP-1β levels in control subjects (n=39) and Gaucher patients (n=49).
Chemokine concentrations were determined as described in 'Patients, materials, and methods'. The horizontal line represents the
median value in each group. P-values (two-tailed Mann-Whitney rank sum test) are indicated when subgroups were statistically
different.
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Plasma levels of MIP-1αα, MIP-1ββ and established Gaucher cell markers
The relationship between plasma levels of the chemokines and two well-known

biomarkers for Gaucher cells, chitotriosidase and CCL18 was established. Plasma MIP-1α
levels correlated weakly with plasma chitotriosidase and very weakly with plasma CCL18
levels (Fig. 2A, B). The correlation of Gaucher cell markers with plasma MIP-1β levels
was even poorer (Fig. 2C, D).

Origin of MIP-1ββ
We performed immunohistochemistry to establish whether the Gaucher cells and/or the

surrounding cells are responsible for the production of MIP-1β. Immunohistochemistry on
frozen spleen sections of 2 Gaucher patients revealed that mature Gaucher cells hardly
produce MIP-1β. Instead, some cells surrounding the mature storage cells do produce
MIP-1β (Fig. 3). This sharply contrasts with the earlier histochemical finding that
chitotriosidase and CCL18 are produced by mature storage cells [4]. Thus, MIP-1β seems
not to be produced by Gaucher cells but by other cells in the direct environment of the
Gaucher cells.
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Figure 2. Relation of plasma levels of MIP-1α and MIP-1β with two established Gaucher cell markers chitotriosidase and
CCL18. (A) Plasma MIP-1α versus plasma chitotriosidase. (B) Plasma MIP-1α versus plasma CCL18. (C) Plasma MIP-1β
versus plasma chitotriosidase. (D) Plasma MIP-1β versus plasma CCL18. Correlations were tested by the rank correlation test
(Spearman coefficient, ρ ). Gaucher patients without skeletal disease, amelioration of skeletal disease upon therapy and ongoing
skeletal disease during therapy are represented by a circle, a square and a triangle, respectively. Closed symbols represent
chitotriosidase wild-type individuals; open symbols, chitotriosidase carrier individuals for which chitotriosidase activity is
corrected by doubling the measured activity.
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Effect of treatment on plasma levels of MIP-1αα, MIP-1ββ, chitotriosidase and CCL18
The effect of 3 (± 1) years ERT on plasma levels of MIP-1α and MIP-1β was determined,

and compared to changes in the Gaucher cell markers, chitotriosidase and CCL18. The
median plasma MIP-1α level in Gaucher patients was 79 pg/mL before therapy (range 23-
128 pg/mL, n=16) and 23 pg/mL after therapy (range 0-125 pg/mL, n=16) (P < 0.0001).
The median plasma MIP-1β level in Gaucher patients was 199 pg/mL before therapy
(range 77-330 pg/mL, n=16) and 40 pg/mL after therapy (range 9-182 pg/mL, n=16) (P <
0.0001). The median chitotriosidase activity in plasma of Gaucher patients was 14815
nmol/mL/h before therapy (range 7917-110754 nmol/mL/h, n=15) and 5589 nmol/mL/h
after therapy (range 428-65244 nmol/mL/h, n=15) (P=0.0044). The median plasma CCL18
level in Gaucher patients was 971 ng/mL before therapy (range 576-1713 ng/mL, n=10)
and 361 ng/ml after therapy (range 112-1584 ng/mL, n=10) (P=0.0007). Thus, ERT results
in reductions in plasma MIP-1α and MIP-1β levels in Gaucher patients.

Relation of plasma levels of MIP-1αα and MIP-1ββ with clinical symptoms
Plasma levels of MIP-1α or MIP-1β did not correlate with severity of disease as judged

by SSI, extent of splenomegaly or hepatomegaly, or hematological abnormalities (as could
be deduced from the combination of Spearman coefficient ρ and scatter in the plots of all
cases). Plasma MIP-1α levels were not significantly different in plasma of splenectomized
Gaucher patients (median 82 pg/mL, range 30-231 pg/mL, n=16) as compared those with
a spleen (median 78 pg/mL, range 21-550 pg/mL, n=32). Plasma MIP-1β levels tended to
be higher in splenectomized Gaucher patients (median 234 pg/mL, range 115-647 pg/mL,
n=17) compared to non-splenectomized Gaucher patients (median 173 pg/mL, range 59-
427 pg/mL, n=32).

We examined whether increased plasma MIP-1α and MIP-1β may be associated with
skeletal disease in Gaucher patients. For this purpose skeletal disease was strictly defined
on the basis of objective criteria such as a history of bone crises, avascular necrosis or
pathological fractures. Not included as criteria were subjective bone pains or minor
abnormalities in bone mineral density. Fig. 4A shows the plasma MIP-1α levels in

MIP-1αα  and MIP-1ββ in Gaucher disease type I

A B C

Figure 3. Detection of MIP-1β protein by immunohistochemistry in Gaucher spleen. Immunohistochemistry, using an antibody
against MIP-1β, was performed on frozen sections of Gaucher spleen (A, B) and human tonsil as an internal positive control
tissue (C). (A) Overview of Gaucher spleen section. Original magnification x100. (B) Magnification of the same (Gaucher spleen)
section. Original magnification x400. Stained Gaucher spleen sections show that Gaucher cells (clustered large swollen cells) do
not have detectable levels of MIP-1β protein. Some surrounding cells do show labeling. (C) Overview section of human tonsil
(control tissue) confirms MIP-1β protein expression as predicted. Original magnification x100.
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untreated Gaucher patients without skeletal disease (median 59 pg/mL, range 21-550
pg/mL, n=28) and untreated Gaucher patients with skeletal disease (median 87 pg/mL,
range 42-344 pg/mL, n=20). Plasma MIP-1α levels tended to be higher in patients with
skeletal disease compared to patients without skeletal disease (P=0.0121). Fig. 4B shows
the plasma MIP-1β levels in untreated Gaucher patients without skeletal disease (median
154 pg/mL, range 59-427 pg/mL, n=28) and those with skeletal disease (median 252
pg/mL, range 77-647 pg/mL, n=21). Plasma MIP-1β levels also tended to be higher in
patients with skeletal disease compared to those without skeletal disease (P=0.0017). The
increased plasma MIP-1β had a stronger association with the presence of skeletal disease
than increased plasma MIP-1α.

Plasma MIP-1ββ levels and chitotriosidase in Gaucher patients with or without
amelioration of skeletal disease upon therapy

MIP-1β levels were measured in plasma samples taken before and after several years of
therapeutic intervention. In patients without skeletal disease plasma MIP-1β decreased in
all cases to levels < 70 pg/mL. None of these patients developed skeletal complications
during therapy. Two additional categories of Gaucher patients were studied: those with
skeletal disease before therapy showing marked improvements during therapy (n=9) and
those with ongoing skeletal disease during therapy (n=9). Of the 9 patients with ongoing
skeletal disease, 5 experienced a severe complication (two bone crisis, two pathological
fractures and one avascular necrosis) and 4 suffered form severe pain, as defined in
‘Patients, materials, and methods’. Median dose and dosing frequency in patients with
ongoing skeletal disease (dose 30 U/kg/4wks, range 25-40; frequency 4x/4wks, range 2-8)
were not significantly different from those in patients without such complications (median
30 U/kg/4wks, range 15-120; frequency 4x/4wks, range 2-8). Prior to therapy the median
plasma MIP-1β levels in the two categories of Gaucher patients were similar. After 1 year
of therapy plasma MIP-1β levels were significantly higher in patients with ongoing
skeletal disease as compared to those without active skeletal disease (P=0.0019) (Fig. 5A).
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Figure 4. Plasma levels of MIP-1α and MIP-1β in Gaucher patients with or without skeletal disease. (A) Plasma MIP-1α levels
in Gaucher patients with (n=20) or without skeletal disease (n=28). (B) Plasma MIP-1β levels in Gaucher patients with (n=21) or
without skeletal disease (n=28). Chemokine concentrations were determined as described in 'Patients, materials, and methods'.
The horizontal line represents the median value in each group. P-values (two-tailed Mann-Whitney rank sum test) are indicated
when subgroups were statistically different.
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When analyzed after 1 year of treatment 5 of 9 Gaucher patients without further bone
complications during therapy already showed a plasma MIP-1β < 85 pg/mL whereas all
Gaucher patients with ongoing skeletal disease showed a plasma MIP-1β > 85 pg/mL.
After 5 years of therapy plasma MIP-1β levels differentiated even better between patients
with a reduction of skeletal disease upon therapy and patients with ongoing skeletal
disease (P=0.0002) (see also Fig. 6B). When analyzed after 5 years of treatment, all
Gaucher patients without further bone complications during therapy showed a plasma
MIP-1β < 85 pg/ml whereas 8 of 9 Gaucher patients with ongoing skeletal disease still
showed a plasma MIP-1β > 85 pg/mL. A lack in reduction of plasma MIP-1β below a
critical threshold during therapy (MIP-1β levels > 85 pg/mL) seems associated with
ongoing skeletal disease.

We investigated whether plasma chitotriosidase could also differentiate between Gaucher
patients with and without ongoing skeletal disease during enzyme therapy. Fig. 5B shows
that plasma chitotriosidase does not discriminate the two categories of patients as powerful
as plasma MIP-1β. After 1 year (P=0.0047) and 5 years of therapy (P=0.0205),
chitotriosidase activity also tended to be higher in patients with ongoing skeletal disease
as compared with improving patients. However there was far more overlap between the
two categories as noted for plasma MIP-1β levels.

MIP-1αα  and MIP-1ββ in Gaucher disease type I

0 1 5
Time ERT (years)

2 3 4 0 1 5
Time ERT (years)

2 3 4

100

300

400

600

700

M
IP

-1
β 

(p
g/

m
L)

200

500

0

Chitotriosidase activity in plasmaMIP-1β in plasma
A B

amelioration of skeletal disease upon therapy

ongoing skeletal disease during therapy

0

20000

40000

60000

80000

100000

120000
C

hi
to

tri
os

id
as

e 
(n

m
ol

/m
L/

h)

Figure 5. Effect of treatment (0, 1 and 5 years ERT) on MIP-1β levels and chitotriosidase in plasma of Gaucher patients with
or without amelioration of skeletal disease upon therapy. (A) Plasma MIP-1β levels. (B) Plasma chitotriosidase levels. Gaucher
patients with ongoing skeletal disease during therapy (n=9) and Gaucher patients with amelioration of skeletal disease upon
therapy (n=9) are represented by a red triangle and a blue circle, respectively. Closed symbols represent chitotriosidase wild-type
individuals; open symbols, chitotriosidase carrier individuals for which chitotriosidase activity is corrected by doubling the
measured activity.
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Effect of treatment on the fat fraction of the lumbar spine and plasma MIP-1ββ levels
Earlier analysis of a large cohort of Gaucher patients has revealed that bone complications

occurred primarily in patients with a lumbar marrow fat fraction of less than 23% [20].
Univariate logistic regression analysis indicated that for every decrease of 10% of the fat
fraction, the risk of bone complications increased with 85%. Individuals with a fat fraction
below 23%, before treatment, are thus considered to be at high risk for bone complications,
defined as avascular necrosis, bone crises or pathological fractures [20]. Normal values of
fat fraction in healthy volunteers have been determined at 37% ± 8 [29]. During therapy,
an increase of fat fraction occurs [21], but remains below 1SD of the normal value (29%)
in a subset of patients. All patients in this study, who experienced ongoing skeletal disease
defined as stated above, had a fat fraction that remained below 29%, except for one patient,
who reached a fat fraction of 51%. This individual showed persistently elevated plasma
MIP-1β, being still 152 pg/mL after 5 years of therapy.
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Figure 6. Effect of treatment on the fat fraction of the lumbar spine and plasma MIP-1β levels. (A) Examples of response in bone
marrow fat fraction of the lumbar spine upon therapy as visualized by QCSI. Upper panel: characteristic response in patients
showing ongoing skeletal disease. Lower panel: characteristic response in patients without bone complications during therapy.
(B) Plasma MIP-1β levels and lumbar bone marrow fat fraction after 5 years of therapy. Plasma MIP-1β levels (circles) and
lumbar bone marrow fat fractions (triangles) in patients with ongoing skeletal disease (left panel) and those without (right panel).
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Fig. 6A shows the typical changes during therapy in lumbar fat fractions (L3-5) in a
Gaucher patient with ongoing skeletal disease (upper panel) and an individual with a good
skeletal response to therapy (lower panel). When we compare Gaucher patients with and
without ongoing skeletal disease after a mean period of 5 years of therapy with respect to
their values of bone marrow fat fractions and plasma MIP-1β, it becomes clear that most
patients with ongoing skeletal disease have a high plasma MIP-1β (> 85 pg/mL) and a low
fat fraction (Fig. 6B). Gaucher patients without further bone complications during therapy
all show relatively low MIP-1β (< 85 pg/mL) and variable fat fractions. Thus it appears
that levels of MIP-1β can be of additional value for the assessment of ongoing skeletal
disease. For example, when thresholds of 29% for bone marrow fat fraction are combined
with MIP-1β levels above 85 pg/mL, the specificity of the combined measurement is
greatly enhanced.

Discussion

Our investigation revealed that plasma levels of the chemokines MIP-1α and MIP-1β are
markedly increased in Gaucher patients. Particularly plasma MIP-1β levels tend to be
higher in untreated patients with skeletal disease compared to untreated patients without
skeletal disease. In Gaucher patients the delicate balance between bone resorption and
formation is clearly disturbed, favoring bone loss. In postmenopausal osteoporosis, bone
loss can be attributed to more generalized ‘uncoupled’ bone remodeling with enhanced
osteolytic resorption by osteoclasts and decreased bone formation by osteoblasts. For
Gaucher patients, seemingly conflicting results have been reported on markers of bone
formation and resorption [11]. At least, no clear-cut indications for classical osteoporosis
have been firmly documented. This suggests that special mechanisms contribute to the
skeletal disease in Gaucher patients. It is conceivable that, among other factors,
chemokines like MIP-1β play an important role in the disturbed balance of bone resorption
and formation in Gaucher patients. Abe et al [22] showed that MIP-1α and MIP-1β
enhance osteoclastic bone resorption in multiple myeloma (MM). They induce local
expression of RANKL that after binding to its receptor RANK stimulates osteoclast
differentiation and activity. OPG is a decoy receptor for RANKL, inhibiting its biological
activity [30]. The local RANKL/OPG ratio is therefore thought to determine the level of
osteoclast mediated bone resorption [30-32]. Information on the RANKL/OPG ratio in
marrow of Gaucher patients is still lacking. We were unable to detect abnormalities in OPG
in Gaucher serum samples. A comparable finding was very recently reported by Magal et
al [33]. sRANKL could not be reliably detected in Gaucher serum samples (see ‘Patients,
materials, and methods’). It will be of interest to study more closely the presence of MIP-
1α and MIP-1β in Gaucher bone marrow as well as the RANK/RANKL/OPG system. It
should be noted that the increases in circulating MIP-1α and MIP-1β of Gaucher patients
are very pronounced. To the best of our knowledge no data on MIP-1β in serum of MM
patients have been published. There are a couple of literature reports on MIP-1α levels in
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serum of MM patients. In general, a modest increase (about 3-fold) has been reported,
although absolute numbers may differ dependent on the analytical method used (see for a
review Terpos et al [34]).

The present data regarding spleen indicate that MIP-1β stems not directly from storage
cells, but rather cells surrounding Gaucher cells. An earlier investigation already indicated
that lipid-laden Gaucher cells in the spleen are alternatively activated and surrounded by
cells expressing macrophage markers [35]. Indeed, MIP-1α and MIP-1β have been
proposed as markers of pro-inflammatory macrophages, whilst chitotriosidase and CCL18
are viewed as markers of alternatively activated cells [36]. The observations with Gaucher
spleen might not be extrapolated to the bone marrow. It is possible that Gaucher cells in
the bone marrow microenvironment have somewhat different characteristics than splenic
Gaucher cells. Further research is warranted to establish whether MIP proteins directly
underlie disease processes in the bone marrow. The recent availability of suitable Gaucher
mouse models should allow such investigations [37]. The present study did not address the
relationship between levels of MIP-1α and MIP-1β and localized osteolysis or generalized
osteopenia/osteoporosis. Future investigations should address these potential relationships.

Interestingly, analysis of Gaucher patients with ongoing skeletal disease during therapy
and those without revealed differences in plasma MIP-1β. After 5 years of therapy plasma
MIP-1β levels remained relatively high (> 70 pg/mL) in most Gaucher patients showing
ongoing skeletal disease. In contrast, all patients showing no skeletal disease upon 5 years
therapy had relative low plasma MIP-1β levels (< 85 pg/mL). It is of interest to note that
high plasma MIP-1β at the start of treatment does not predict the skeletal response to
treatment.
At present the most sensitive method to assess the risk for skeletal disease is quantitative

chemical shift imaging of lumbar marrow. Fat fractions below 23% in the marrow of L3-
5 constitute a high risk for skeletal complications [20]. However, in some Gaucher patients
without ongoing skeletal disease during therapy fat fractions nevertheless remain low. All
such patients show after 5 years therapy reassuring low plasma MIP-1β levels < 85 pg/mL.
The specificity of MIP-1β to predict amelioration of bone disease is thus better than QCSI
alone. Although additional studies need to prove this, it is our impression that the use of
plasma MIP-1β to lumbar marrow fat fraction further improves the assessment of risk for
skeletal disease during therapy.

In conclusion, elevated MIP-1α and MIP-1β levels are newly documented plasma
abnormalities in Gaucher patients. In particular the increase in MIP-1β seems associated
with skeletal disease. Further research with larger groups of well-documented Gaucher
patients will have to reveal whether plasma MIP-1β levels can be of additional value in
clinical management of Gaucher patients, particularly for the management and prediction
of their skeletal disease. Moreover, additional studies are necessary to clarify whether
MIP-1β plays a direct role in the pathophysiology of skeletal problems in Gaucher patients
via the RANK/RANKL/OPG system.
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Abstract

Macrophage inflammatory protein (MIP)-1β is overproduced by phagocytes surrounding
storage cells in tissue lesions of Gaucher patients. Consequently, levels of MIP-1β are
markedly increased in plasma of Gaucher patients and decrease upon enzyme replacement
therapy (ERT). Patients with ongoing skeletal disease during treatment, however, do not
show a sufficient reduction. 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 (median 15 U/kg/4 weeks (AMC, n=15)) or a relatively high
dose (median 120 U/kg/4 weeks (HHU, n=15)) of ERT. Plasma MIP-1β levels improved
faster during the first year of treatment in the higher-dosed patient group. This was also
observed for responses in chitotriosidase, a storage cell marker and the bone marrow
burden score. In conclusion, MIP-1β analysis indicates that not only the initial correction
of Gaucher cells but also that of associated phagocytes is enzyme dose-dependent.

90

Chapter 6

versie 17-04.qxp  17-4-2008  10:49  Pagina 90



91

Dose-dependent correction of MIP-1ββ in initial phase of ERT

Introduction

Type I Gaucher disease (GD) is characterized by accumulation of glucosylceramide in
lysosomes of macrophages due to deficient activity of glucocerebrosidase (EC 3.2.1.45)
[1]. Characteristic glucosylceramide-laden macrophages (Gaucher cells) are present in
liver, spleen and bone marrow resulting in severe hepatosplenomegaly, pancytopenia and
bone problems, such as avascular necrosis, pathological fractures, bone pain and bone
crises [1]. In tissue lesions of Gaucher patients, mature storage cells, which are
alternatively activated macrophages secreting chitotriosidase, are surrounded by newly
formed, highly inflammatory cells secreting macrophage inflammatory protein (MIP)-1β
[2]. MIP-1β, like chitotriosidase, is markedly increased in plasma of Gaucher patients.
Enzyme replacement therapy (ERT, Genzyme Corp., Mass. USA), a treatment based on
chronic intravenous administration of glucocerebrosidase [3,4], results in clinical
improvements in Gaucher patients. Plasma chitotriosidase and MIP-1β are also reduced
upon ERT and remaining high levels of MIP-1β during therapy are associated with
ongoing skeletal disease [2]. The preferred dosing regimen of ERT still remains topic of
debate. Prospective studies that compare different dosing regimens applied to comparable
patient groups do not exist. Markedly different dosing regimens have however been used
in different treatment centers. For example, patients at the Academic Medical Center
(AMC) in the Netherlands were treated with an initial low dose (15-50 U/kg/4 weeks),
while patients treated at the Heinrich Heine University (HHU) in Germany, used initial
dosages between 60-120 U/kg/4 weeks. De Fost et al. [5] reported on a retrospective
analysis of the outcome of ERT in patients treated in both these centers. It was found that
the different dosing regimens had not affected outcome of hematologic and visceral
parameters, but higher dosing had led to accelerated decrease of chitotriosidase and bone
marrow burden score associated with better objective bone response [5]. In the light of
these findings, we wished to establish whether also phagocytes surrounding storage cells
in tissue lesions of Gaucher patients are ERT-dose dependently corrected. For this purpose
we compared the response in plasma MIP-1β levels to different dosing schedules.

Patients, materials, & methods

Patients and dosing regimens
A total of 58 adult Gaucher type I patients who started treatment between 1990 and 2000

in the referral centers for Gaucher disease in AMC, Amsterdam, The Netherlands, and in
HHU, Duesseldorf, Germany, and who received ERT with an initial dose of no more than
50 U/kg/4 wks (AMC) or at least 60 U/kg/4 wks (HHU) were included in the study.
Patients were matched according to bone marrow burden (BMB) score at baseline
(minimum BMB >2, maximum difference for matched pairs of 1 BMB point). This
resulted in two comparable groups of 15 patients receiving low and high dose ERT,
respectively. Patients at AMC (12 males (mean age 55 years, range 37-71) and 3 females
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(mean age 54 years, range 44-61)) were treated according to an individualized low-dose
protocol as described earlier [6], starting with an initial dose of 15 to 50 U/kg/4 wks.
Patients treated in HHU (n=15, 8 males (mean age 53 years, range 28-67) and 7 females
(mean age 49 years, range 26-61)) started with a dose of 80 to 120 U/kg/4 wks, given every
other week, with the higher initial doses in more severe disease, such as extensive
organomegaly or bone disease. The dose was slowly decreased in some patients, who reach
stable disease.

Data assessment and analysis
Plasma chitotriosidase activity, plasma MIP-1β levels, and BMB score were determined.

Values of MIP-1β and chitotriosidase at start and after 1, 2, 3, 4, and 5 years (± 4 months)
of ERT were compared. Samples were not available of every patient at every time point,
resulting in the following minimum number of data sets for AMC and HHU; T0: n=15 and
15; T1: n=11 and 7; T2: n=11 and 4; T3: n=5 and 6; T4: n=5 and 4; T5: n=7 and 2,
respectively.
In addition, for chitotriosidase and BMB, therapeutic goals were defined and analyzed by

life table analysis (Kaplan Meier). For this purpose, all samples during the first 9 years of
ERT were used. This resulted in 71 samples for AMC, with a median interval between two
consecutive samples of 12 months (n=15) and 53 samples for HHU, with a median interval
of 16 months between two consecutive samples (n=15). Approval was obtained from the
AMC and HHU Institutional Review Boards for this study. Informed consent was provided
in accordance with the Declaration of Helsinki.

MIP-1ββ
MIP-1β levels in EDTA plasma samples from both centers were measured centrally,

exactly as described earlier [2].

Chitotriosidase
Chitotriosidase activity in plasma samples from both centers was measured in one

laboratory. The enzyme activity assay with 4-MU-chitotriose (Sigma, St Louis, MO;
normal range, 7-124 nmol/mL/h) as a substrate was performed at pH 5.2, as described
previously [7]. Genotyping for the chitotriosidase null mutation [8] was performed, and
chitotriosidase values of patients who were heterozygous for the chitotriosidase null
mutation were multiplied by 2 [9]. For comparison of baseline values and values at yearly
intervals of ERT, as well as for Kaplan Meier analysis, patients with a chitotriosidase
activity of more than 5000 nmol/mL/h at baseline were selected (n=15 AMC, n=14 HHU).
Reduction of chitotriosidase activity to a level of less than 5000 nmol/mL/h was defined
as a therapeutic goal for Kaplan Meier analysis.

Bone marrow burden
Scoring of the severity of involvement of the bone marrow was performed as described

earlier [5]. Life table analysis was performed for all patients with a baseline BMB in the
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range of 2 to 8, and separately for patients with severe bone disease (BMB 6-8). A decrease
of 2 points in BMB score was defined as the therapeutic goal.

Statistics
Differences between both dosing regimen groups at baseline and at yearly intervals (± 4

months) during ERT were analyzed by Mann-Whitney U test. Results of life table analysis
(Kaplan Meier) were expressed as share of patients reaching the therapeutic goal versus
duration of ERT, reflected as median. Differences between the cohorts were determined by
the log-rank test.

Results

Patient characteristics
Patient characteristics are presented in Table 1. Patients did not significantly differ with

respect to age, gender, number of splenectomies, or overall severity of disease. In both
patient groups, less than 10% of the patients were known to be of Ashkenazi-Jewish
ancestry. The prevalence of the various mutations in both cohorts was comparable.

Table 1
Patient characteristics of 30 adult Gaucher type I patients.

AMC HHU P-value

No. of patients 15 15 -
Age in 2007 58      (37-71) 53      (26-67) NS
Gender (% males) 12      (80%) 8        (53%) NS
No. of splenectomies 5        (33%) 6        (40%) NS
SSI 7        (4-16) 7        (2-15) NS
MIP-1β (pg/mL) 152     (57-383) 171     (10-741) NS
BMB 7        (3-8) 7        (3-8) NS
Chitotriosidase (nmol/mL/h) 25398 (6889-110754) 15756 (953-66734) NS
Start dose (U/kg/4 weeks) 15      (15-50) 120     (80-120) <0.0001

MIP-1ββ
Plasma MIP-1β levels at baseline were not significantly different between both groups

(n=15 for AMC and n=15 for HHU, Table 1 & Figure 1), although there were three patients
with more extensive elevations in the HHU group. The decrease in plasma MIP-1β after
12 months of ERT was significantly larger in the HHU patient group than in the AMC
patients receiving a lower enzyme dose (AMC, n=11 and HHU, n=8, P=0.009) (Figure
2B). After two years of ERT, almost all patients reached plasma MIP-1β levels of less than
85 pg/mL and no significant difference was detected between the two groups with respect
to the decrease of plasma MIP-1β (Figure 2A). Sub-analysis of matched patients with
BMB ≥ 6 gave very similar results (not shown).

Table 1. Patient characteristics of 30 adult Gaucher type I patients. The data reflect absolute (and percentual) numbers or median
(and range). Abbreviations: AMC, Academic Medical Center, Amsterdam; HHU, hospital of the Heinrich-Heine-University,
Duesseldorf; SSI, Severity Score Index [10]; BMB, Bone Marrow Burden [11]; NS, not significant.
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Chitotriosidase
The reduction in chitotriosidase activity was significantly larger in the HHU patient group

than in the AMC cohort after 1, 2, 3, 4 and 5 years of ERT (P=0.002, 0.034, 0.052, 0.016
and 0.006, respectively) (Figure 3A). There was a significant difference between both
cohorts in time to reach plasma chitotriosidase activity below 5000 nmol/mL/h (P= 0.001)
(Figure 3B). After 60 months of ERT 95% of patients from the HHU cohort (n=14) reached
a plasma chitotriosidase activity below 5000 nmol/mL/h, vs. 21% of the AMC cohort
(n=15).

Bone marrow burden
We compared the time to reach a decrease of 2 points in BMB score of patients with a

baseline BMB of 2-8 of both cohorts using life table analysis (n=15 for AMC and n=15 for
HHU). HHU patients showed a trend towards a quicker response in reaching the
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Figure 1. Plasma MIP-1β levels at baseline. Abbreviations: AMC, Academic Medical Center, Amsterdam; HHU, hospital of the
Heinrich-Heine-University, Duesseldorf.
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Figure 2. Impact of ERT on changes in plasma MIP-1β levels. (A) Plasma MIP-1β at baseline, and after 1, 2, 3, 4 and 5 years
of ERT. (B) Plasma MIP-1β after 1 year of ERT. Abbreviations: AMC, Academic Medical Center, Amsterdam; HHU, hospital of
the Heinrich-Heine-University, Duesseldorf; ERT, Enzyme Replacement Therapy.
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therapeutic goal than AMC patients (P=0.071) (Figure 4A). Sub-analysis of patients with
more severe bone marrow involvement (BMB ≥ 6, n=12 for AMC and n=14 for HHU)
revealed a more pronounced and statistically significant difference between the two dosing
regimens (P=0.021)(Figure 4B).
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Figure 3. Impact of ERT on changes in plasma chitotriosidase activity. (A) Plasma chitotriosidase at baseline and after 1, 2, 3, 4
and 5 years of treatment. (B) Time to reach a chitotriosidase of <5000 nmol/mL/hr. Chitotriosidase levels of carriers of the
chitotriosidase null mutation were multiplied by two [9]. Abbreviations: AMC, Academic Medical Center, Amsterdam; HHU,
hospital of the Heinrich-Heine-University, Duesseldorf; ERT, Enzyme Replacement Therapy.
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from baseline of patients with a baseline BMB of 6-8. Abbreviations: AMC, Academic Medical Center, Amsterdam; HHU,
hospital of the Heinrich-Heine-University, Duesseldorf; BMB, bone marrow burden, as determined by MRI [11]; ERT, Enzyme
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Discussion

We previously reported that MIP-1α and MIP-1β, both implicated in skeletal
complications in multiple myeloma, are significantly elevated in plasma of Gaucher
patients and demonstrated that plasma MIP-1β levels correlate with ongoing skeletal
disease. We also demonstrated that inflammatory cells surrounding the Gaucher cells are
the source of MIP-1β, and not the alternatively activated mature Gaucher cells. Recently
de Fost et al. [5] showed that bone marrow involvement as assessed by magnetic resonance
imaging, improved more quickly and was more pronounced in patients treated with a
higher ERT dosing regimen. A similar observation was made for correction of plasma
chitotriosidase, a surrogate marker for total storage burden, which, unlike MIP-1β, is
secreted by the mature Gaucher cells. In this retrospective study in a subset of patients that
were matched for the degree of marrow involvement (BMB score), we investigated
whether a difference in ERT dosing also influences the response in plasma MIP-1β levels.
For this purpose, we compared the response in plasma MIP-1β levels in adult Gaucher type
I patients that were treated with a relatively low (AMC) and relatively high dosage (HHU)
of ERT. We found that plasma MIP-1β, like chitotriosidase, responds faster during the first
12 months of therapy. Prolonged treatment also resulted in a decrease of MIP1-β (< 85
pg/mL) in patients receiving a lower enzyme dose. As has been reported previously,
improvement in BMB, a MRI based scoring system of bone marrow involvement, showed
a strong trend towards a better response to higher doses, particularly in patients with more
extensive bone marrow disease BMB ≥ 6 in whom the difference is statistically significant.

In conclusion, plasma MIP-1β correction in Gaucher patients is ERT dose dependent in
the first year of treatment. After prolonged treatment no longer significant differences in
MIP-1β response are observed when comparing patients treated with a relatively low or
high dosing regimen. Thus, not only the initial correction of Gaucher cells but also that of
surrounding phagocytes is enzyme dose-dependent.
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Abstract

We report on three siblings with Gaucher disease type III, born between 1992 and 2004.
During this period, new developments resulted in different potential therapies, changing
clinical practice. The two eldest siblings received enzyme replacement therapy (ERT) from
the age of 24 and 5 months respectively, later followed by an increase in dosage. ERT was
combined with substrate reduction therapy (SRT) from the age of 12 and 8 years,
respectively. In the youngest sibling the combination of high-dose ERT and SRT was
already given from the age of 5 months. The two eldest siblings showed significant
neurological impairment from the age of 1.5 years, starting with a convergent strabismus
and partial occulomotor apraxia, followed by cognitive decline and an abnormal EEG and
BAER. In strong contrast, the neurological development in the youngest sibling is almost
completely normal. At the age of three years, cognitive development, EEG and BAER are
all normal. Disturbed saccadic eye movements, which were already present at the start of
therapy, remained stable. In addition to the clinical efficacy, we report on the biochemical
response to therapy. Based on our results, the combination of high-dose ERT and SRT
should be considered as a promising therapy for GD III, especially if started at a young
age. Further follow-up studies are necessary to explore the long-term therapeutic effects.
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Introduction

Gaucher disease (GD) is an autosomal recessive lysosomal storage disorder caused by a
deficiency of the enzyme glucocerebrosidase (GBA; EC 3.2.1.45), which catalyzes the
degradation of glucosylceramide into ceramide and glucose. Glucosylceramide
accumulates massively in macrophages of patients with GD. The so-called Gaucher cells
invade various tissues and may thereby result in organ dysfunction.

Three phenotypic subtypes of GD are distinguished. GD type I (OMIM # 230800) is the
most common and mildest variant. Patients with GD type I develop progressive symptoms,
such as hepatosplenomegaly, anemia, thrombocytopenia and skeletal lesions. In GD type
II and III, the central nervous system (CNS) is involved in addition to the visceral
complications. This can become apparent already soon after birth (acute neuronopathic
form, GD type II; OMIM # 230900) or later in life with a more protracted course (chronic
neuronopathic form, GD type III; OMIM # 231000).

Two treatment modalities are approved for GD. Firstly, enzyme replacement therapy
(ERT), which is based on chronic intravenous administration of recombinant GBA, aims
to increase the residual capacity to degrade glucosylceramide. Secondly, substrate
reduction therapy (SRT), which is based on chronic oral administration of an inhibitor of
the biosynthesis of glucosylceramide and higher glycosphingolipids, aims to balance
glucosylceramide synthesis and residual degradation capacity. Over fifteen years of
experience with ERT has learned that ERT resolves hepatosplenomegaly and improves
hematological and bone disease in the majority of patients with GD type I, thereby greatly
improving quality of life [1]. In GD type III a similar visceral response to ERT can be
observed [2-4]. However, ERT is incapable to prevent patients with GD type III from CNS
complications, as the blood-brain barrier blocks the passage of the 60 kDa enzyme.
Nevertheless, it has been suggested that high dose ERT (i.e. ≥ 120 U/kg biweekly) might
stabilize neurological manifestations in some patients with GD type III by either ‘forced’
penetration of recombinant GBA into the cerebrospinal fluid (CSF) due to systemic
overload (reviewed in Zimran et al. 2007 [5]) or by clearance of perivascular Gaucher cells
located outside the blood-brain barrier [6].

In 2002 SRT, in the form of the immunosugar N-butyldeoxynojirimycin (miglustat),
became available as a new therapeutic option for patients with mild to moderate GD type
I in whom ERT is either not tolerated or not accepted. Administration of miglustat
improves visceral complications in GD type I patients and is generally well tolerated [7,8].

In contrast to the recombinant enzyme, miglustat is partly capable to cross the blood-
brain-barrier [9] and, therefore, might be a potential drug to treat the central nervous
system (CNS) complications in GD type III. SRT for treatment of neurological
complications in GD type III is appealing, but so far only has been investigated in a few
studies. The outcome of a multi-center study on the efficacy of SRT in combination with
ERT in GD type III patients has not yet been published. However, the first results were
considered to be disappointing (Schiffmann, oral presentation EWGGD 2006 [10]),
resulting in premature termination of the trial (www.actelion.com). Nevertheless,
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therapeutic efficacy has been demonstrated in a single case [11].
Along with the development of new therapies, potential biomarkers have been studied to

monitor the burden of disease in relation to treatment. Increased plasma chitotriosidase
reflects the presence of Gaucher cells in viscera of GD patients [12,13], and monitoring of
plasma chitotriosidase is commonly used to assist in decision making regarding initiation
and optimization of therapy [12]. More recently, the chemokines macrophage
inflammatory protein (MIP)-1α and β, have been reported to be also elevated in plasma of
patients with GD type I [14]. MIP-1α might be of particular interest in GD type III, since
it was suggested that induction of this chemokine might be related to brain pathology in
both hexosaminidase B and β-galactosidase-deficient mice [15-17].
In the present study we report the clinical findings in three siblings with GD type III who

received different therapeutic regimens during the course of their disease, including ERT
monotherapy, the switch from ERT monotherapy towards combined ERT and SRT therapy
as well as direct and early initiation of this combined therapy. In addition, attention is
focused to biochemical markers in plasma and CSF in relation to therapy and clinical
outcome.

Patients and methods

Patients
Three siblings were diagnosed with GD type III based on enzymatic deficiency of GBA

activity in leucocytes and mutation analysis. The patients were all homozygous for the
L444P mutation, which is known to be associated with a neuronopathic course of GD [18].

All children receive ERT (Cerezyme®, Genzyme, Boston, USA) through an intravenous
access device (Port-a-Cath). Between 1990 and 2001 the dosage of ERT was based on
visceral parameters (i.e. liver- and spleen size, hematological parameters) in combination
with the response of chitotriosidase in plasma. From 2001 all patients were treated with
high-dose ERT, i.e. 120 U/kg/biweekly, based on the European consensus on
neuronopathic GD [19].

The study on combined ERT and SRT was approved by the local medical ethical
committee.

The dosage of N-butyldeoxynojirimycin (miglustat, Zavesca®, Basel, Switserland) was
based on the body surface of the patient according to Gerald and O’Bannon [20].

Clinical assessments
Oculomotor apraxia (OMA) characterized by an initiation failure of rapid eye movements

(saccades) is often the earliest neurological sign in GD type III. Initially, eye movements
were assessed on ophthalmologic and neurological evaluation. Saccadic movements of
both eyes were regularly monitored using an electromagnetic eye recording method (DMI)
from 2003 onwards [21]. In addition, eye movements were documented on video.
Particularly vestibular testing (passively rotating the eye), OMA, head nodding, blinks and
ocular alignment could be evaluated from the video afterwards.
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Hearing was assessed by brainstem auditory evoked responses (BAER). Psychomotor
development was assessed by either the BSID-II or the SON-R, depending on the age of
the patient. Neurological examination and electroencephalography (EEG) regularly were
included in the follow-up. Liver and spleen size were measured by abdominal ultrasound.

Biochemical assays  
Biochemical parameters were analyzed in both plasma and CSF samples, which were

stored at -20°C. CSF samples could be obtained before initiation of SRT in patient 2 and
3 and at one year after starting SRT in all. The activity of plasma and CSF chitotriosidase
was determined using 4-methylumbelliferyl-deoxychitobiose as substrate [22]. The carrier
status for chitotriosidase was determined. In case the patient was a carrier, measured
chitotriosidase values were doubled.
Levels of MIP-1α and MIP-1β in both EDTA plasma and CSF were measured by ELISA

as previously described [14].

Results

Clinical parameters: Case descriptions

Case 1
This female child was diagnosed with GD type III at the age of 1.5 years, after

presentation with failure to thrive and hepatosplenomegaly (GBA activity: 2,5
nmol/mg.hr). Neurological evaluation revealed partial OMA with a convergent strabismus.
The EEG showed diffuse slowing with focal abnormalities in both temporal regions. The
BAER was normal. At the age of two years ERT was started at an initial dose of 25 U/kg
twice a week. Hepatosplenomegaly markedly improved and normalization of the platelet
count and hemoglobin level was observed within 3 months. The changes in treatment over
time are shown in Table 1. Neuropsychological testing at the age of 4 years revealed severe
developmental delay (verbal and performal IQ both 48). Strabismus surgery was
performed twice, at the age of six and ten years. Neurological examination at the age of 9
years revealed a horizontal and vertical gaze palsy. She had normal coordination and
muscle strength and disturbance of the fine motor movements. The BAER was abnormal
with absence of wave IV and V and prolonged latencies of waves I to III. Cognitive testing
revealed a stable IQ of 48. At the age of 14 years mean saccadic velocities were tested and
found to be abnormal (horizontal, downward and upward velocities at 12 degrees of 80, 90
and 210 degrees per second; normal: 350 ± 25 horizontal and 350 ± 50 vertical).

Over the last two years, while receiving SRT in addition to ERT, the neurological
situation, including the reduced velocity of saccadic eye movements, has remained stable.
Despite epileptic discharges on the EEG recording, no clinical signs of epilepsy are
present. The child has severe thoracic kyphosis of 60°, with no progression over the last
years. She visits a school for mentally disabled children.
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Case 2
The second child of this family, also a girl, was diagnosed with GD immediately after

birth on the basis of enzymatic testing (GBA activity: 1,7 nmol/mg/h). Antenatal diagnosis
was not requested because of religious motives. ERT was initiated at the age of five months
(Table 1), because of a gradual enlargement of liver and spleen size in combination with
an increasing concentration of chitotriosidase in plasma (Figure 1). Hematological
parameters were normal. Neurological and ophthalmologic examination did not reveal any
abnormalities at that time. The EEG recording was normal. However, from the age of 1.5
years partial OMA in combination with a convergent strabismus was observed, which was
surgically corrected at the age of 4 years. Neuropsychological testing performed at the age
of 4 years showed severely impaired mental development (verbal and performal IQ of 53
and <48, respectively), comparable to her older sister at that age. She had reduced muscle
strength, disturbed fine motor movements and signs of ataxia with a wide based gait. At
the age of 6 years the EEG revealed general background slowing with a predominant
rhythm of 4-7 Hz with epileptic discharges over the right centroparietal region. Clinically,
no epilepsy was observed.

Table 1. Different doses of ERT (U/kg/2 weeks) and combination with SRT (+) in patient 1-3 over time.

From the age of 10 years SRT was added to ERT. Clinical assessment before the start of
combination therapy revealed the same abnormalities on the EEG. The BAER was grossly
abnormal and revealed only a clear wave I and V. Velocity of saccadic eye was even more
reduced than in her sister (horizontal, downward and upward velocities at 12 degrees of
65, 55 and 130 degrees/sec). Two years after initiation of combination therapy repeated
EEG, BAER and assessment of saccadic eye movement velocity revealed the same
abnormalities as two years previously. Clinically she is in a stable condition and visits the
same school as her older sister.
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Age (Years)       Patient 1 Patient 2 Patient 3
5/12 - 100 120+

1 - 30 120+
2 100 40 120+
3 50 40 -
4 50 70 -
5 40 70 -
6 40 120 -
7 40 120 -
8 60 120 -
9 60 120 -

10 120 120+ -
11 120 120+ -
12 120 - -
13 120 - -
14 120+ - -
15 120+ - -
16 120+ - -
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Table 2. Chitotriosidase activity (nmol/mL/h; normal 6-64) in CSF.

Patient Age Time after start chitotriosidase
ERT ERT and SRT

Patient 1 15 years 13 years 1 yr 1272

Patient 2 5 months baseline − 68
10 years 9.5 years − 838
11 years 10.5 years 1 yr 816

Patient 3 5 months baseline − 39
2 years 1.5 years 1.5 yrs 17

Case 3
Enzymatic analysis immediately after birth confirmed the diagnosis of GD in this third,

male child (GBA activity: 1 nmol/mg.hr). At the age of 5 months combination therapy with
high-dose ERT and SRT was started. Slight liver and spleen enlargement was observed on
physical examination, which was confirmed by abdominal ultrasound. Hematological
parameters were normal. The EEG was normal. The BAER showed slightly prolonged
latencies. Ophthalmologic evaluation revealed a gaze evoked nystagmus in the upward
direction. Saccadic eye movement assessment showed partial OMA with slow horizontal
saccades with a mean saccade velocity at 12 degrees of 160 degrees/sec. Vertical saccade
velocity could not be reliably tested.

During the first half year of combination therapy diarrhoea was observed as
gastrointestinal side effect of SRT. This was well controlled by temporary dietary
adjustments. No other side effects occurred.

Three years after the start of combination therapy, at the age of 3.5 years, the following
results were obtained. Ophthalmologic and neurological examination revealed no
abnormalities, especially no nystagmus. Saccadic eye movements showed no further
deterioration (horizontal, downward and upward velocities at 12 degrees of 210, 170 and
300 degrees per second). Both the BAER and EEG were normal. Psychomotor
development was completely age-appropriate (mental and motor developmental quotients
of 92 and 91, respectively).

Biochemical parameters: Chitotriosidase, MIP-1αα and MIP-1ββ in plasma and CSF
Chitotriosidase, MIP-1α, and MIP-1β were analyzed in serial plasma specimens of all

three siblings. The two sisters were both heterozygous for the chitotriosidase mutation,
whereas the youngest boy had a wildtype genotype. The response of plasma chitotriosidase
to therapy is illustrated in Figure 1A-C. Plasma chitotriosidase levels rapidly declined in
all siblings after initiation of therapy (Fig. 1A-C). Decreasing the dosage of ERT in the two
eldest siblings resulted in a significant increase in plasma chitotriosidase, being reduced
again after increasing the dosage of ERT (Fig. 1A&B).

The response of plasma levels of MIP-1α and MIP-1β in relation to therapy is shown in
Figure 1D-F. At baseline plasma MIP-1β was increased in all patients compared to controls
(median 17 pg/mL, range: 1-122 pg/mL, n=39). During ERT or combined ERT and SRT
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in patient 3, levels of MIP-1β reached values below the detection limit. Plasma MIP-1α
was only clearly elevated in the eldest sibling at baseline and decreased while treated with
ERT (control values: MIP-1α: median 9 pg/mL, range 0-208 pg/mL, n=39).

Only limited samples of CSF were available for biochemical analysis. Both MIP-1α and
β were undetectable in the CSF samples. Chitotriosidase activity was markedly elevated in
the most recent CSF samples from the two neurologically affected sisters (Table 2). In
sharp contrast, chitotriosidase activity in the latest CSF sample from the youngest male
sibling, obtained at the age of two, was still within the normal range (Table 2).

106

Chapter 7

0 20 40 60 80 100 120 140 160

10000

20000

30000

40000

50000

60000

70000

0
40
80
120

A

Time  (months)

ER
T dosage

0 20 40 60 80 100 120 140 160

2000

4000

6000

8000

10000

12000

0
40
80
120

B

Time (months)

ERT dosage

-5 0 5 10 15 20 25 30 35

2000

4000

6000

8000

10000

12000

0
40
80
120

ER
T dosage

C

Time (months)

C
hi

to
tri

os
id

as
e

(n
m

ol
/m

L/
h)

D

pg
/m

L

0 20 40 60 80 100 120 140 160

50

100

150

200

250

300

E

pg
/m

L

-5 0 5 10 15 20 25 30

50

100

150

200
MIP1-α
MIP1-β

F

0 20 40 60 80 100 120 140 160

100

200

300

400

500

600

C
hi

to
tri

os
id

as
e

(n
m

ol
/m

L/
h)

C
hi

to
tri

os
id

as
e

(n
m

ol
/m

L/
h)

Time  (months)

Time (months)

Time (months)

pg
/m

L

Patient 1 Patient 1

Patient 2 Patient 2

Patient 3 Patient 3

Figure 1. Biochemical parameters in patient 1-3 over time. (A-C) Chitotriosidase activity in plasma. (D-F) MIP-1α and MIP-1β
levels in plasma. Detection limit: 5 pg/mL
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Discussion

We report on three siblings with GD type III who were treated with different therapeutic
regimens as a result of the emergence of new therapeutic insights and options over time.
Our data support the hypothesis that SRT in addition to high-dose ERT may have a
beneficial effect on the neurological course in GD type III if initiated at an early age.

High-dose ERT improves the visceral signs and symptoms in GD type III. However,
although a possible attenuation of the neurological course due to high-dose ERT has been
suggested, relentless neurological deterioration has been frequently reported [2,4,6,23,24].
The two eldest siblings in this study indeed showed progressive neurological deterioration
during ERT monotherapy. However, they did not receive a high-dose regimen from the
start of treatment. In line with previous reports [2,4,6], the visceral disease manifestations
responded well to ERT, as also reflected by the marked reduction in plasma chitotriosidase.
The very different clinical course in the youngest sibling, who was treated with both SRT

and high-dose ERT from the age of 5 months, suggests a neuroprotective effect of this
treatment in GD type III. Despite abnormal eye movements, which were already present
before initiation of treatment, physical examination and additional investigations,
including neurocognitive testing, did not reveal any abnormalities at the age of 3.5 years.
At that age both sisters had clear OMA at physical examination, as well as strabismus,
which is an important feature of neuronopathic GD [25]. Moreover, severe developmental
delay was already noticed at that age in both girls. Nevertheless, it can not be completely
ruled out that the clinical course would have varied between these three children, unrelated
to differences in therapy as it has been shown that the phenotype may vary within families,
even between monozygotic twins [26].
In the two sisters who already showed major CNS involvement at the time SRT was added

to ERT, the combined therapy appeared to have limited but potentially valuable effects, as
neither improvement nor deterioration of neurological complications occurred within two
years. In addition, recently an adult patient with GD III was reported, who showed a
significant decrease in the number of seizures and improved speech after SRT was added
to ERT [11].

Only few mechanisms are known by which the accumulation of glucosylceramide may
result in devastating brain pathology [27]. Interestingly, in both the Sandhoff
(hexosaminidase B deficiency) and the GM1-gangliosidosis (β-galactosidase deficiency)
mouse model, induction of MIP-1α seems to play a critical role in brain pathology [15-17].
This marker was recently shown to be elevated in plasma of patients with GD type I [14].
Plasma MIP-1α and MIP-1β are indeed increased in patients with GD type III as reported
here, and both levels decreased upon therapy. Unfortunately we were unable to detect MIP-
1α and MIP-1β in the CSF by ELISA as the sensitivity for detection of both chemokines
with the presently available methods is relatively low. Therefore, we can not rule out that
these chemokines might play a role in the brain pathology. Studies in mouse models of GD
type II/III will allow a more thorough analysis of potential local elevations and effects of
the MIP-1α and MIP-1β in brain. Fortunately, chitotriosidase can be extremely sensitively
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detected by measuring its enzymatic activity towards a fluorogenic substrate [28]. Only a
limited number of CSF samples were available for analysis in the present study. The two
neurologically affected sisters both showed markedly elevated chitotriosidase
concentrations in CSF at age 10 and 11 years. In contrast, chitotriosidase in the CSF of the
youngest sibling was still normal after 1.5 year of SRT and ERT. However, no age-matched
samples from his affected siblings were available. The increased CSF chitotriosidase is of
interest as it suggests a potential value as marker for neurological involvement in GD type
III. Indeed, neurological involvement in GD patients may be accompanied by increased
chitotriosidase levels in CSF as previously also reported by Schiffmann et al [4]. However,
as the youngest child in our study already displayed abnormal slowing of saccadic eye
movements despite normal CSF chitotriosidase, it is apparently not a sensitive marker for
early neurological involvement.
Although the results of a multi-center study trial on efficacy of SRT and ERT in GD type

III have not (yet) been published, early analyses were disappointing resulting in
termination of the trial (www.actelion.com). However, we speculate that the potential
benefits of combined ERT and SRT in GD type III should be sought in prevention rather
than in improvement of neurological symptoms.

In summary, based on our results high-dose ERT in combination with SRT may be
regarded as a potential efficacious therapy for GD type III, especially if started at a young
age. Further follow-up studies will need to demonstrate that the potential beneficial effects
of SRT in combination with ERT are sustained, resulting in preservation of cognitive
function over time.
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Abstract

The plasma proteome of type I Gaucher disease patients was investigated by 2D gel
electrophoresis (2DGE). Using the classical procedure with 8 M urea treated plasma,
several high molecular weight proteins were absent in Gaucher plasma specimens, while
additional low molecular weight proteins were visible. The latter were identified as
proteolytic degradation products. Adding small amounts of patient plasma to control
plasma gave extensive protein breakdown. The presence of 2.2 M thiourea/7.7 M urea in
the rehydration solution totally prevented breakdown. In the ‘urea only’ solution,
protease(s) uniquely present in Gaucher plasma, appear to be still active towards other
denatured plasma proteins at low pH. Therapy of patients results in gradual disappearance
of proteolytic capacity in plasma specimens, indicating it to be related to presence of
Gaucher storage cells. The proteolytic activity could be partly removed from Gaucher
plasma samples by Concanavalin A, suggesting that glycoproteins are involved. Reduction
of proteolysis by Pepstatin A and Leupeptin implies that cathepsins, proteases known to be
overproduced by Gaucher storage cells, are involved. In conclusion, 2DGE Gaucher
plasma proteomes should be interpreted cautiously given the abnormal high levels of
proteases associated with this disorder.

112

Chapter 8

versie 17-04.qxp  17-4-2008  10:50  Pagina 112



Introduction

Type I Gaucher disease (GD) is the most common lysosomal storage disorder,
characterized by accumulation of glucosylceramide in the lysosomes of macrophages as a
result of a deficiency in the activity of glucocerebrosidase (EC 3.2.1.45) [1]. The
deficiency results from mutations in the glucocerebrosidase gene. In the type I variant of
Gaucher disease, massive lysosomal storage of glucosylceramide occurs exclusively in
tissue macrophages, called Gaucher cells. These storage cells are mostly found in liver,
spleen and bone marrow resulting in severe hepatosplenomegaly, pancytopenia and bone
problems, such as avascular necrosis, pathological fractures, bone pain and bone crises [1].

Two successful therapies are now registered for type I Gaucher disease. Most commonly
applied is enzyme replacement therapy, a treatment based on chronic intravenous
administration of glucocerebrosidase [2,3]. Moderately to mildly affected patients also
benefit from a different type of treatment, substrate reduction therapy. This therapy is
based on oral administration of N-butyldeoxynojirimycin (Zavesca), an inhibitor of
glucosylceramide biosynthesis [4].
The high costs associated with therapies for Gaucher disease have stimulated a search for

plasma biomarkers that might help to establish cost-effective, individualized treatment
regimens. Numerous abnormalities in plasma of Gaucher patients have been described (see
Aerts et al. [5]). Two specific Gaucher cell markers have been identified: chitotriosidase
and CCL18. Chitotriosidase (EC 3.2.1.14), a human analogue of chitinases from lower
animals, shows a 1000-fold increased activity in plasma of symptomatic Gaucher patients
[6]. Plasma chitotriosidase is now measured regularly for decision making regarding
initiation and optimization of therapeutic interventions. Plasma CCL18 levels are elevated
10 to 50-fold in symptomatic Gaucher patients [7]. Measurement of plasma CCL18 is an
alternative tool to monitor Gaucher patients [7-10] and is particularly useful for patients
that are chitotriosidase deficient [11].

Although several clinically useful markers for disease progression have already been
identified, additional plasma markers would further improve monitoring of Gaucher
patients. A conventional technique in biomarker discovery is two dimensional gel
electrophoresis (2DGE)(for reviews see Chambers et al. & Poon et al. [12,13]). With this
technique, alterations in protein composition of biological samples can quickly be
identified. We performed an analysis of the plasma proteome of type I Gaucher patients
using 2DGE. Comparison of the plasma protein pattern of patients and normal subjects, in
the pI range from 4 to 7, consistently showed surprisingly extensive differences. Protein
patterns of patient plasma lacked several abundant proteins with a high molecular weight
(e.g. albumin), while a new group of low molecular weight protein spots appeared. The
basis for this striking phenomenon was studied and could be contributed to a pronounced
increase in proteolytic capacity of Gaucher plasma specimens at conditions commonly
employed during 2DGE for proteins in the acidic range. The results of these investigations
are presented here.
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Materials & methods

Gaucher disease patients and controls
All 5 patients with Gaucher disease type I studied were known by referral to the Academic

Medical Center and received enzyme replacement therapy (alglucerase, imiglucerase,
Genzyme, Cambridge, MA, USA) individualized dosing [14]. EDTA
(ethylenediaminetetraacetic acid) plasma samples were obtained before and during
therapeutic intervention. Control subjects consisted of 4 healthy volunteers. Approval was
obtained from the Ethical Committee. Informed consent was provided according to the
Declaration of Helsinki.

Sample preparation of plasma samples for 2DGE
An aliquot of 50 μL of human (Gaucher disease or control) EDTA plasma was directly

mixed with 450 μL of rehydration solution. The rehydration solution consisted of 8 M Urea
or 2.2 M Thiourea/7.7 M Urea (Sigma Chemical Company, St. Louis, MO, USA) with 2%
(w/v) Triton X-100, 2% (v/v) of the appropriate IPG buffer (Amersham Pharmacia
Biotech, AB, Sweden), 20 mM DTT (Sigma Chemical Company, St. Louis, MO, USA) and
a trace bromophenol blue (BDH Chemicals Ltd, Poole, England). The sample was kept in
rehydration solution at room temperature for at least 1 hour to obtain full denaturation and
solubilization. To test the effect of protease inhibitors, they were added (when indicated)
at the following concentrations: Leupeptin (ICN), Pepstatin A (ICN Biochemicals, Aurora,
Ohio, USA), Chymostatin (ICN), Antipain (ICN) all at 0.1 mg/mL; PMSF (Sigma) at
1:100 (v/v) from a saturated solution in ethanol.

2DGE of plasma samples
The final diluted plasma sample was loaded on the first dimensional separation (350 μL

for 18 cm IPG strips, pH 4-7 Linear gradient (L) and 150 μL for 7 cm IPG strips, pH 4-7
L). IPG strips are purchased from Amersham Pharmacia Biotech, AB, Sweden.
Electrophoresis in the first dimension was run overnight using an 8-step program (1 minute
at 200 V, 30 minutes at 200 V, 1 minute at 400 V, 30 minutes at 400 V, 1 minute at 600 V,
30 minutes at 600 V, 1.5 hr at 3500 V, and 21-48 hr 3500 V). Prior to loading the strip was
incubated sequentially with 10 mg/mL DTT (Sigma) and 25 mg/mL iodoacetamide
(Sigma)(both 30 minutes at RT). The second-dimension acrylamide gels were 10-18% and
1.0 mm thick (for 18 cm IPG strips) or 12% and 1.0 mm thick (for 7 cm IPG strips).

SDS-PAGE
Some EDTA plasma samples were also analyzed by SDS-PAGE only. For this purpose

the samples were prepared for 2DGE as described above. Subsequently sample buffer was
added and samples were heated for 3 minutes at 96°C.

Occasionally, sample buffer was not added and samples were not heated. In these cases
SDS, glycerol, DTT and Tris were added separately to reach final concentrations
comparable to those in sample buffer. The SDS-PAGE gels were 7, 12 or 16% and 1.0 mm
thick.

114

Chapter 8

versie 17-04.qxp  17-4-2008  10:50  Pagina 114



115

Proteome analysis of Gaucher plasma using 2DGE

Protein staining, tryptic digestion and MALDI analysis
Protein spots selected for mass spectrometric analysis were cut from the gel after staining

and destaining with Bio-Safe™ Coomassie Stain (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) or colloidal Coomassie stain (Sigma Chemical Company, St. Louis, MI, USA)
according to the manufacturer or using silver nitrate. For MALDI analysis, protein-
containing gel slices were digested with trypsin (Roche Molecular Biochemicals,
sequencing grade) and extracted according to Shevchenko et al. [15]. Only peptides eluted
with 20 mM NH4HCO3 were used in the analysis. After drying in a vacuum centrifuge,
peptides were dissolved in 1% formic acid and 60% acetonitrile (6 μL). Eluted peptides
were mixed 1:1 (v/v) with a solution containing 52 mM α-cyano-4-hydroxycinnamic acid
in 49% ethanol/49% acetonitrile/2% TFA and 1 mM ammonium acetate or 52 mM α-
cyano-4-hydroxycinnamic acid (Sigma-Aldrich Chemie BV) in 50% ethanol/50%
acetonitrile, when the sodium/potassium ion contamination was low. Prior to dissolving,
the α-cyano-4-hydroxycinnamic acid was washed briefly with chilled acetone. The
mixture was spotted on a MALDI target plate and allowed to dry at room temperature.
Reflectron matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF) spectra were acquired on a Micromass M@LDI (Wythenshawe, UK). The
resulting peptide spectra were interpreted with Micromass proteinprobe software and
analyzed with MASCOT peptide mass fingerprint software and databases (both available
at http://www.matrixscience.com).

Analysis of proteolytic fragments obtained by incubation of model proteins with
Gaucher plasma digestion

Recombinant chitinase (Genzyme), agalsidase beta (Fabrazyme, Genzyme) and purified
bovine serum albumin (Sigma) were dissolved with PBS at respectively 1 mg/mL, 5
mg/mL and 7.5 mg/mL, and to 24 μL of each solution, 1 μL of human EDTA plasma of a
Gaucher patient was added. Human EDTA plasma from healthy individuals was used as
control. Aliquots (5 μL) of the resulting solutions were each 10-fold diluted with
denaturing solution consisting of 8 M Urea with 0.4 % (w/v) DTT and incubated at RT for
90 minutes. Next, 1% (w/v) iodoacetamide (Sigma) was added (incubation for 45 minutes
at RT). Aliquots of the resulting samples (10 μL) were 50-fold diluted with 0.1% TFA
before being cleaned using 100 μL OMIX C18 tips (Varian inc., Palo Alto, CA, USA) as
described by the manufacturer. The bound peptides were eluted with 0.1% TFA in 60%
acetonitrile, mixed with matrix and spotted on a MALDI target plate as described above.

Peptide sequence analysis by oMALDI- or LC-MS/MS
MALDI-TOF MS/MS peptide sequencing was performed using a QSTAR-XL equipped

with an oMALDI interface (Applied Biosystems/MDS Sciex, Toronto, Canada). For LC-
MS/MS analysis, the peptide separation was accomplished using an Agilent 1100 series
LC system, fitted with a true nanoscale reversed-phase HPLC setup involving Dean
switching as described by Meiring et al. [16]. Peptide mixtures were 1:20 diluted with
0.1% TFA in water and 5 μL was injected onto a 2 cm 100 μm ID C18 trapping column
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(Nanoseparations, Bilthoven, The Netherlands). After loading and washing for 5 minutes
at a flow rate of 5 μL/min with 98% solvent A (0.1% formic acid in water) and 2% solvent
B (0.08% formic acid in acetonitrile), the peptides were eluted onto a 37 cm 50 μm ID C18
analytical column (Nanoseparations) using a linear gradient of 5-40% B for 25 min, at a
flow rate of 125 nL/min. The QSTAR-XL (Applied Biosystems/MDS Sciex) was also used
for online electrospray ionization-mass spectrometry (ESI-MS) with a 20-10 μm ID
uncoated Picotip (New Objective, Woburn, MA, USA) connected to the column via an in-
house modified micro ionspray with liquid junction (operating around 4.7 kV). Survey
scans were acquired from m/z 300–1,200 and precursors were selected for MS/MS from
m/z 50–2,000 using automatic selection and dynamic exclusion scripts. Acquired peptide
spectra were searched against a non-redundant protein sequence database (Swiss-
Prot/TREMBL) using the online MASCOT search engine.

Depletion of glycoproteins from plasma using Concanavalin A Sepharose 4B beads
For the depletion of glycoproteins, Con A SepharoseTM (Concanavalin A coupled to

Sepharose 4B beads, GE Healthcare Bio-Sciences AB, Uppsala, Sweden) was used. Before
use, pre-swollen Con A Sepharose beads were washed with PBS to remove preservative.
Next, beads were taken up in PBS. An aliquot of 75 μL human (Gaucher disease or control)
EDTA plasma was directly mixed with 100 μL bead solution. The samples were rotated at
4°C for 1 hour allowing optimal binding of glycoproteins. Samples were centrifuged for
10 minutes at 10600 × g at 4°C and 25 μL of supernatant was mixed with 225 μL of (8 M
urea) rehydration solution and incubated for at least 1 hour to obtain full denaturation and
solubilization. The final diluted plasma sample (150 μL) was loaded on 7 cm IPG strips
pH 4-7 L strips (Amersham Pharmacia Biotech, AB, Sweden). Further electrophoresis was
performed as described above.

Results

Comparison of 2DGE protein patterns of Gaucher patient and control plasma
2D comparisons of plasma of 4 different healthy individuals with plasma of 5 different

Gaucher patients were performed. Both large 2D gels (18 cm IPG strips 4-7 L, SDS PAGE
10-18%) and small 2D gels (7 cm IPG strips 4-7 L, SDS PAGE 12%) showed striking
differences. The 2D electrophoresis protein patterns found with plasma of 5 different
Gaucher patients lacked several abundant high molecular weight proteins (Fig. 1A and
1B). Strikingly, a new group of low molecular weight protein spots could also be observed,
which were absent in control plasma. Since the overall majority of the extra protein spots
with a low molecular weight are in the same pI range as the protein spots with a high
molecular weight that disappear, we hypothesized that these small proteins may be
degradation products due to proteolytic activity in the Gaucher plasma. To test this, we
analyzed several of the small protein products by in gel digestion with trypsin followed by
MALDI mass spectrometry fingerprinting. They were identified as human serum albumin
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fragments, nicely coinciding with the observed disappearance of mature albumin from the
top of the gel. Apart from albumin, α-1B-glycoprotein was broken down as deduced from
disappearing spots. To extend this analysis we also looked at differing protein bands from
1D SDS PAGE gels loaded with samples prepared for analysis on a IEF 4-7 L strip. By
careful analysis of disappearing protein spots and breakdown fragments with the aid of
peptide mass fingerprinting we could identify several proteins that are broken down in
Gaucher plasma under these conditions. They are listed in Table 1.
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Figure 1. Comparison of 2D electrophoresis protein pattern of control plasma and Gaucher patient plasma. Silver-stained two-
dimensional SDS-PAGE separation of EDTA plasma. (A) Control plasma denatured with 8 M urea. (B) Gaucher plasma
denatured with 8 M urea. (C) Gaucher plasma denatured with 7.7 M urea/2.2 M thiourea. First dimension pH 4-7 IEF gradient
(18 cm IPG strips), second dimension 10-18% gradient SDS PAGE. Molecular mass and pI are indicated to the left and above.
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Table 1. Proteins broken down in Gaucher plasma upon denaturing with urea only.

Name Swiss-Prot ID

Actin P60709
α-1-antitrypsin P01009
α-1B-glycoprotein P04217
α-2-HS-glycoprotein P02765
α-haptoglobin P00738
α-hemoglobin P69905
Apolipoprotein A-IV P06727
β-haptoglobin P00738
β-hemoglobin P68871
C3-complement factor beta chain P01024
Ig heavy chain Several
Ig light chain Several
Serum albumin P02768
Transthyretin P02766

Next we identified specific cleavage sites that had to be due to the protease(s) activated
in Gaucher plasma. We used a combination of different peptide mass analyses (Tryptic in
gel (1D and 2D) digestion followed by Peptide Mass Fingerprinting with MALDI-TOF
and further digest analyses by oMALDI-MS/MS and LC-MS/MS). Of 53 proteolytic sites
that could not be attributed to trypsin, the large majority (80%) was on the carboxyterminal
side of a hydrophobic amino acid (14 x leucine, 8 x phenylalanine, 8 x valine, 5 x
methionine, 5 x alanine, 1 cysteine and 1 isoleucine). The remainder was made up of: 3 x
histidine, 3 x threonine, 2 x tyrosine and 1 aspartic acid, 1 asparagine and 1 tryptophane
each. Obviously ‘authentic’ cleavage after K/R already present in the sample before in gel
digestion can not be detected in this fashion. To handle this problem we incubated model
proteins (chitotriosidase, agalsidase beta and bovine serum albumin, see materials and
methods) with Gaucher plasma under ‘tryptic’ conditions (pH 7.4, 8 M Urea). This
rendered only 7 proteolytic sites, lacking uniformity in carboxyterminal residues: 2 x
glutamic acid, glutamine, leucine, serine, lysine and arginine. This heterogeneity suggests
that various proteses are involved in the proteolytic modification.

Of note, although many high molecular weight proteins were apparently degraded in the
Gaucher plasma specimens, some were resistant to breakdown (see Fig. 1). This indicates
specificity in breakdown of proteins in Gaucher plasma specimens upon 2DGE.

Effect of thiourea on proteolytic activity in Gaucher plasma during sample
preparation

Strikingly, the Gaucher related protein breakdown with 2DGE could be totally prevented
by using a rehydration solution containing 2.2 M thiourea/7.7 M urea instead of 8 M urea
only. This resulted in a protein pattern of Gaucher plasma which fully resembled the
protein pattern of control plasma (Fig. 1). The presence of 2.2 M thiourea/7.7 M urea in
the rehydration solution apparently inactivates proteases that in the ‘urea only’ rehydration
solution are active and responsible for extensive protein breakdown.
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Effect of mixing Gaucher plasma with control plasma
To test whether the protein breakdown in 2DGE analysis was due to the presence of an

active protease or the absence of a specific inhibitor in Gaucher plasma, we performed
mixing experiments. Gaucher plasma was added to control plasma (1:24) prior to sample
preparation. Subsequently 2DGE was performed. The 2D gels showed that abundant
proteins with a high molecular weight disappeared, while new spots with a low molecular
weight appeared (data not shown). Thus, mixing Gaucher plasma with control plasma
clearly demonstrated that breakdown was due to the presence of protease(s), and not to the
absence of inhibitor(s), in Gaucher plasma.

Enzyme replacement therapy lessens proteolytic activity in Gaucher plasma during
sample preparation

To investigate whether the capacity for protein breakdown as revealed 2DGE in plasma
of patients was corrected during therapeutic intervention, we performed a 2D comparison
of plasma of a Gaucher patient before and after successful enzyme replacement therapy.
We used plasma samples of a symptomatic Gaucher patient, who displayed marked
improvement of visceral and hematological problems. Therapeutic intervention resulted in
normalization of the plasma protein pattern upon 2DGE (Fig. 2). Furthermore, a group of
acidic proteins of about 37 kDa (probably a partial breakdown product) more pronounced
in plasma of untreated Gaucher patients seems to diminish upon therapy (indicated with an
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Figure 2. Effect of enzyme replacement therapy on proteolytic activity in Gaucher plasma during sample preparation. Coomassie-
stained two-dimensional SDS-PAGE separation of EDTA plasma of Gaucher patients, before and after therapy. Samples were
denatured using 8 M urea. (A) Gaucher plasma before therapy. (B) Gaucher plasma after therapy. First dimension pH 4-7 IEF
gradient (7 cm IPG strips), second dimension 12% SDS PAGE. Only the relevant part of the gel is shown.
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arrow in Fig. 2B). The comparison of plasma of a Gaucher patient before and after therapy
was also made using only one-dimensional SDS-PAGE. The samples, prepared for 2DGE,
were applied to a 7% and a 16% SDS-PAGE gel. The differences are less outspoken
because all proteins instead of exclusively those with an acidic pI (4-7) are separated in
one dimension only. Overall, however, the same conclusions could be drawn (results not
shown). These findings stress the fact that the extensive protein breakdown in Gaucher
plasma takes place during sample preparation in 8M urea solution prior to 2DGE and
requires no isoelectric focusing.

Effect of preincubation with Con A SepharoseTM or protease inhibitors on proteolytic
activity in Gaucher plasma

In an attempt to identify factors responsible for the extensive protein breakdown in
Gaucher plasma with 2DGE, we employed Con A SepharoseTM (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) which recognizes glucosyl or mannosyl residues on
proteins. Plasma of Gaucher patients was incubated with Con A SepharoseTM and
supernatants were used for 2DGE. After the depletion with the immobilized lectin
Concanvalin A, the excessive protein breakdown in 8M urea treated Gaucher samples was
much less extensive (Fig. 3). This suggests that some glycoproteins with binding affinity
for Con A SepharoseTM are involved in the protein breakdown in Gaucher plasma
specimens. Next, we analyzed the effect of different protease inhibitors on the breakdown
in our 2DGE assay (see Fig. 4 and materials & methods). We used Leupeptin (Fig. 4B), a
combination of Chymostatin and Antipain (Fig. 4C), Pepstatin A (Fig. 4D), and PMSF
(Fig. 4E). PMSF did not inhibit breakdown (compare Fig. 4A and E), Pepstatin A resulted
in partial inhibition of breakdown, while both Leupeptin and the Chymostatin/Antipain
combination totally inhibited breakdown under these conditions.
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Figure 3. Effect of Con A SepharoseTM preincubation on proteolytic activity in Gaucher plasma during sample preparation.
Coomassie-stained two-dimensional SDS-PAGE separation of EDTA plasma of a control and a Gaucher patient, with and without
Con A depletion. Samples were denatured using 8 M urea. (A) Control plasma. (B) Gaucher plasma. (C) Gaucher plasma after
preincubation with Con A SepharoseTM. First dimension pH 4-7 IEF gradient (7 cm IPG strips), second dimension 12% SDS
PAGE.
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Discussion

Our investigation on plasma protein patterns of Gaucher patients using conventional
2DGE in the acidic range led to an unexpected observation. Inspection of the gels indicated
that in the case of patient plasma samples, common high molecular weight proteins were
lacking and concomitantly novel low molecular weight proteins were present. The latter
were shown to be degradation products. This extensive breakdown was not observed with
IEF preincubations in the 3-10 NL range (so at neutral pH) implying the involvement of
proteases with a preference for an acidic environment. The phenomenon was unique for
samples of symptomatic Gaucher patients and was not observed in plasma specimens of
normal subjects and was also almost absent in Gaucher patients successfully treated by
enzyme replacement therapy. From this it can be concluded that unique factors involved in
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Figure 4. Effect of the presence of several protease inhibitors on proteolytic activity in Gaucher plasma during sample
preparation. Coomassie-stained two-dimensional SDS-PAGE separation of EDTA plasma of a Gaucher patient, with and without
inhibitor(s). (A) Gaucher plasma only, (B) Leupeptin, (C) combination of Chymostatin and Antipain, (D) Pepstatin A, (E) PMSF.
First dimension pH 4-7 IEF gradient (7 cm IPG strips), second dimension 12% SDS PAGE.
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protein breakdown are present in plasma of symptomatic Gaucher patients. Mixing
experiments revealed that plasma samples from symptomatic Gaucher patients uniquely
contain one (or several) protease(s) responsible for the noted protein breakdown with
2DGE rather than that some protease inhibitor is lacking.

We next noted that incubation of Gaucher plasma in 8 M urea containing solution was
sufficient to cause the major protein breakdown earlier noted with 2DGE. This indicated
that isoelectric focussing was not required for the phenomenon. Of particular note was the
finding that treatment of Gaucher plasma samples with 2.2 M thiourea/7.7 M urea solution
completely prevented the abnormal protein patters with 2DGE or 1DGE. The most likely
explanation for our finding is as follows. Incubation of Gaucher plasma in 8 M urea
solution results in denaturation of proteins, however specific proteases(s), elevated as the
result of the presence of Gaucher storage cells in the patients, are not (fully) inactivated
and able to degrade other denatured plasma proteins. An interesting alternative is that the
protease(s) are actually activated in 8 M urea because of displacement of an inhibitory
propeptide from the active site. In any case, incubation of Gaucher plasma in 2.2 M
thiourea/7.7 M urea solution also causes inactivation of these Gaucher-related protease(s).
This interpretation fits with the fact that the thiourea/urea condition has a stronger
unfolding capacity than the ‘urea only’ condition [17].

The identity of the responsible protease(s) in Gaucher plasma is still unknown. Analysis
of fragments of plasma and added model proteins released after incubation with Gaucher
plasma in 8 M urea solution possibly can give some clue with regard to the identity of the
protease(s) involved. Some preference for hydrophobic amino acids in the
carboxyterminal position could be observed. This could be due to presence of an
endoprotease with this specificity, but also to the presence of a (combination of)
exopeptidases that stop at hydrophobic residues. Further investigation indicated that
glycoproteins are likely to be involved, given the finding that Concanvalin A can at least
partially remove the protease(s) activity. Both metalloproteinases (MMPs) and cathepsins
are glycoproteins. Our experiments with inhibitors point to a key role for several of the
cathepsins. Cathepsin B seems to be implicated as it can be inhibited by Antipain,
Chymostatin and Leupeptin (Fig. 4). Cathepsin D is a candidate because of the partial
inhibition by Pepstatin A. Cathepsin K and S are also inhibited by Leupeptin [18,19]. This
finding fits nicely with the earlier observation by Moran and coworkers [20] that several
cathepsins, including cathepsin D, K and S, are overproduced by Gaucher storage cells and
their concentrations in plasma are increased in symptomatic patients.

It is very well conceivable that not a single, but rather a mixture of proteases, which are
excessively present in plasma of symptomatic Gaucher patients, is responsible for the
intriguing massive protein breakdown observed with 2DGE. Of note in this respect is the
different composition of fragment termini we obtain upon incubation in 8 M urea at
different pH (5.5 or 7.4). Complete elucidation of all responsible proteases will be very
difficult to accomplish. It has to be realized that the observed phenomenon is a true
artefact, being the result of the partial denaturating/activating effect of 8 M urea solution
and the presence of unique proteases in Gaucher plasma. It is unequivocally known from
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other types of analysis that the plasma of Gaucher patients does not show striking
abnormalities in abundant high molecular weight proteins [21].

In conclusion, our study gave indirect indications for the abnormal presence of proteases
in plasma of symptomatic Gaucher patients. Increases in concentrations of various
cathepsins [20] and angiotensin-converting enzyme [5] in plasma of symptomatic Gaucher
patients are already well known. Our investigation exemplifies that the results of 2DGE of
plasma specimens should be interpreted with great care. In certain conditions under which
specific proteases are elevated, like Gaucher disease, artificial results regarding the plasma
proteome composition can always result from their unexpected activity.
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Abstract

A strategy is presented for the statistical validation of discrimination models in
proteomics studies. Several existing tools are combined to form a solid statistical basis for
biomarker discovery that should precede a biochemical validation of any biomarker. These
tools consist of permutation tests, single and double-cross validation. The cross-validation
steps can simply be combined with a new variable selection method, called rank products.
The strategy is especially suited for the low-samples-to-variables-ratio (undersampling)
case, as is often encountered in proteomics and metabolomics studies. As a classification
method, Principal Component Discriminant Analysis is used; however, the methodology
can be used with any classifier. A data set containing serum samples from Gaucher patients
and healthy controls serves as a test case. Double cross-validation shows that the
sensitivity of the model is 89% and the specificity 90%. Potential putative biomarkers are
identified using the novel variable selection method. Results from permutation tests
support the choice of double cross-validation as the tool for determining error rates when
the modelling procedure involves a tuneable parameter. This shows that even cross-
validation does not guarantee unbiased results. The validation of discrimination models
with a combination of permutation tests and double cross-validation helps to avoid
erroneous results which may result from the undersampling.
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Introduction
One area of interest in the study of disease is the proteomics based search for disease

markers. Theoretically, proteomics considers all proteins in an organism, but usually only
part of the proteome is measured. Surface-enhanced laser desorption ionization time-of-
flight mass spectrometry (SELDI-TOF MS) is a relatively new technique. It combines
absorption of a subproteome on a chip with time-of-flight mass spectrometric detection. A
subset of the protein complement of the sample is bound to the chip and measured. 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. Mass spectra of
samples of diseased and (healthy) control individuals are measured with the objective of
distinguishing between the control and diseased groups. Data analysis methods are used to
find differences, which can be single protein markers or different patterns in the protein
profiles [1-5]. When these differences prove to be statistically valid, their biochemical
meaning can be ascertained, so that they may be put to use in the clinic. The focus of this
paper is on data analysis and statistical validation.

The data analysis may start by building a discrimination model that separates the groups
as well as possible and that describes for which (combination of) variables they are most
distinct. The large number of variables in the proteomics setup generates modelling and
validation challenges commonly referred to as the curse of dimensionality [6] or
undersampling. In short, the curse of dimensionality means that the number of samples
needed to accurately describe a (discrimination) problem increases exponentially with the
number of dimensions (variables) measured. Due to the limited availability and/or cost of
measurement the number of samples is usually relatively small, in the tens or hundreds.
The number of samples is then too small to accurately describe the groups. If that is the
case, good discrimination results for the original control-diseased problem are possibly not
significant. A permutation test can evaluate this possibility and can help to decide whether
to look further into the biochemical validity of these differences between the control and
diseased groups.
A permutation test gives information about the discrimination performance of the model,

but the model should also be able to correctly classify new samples as diseased or control
preferably using a low number of variables. Due to the limited number of samples, it is
often not possible to test the ability of the model to classify new samples on a masked test
set. The test data cannot be incorporated in the model and as a result the model would be
trained on insufficient data. Additionally, the test set would contain very few samples, and
the error in assigning only a few samples would not give a reliable indication of the
prediction error. Cross-validation is often the validation method of choice, because it
makes better use of the data. As Ambroise and McLachlan [7] and Simon et al. [8] have
shown, cross-validation only gives a reliable error rate when the complete modelling
procedure is cross validated. Failure to do so results in optimistic error rates. When the
model requires the determination of a tuneable parameter (for example the number of
components in principal component analysis) this has to be incorporated in the cross-
validation.
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In this paper, cross-validation is used for determination of a tuneable model parameter
and for candidate biomarker selection in a proteomics example. The discrimination and
classification performance of the model is assessed with (double-) cross-validation in
combination with a permutation test [9,10]. The example of choice is Gaucher disease.
Gaucher disease is a rare inherited enzyme deficiency disorder that results in enlarged
spleen and liver and bone disease. Gaucher disease is chosen because previous studies
have demonstrated that several proteins show elevated blood levels in Gaucher patients.
Plasma levels of tartrate-resistant acid phosphatase 5b, β-hexosaminidase, angiotensin
converting enzyme and lysozyme are increased in Gaucher patients [11]. Also two specific
Gaucher cell markers are known: chitotriosidase and CCL18. Chitotriosidase shows a
thousand-fold increased activity in serum of symptomatic Gaucher patients [12]. Plasma
CCL18 levels are elevated ten to fifty-fold in symptomatic Gaucher patients [5]. SELDI-
TOF MS is used to create protein profiles of the serum of 20 Gaucher patients and 20
controls. Due to the measuring conditions, the protein profiles do not contain proteins that
are known to be differentially expressed in Gaucher patients. Nevertheless, the groups of
serum protein profiles are expected to differ, due to the large clinical differences between
the groups.

Principal component discriminant analysis (PCDA) is used to discriminate between the
groups of protein profiles. The significance of the discrimination is evaluated in a
permutation test. Double cross-validation is used to estimate the error of the model in
classifying unknown samples. The cross-validation procedure generates several models.
From these models discriminating proteins are selected using the rank products procedure
as described by Breitling [13]. Combining PCDA, permutation tests, double cross-
validation and variable selection with rank products results in a strategy for the discovery
and rigorous statistical validation of candidate biomarkers.

Materials
Patients

All patients with Gaucher disease (type I) studied (10 males and 10 females; 15-65 years
old, at the initiation of therapy) were known by referral to the Academic Medical Center.
Of the 20 patients, 18 received enzyme replacement therapy (alglucerase, imiglucerase,
[individualized dosing], Genzyme, Cambridge, MA) and 2 patients received substrate
reduction therapy (chronic oral administration of an iminosugar inhibitor of
glucosylceramidesynthesis, N-butyldeoxynojirimycin, Oxford Glycosciences, Abingdon,
United Kingdom). The control group consisted of 7 male and 13 female healthy volunteers,
23-68 years old.

Serum samples
Blood samples were collected from patients (between 1991 and 2001) and healthy

volunteers (between 1994 and 2002) in 7 mL, BD Vacutainer, ‘red-top’ tubes (BD #
367625), and sera were prepared. Collection protocols were the same for both groups.
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Blood samples were allowed to clot at room temperature for 30 minutes. Subsequently,
blood samples were centrifuged at 1300 RCF for 10 minutes at room temperature. All
serum samples were stored at -20°C until required. Serum samples of Gaucher patients
were obtained before initiation of therapy. Approval was obtained from the Ethic
Committee. Informed consent was provided according to the Declaration of Helsinki.

SELDI-TOF MS
Serum samples were surveyed for basic proteins with SELDI-TOF MS making use of the

anionic surface of CM10 ProteinChip® Arrays (Ciphergen Biosystems Inc., Fremont, CA,
USA). Serum samples (10 μL) were first mixed with 90 μL of denaturation solution (9 M
urea [Sigma Chemical Company, St Louis, MO, USA], 2% CHAPS [Fluka Biochemika,
Buchs, Switzerland], and 1% DTT [Sigma Chemical Company, St Louis, MO, USA]) and
incubated at room temperature for 1 hour. An aliquot (10 μL) of this solution was mixed
with 90 μL binding buffer (50 mM Tris [Sigma Chemical Company, St Louis, MO, USA]
+ 0.1% Triton X-100 [BHD Laboratory Supplies, Poole, Dorset, UK], adjusted to pH 7
with hydrochloric acid [Merck, Darmstadt, Germany]). Before application of the sample
to a CM10 ProteinChip® Array, all spots were equilibrated. To equilibrate the CM10
ProteinChip® Array, spots were washed with 200 μL of binding buffer (2 times, 5 minutes
on a platform shaker) by using a Ciphergen Biosystems 96-well bioprocessor. After
equilibration, buffer was removed and samples were added. Gaucher and control samples
were applied in random order. The samples were allowed to bind to the anionic surface for
40 minutes at room temperature on a platform shaker. Subsequently the ProteinChip®

Arrays were washed with 200 μL binding buffer (2 times, 5 minutes on a platform shaker).
Next the ProteinChip® Arrays were washed with 200 μL binding buffer without Triton X-
100 (2 times, 5 minutes on a platform shaker). After a brief wash with deionised water (to
remove salts) ProteinChip® Arrays were dried on air. Prior to SELDI-TOF MS analysis,
matrix was added to each spot (2 times 0.5 μL of sinapinic acid [Fluka Biochemika, Buchs,
Switzerland] (10 mg/mL) in 50% aqueous acetonitrile [Merck, Darmstadt, Germany]
containing 1% TFA [Fluka Biochemika, Buchs, Switzerland]). After co-crystallization of
the (bound) proteins with the matrix molecules, a pulsed nitrogen laser was used for
ionization of the samples. ProteinChip® Arrays were analyzed using a PBSIIc
ProteinChip® Reader (Ciphergen Biosystems Inc., Fremont, CA, USA), a linear laser
desorption/ionization time-of-flight mass spectrometer equipped with time-lag focussing.
The result is a mass spectrum composed of the mass to charge ratios (m/z values) and
intensities of the desorbed (poly)peptide ions. All spectra were acquired in the positive-ion
mode.

Preprocessing of SELDI-TOF MS data for further analysis
External calibration

Spectra were externally calibrated against a mixture of known peptides (All-in-1 Peptide
Standard, Ciphergen Biosystems Inc., Fremont, CA, USA). The pre-mixed peptide
standard includes arg8-vasopressin (1084 Da), somatostatin (1637 Da), porcine dynorphin
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(2147 Da), human adrenocorticotropic hormone (1-24) (2933 Da), bovine insulin β-chain
(3495 Da), human insulin (5807 Da), and hirudin BHVK (7033 Da).

Spot-to-spot calibration
Spot-to-spot calibration is a feature of the ProteinChip® Software that accounts for the

spot to spot variation that can occur on an individual array. To determine the correction
factors for the different positions on an array we used a set of peaks that is always present
in our spectra. The correction factors for the different positions on an array are applied to
the corresponding mass spectra and used in the recalculation of the masses.

Baseline subtraction
The ProteinChip baseline algorithm removes offsets in the spectra that are the result of

how the signal is collected electronically and of chemical noise contributed from the
energy absorbing molecules in the matrix. The algorithm is a modified piecewise convex-
hull that attempts to find the bottom of the spectra and correct the peak height and area.
Baseline subtraction is applied to all spectra.

Peak detection 
Peaks were detected with Biomarker Wizard™. Biomarker Wizard™ is a feature of the

ProteinChip® Software that is used for preparing data generated by ProteinChip® Software
for further analysis. Biomarker Wizard™ performs the peak picking across the samples.
The resolution of a peak at m/z 100 is 300, where the resolution R= m/Δm, m the mass of
the ion and Δm is designated as the full width at half-maximum. An example of the
obtained spectra can be found in Fig. 1.

Methods
Principal component discriminant analysis

Differences have to be found between the SELDI-TOF MS protein profiles of serum of
controls and Gaucher patients to classify individuals as healthy or diseased. A simple
method for discrimination between two groups is Fisher's linear discriminant analysis
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(FLDA). Good discriminating directions are directions in m/z space in which the
differences between the groups are large compared to the differences within the groups. In
the two-group case, this direction is given by the vector d that maximizes the ratio R: 

where W is the pooled within class sample covariance matrix and B is the between class
sample covariance matrix. The discriminating direction is the eigenvector of W-1B
corresponding to its largest eigenvalue [14]. Because there are more m/z values than
samples, the matrix W is singular. This means that W-1 does not exist and FLDA cannot be
applied directly. This problem can be overcome by using principal component analysis
(PCA), which finds new "variables" or principal components to describe the data. These
components are linear combinations of the original m/z values. The first principal
component (PC) describes as much of the variation in the data as possible, the second
describes as much of the remaining variation as possible, etc. By keeping only a few of the
principal components the dimensionality of the data can be reduced to a point where FLDA
is applicable, while preserving most of the information in the data. The number of
components in the model is a tuneable metaparameter the value of which can be decided
upon using cross-validation, which will be described shortly. The combination of FLDA
with PCA yields principal component discriminant analysis (PCDA) [15-18].

Permutation test
Once a PCDA model is found that discriminates between the healthy and diseased groups,

what can be said about the significance of the discrimination? Because of the size of the
data set − there are many more m/z values than there are samples − it might be possible to
find two arbitrary groups that can be well separated. In that case, a good discrimination in
the original problem may very well be a coincidence and may not be very significant. A
permutation test can evaluate this possibility. In a permutation test the class labels of the
samples are randomly permuted: Every sample is randomly assigned a label while the
number of control and diseased labels is the same as in the original problem. The permuted
problem is treated in exactly the same way as the original problem. If the results are
comparable to or better than the results of the original problem, the discrimination is
probably a coincidence, or the result of confounded variables in poorly matched diseased
and control samples. However, when a lot of permutations give groups for which the
discrimination is worse, the result for the original problem may be significant [19].

Cross-validation
As mentioned before, the number of components in the PCDA model is determined with

cross-validation. Cross-validation has two distinct applications. In the first place, it is a
method that can give an estimate of the prediction error when the sample group is small.
Cross-validation gives other information about the model than a permutation test because
the latter does not assess the classification performance (i.e. it does not give a prediction
error). When the dataset contains many samples, the predictions of one larger separate test
set can also give an independent prediction error. This error differs in one important aspect
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from the information obtained by cross-validation. The dataset on which the model is built
is only one subset from the entire control and diseased population. The model and
corresponding prediction error are one possible outcome. Another subset would surely
result in a different model and error. Cross-validation evaluates the effects of using only
one subset by splitting the available data several times into different test and training sets.
In ten-fold cross-validation, for example, the modelling and subsequent prediction is
repeated ten times. Every time, ten percent of the data is masked; the remaining ninety
percent is the training set that is used for modelling. Although the training sets overlap
partly, they are different subsets from the data and they result in different models. The ten
different models from the cross-validation give insight in the variability of the model we
build on the complete data set. In addition, a possible lucky subset that results in an
optimistic prediction error is averaged out by the other subsets.

The second use of cross-validation is in estimating a tuneable parameter. For PCDA
models the tuneable parameter is the number of components. For estimation of the
parameter the complete cross-validation procedure is repeated for all possible parameters.
The parameter is chosen that leads to the lowest cross-validation error. With this choice,
information from the masked test sets is brought into the model. It makes the cross-
validation error corresponding to the chosen number of components an optimistically
biased estimate of the prediction error of the model.

Taking many components conserves the original data best. Restricting the number of
components reduces the amount of noise after the PCA step. Calculating the number of
components in the PCA model with cross-validation is an appropriate way of obtaining a
correct number of components. This number of components is capable of retaining the
crucial information for the discrimination while discarding noise.

Double cross-validation
Cross-validation can still be used to find a good estimate of the prediction error, but it has

to be used in a different way. Determining the tuneable parameter with cross-validation is
part of the procedure to build a model. The entire modelling procedure has to be cross
validated in order to obtain the prediction error. This can be done in a double cross-
validation [20,21]. Double cross-validation consists of two nested cross-validation loops
(Scheme 1). The modelling procedure, including the cross-validation that determines the
tuneable parameter, forms the inner loop. The cross-validation for the error estimation
takes place in the outer loop.
The outer loop starts by masking a few samples. The remainder of the data enters the inner

loop. In the inner loop cross-validation estimates the tuneable parameter for the model as
described above. The estimated parameter is used to build a model on all the data that
entered the inner loop. This model is returned to the outer loop where it predicts the
samples that were masked thus far. The masking, parameter estimation, model building
and predicting of masked samples is repeated until each sample is masked exactly once in
the outer loop. The double cross-validation error is a reliable estimate of the error of the
modelling procedure, because the predicted samples are completely new to the model.
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Double cross-validation also gives insight in the variability of the tuneable parameter and
the model. Every outer loop generates a different subset on which the parameter is
estimated and the model is built. Each different subset results in a different estimate for the
parameter and in a different model.

Rank products
In the cross validating procedure several models are built. The rank products procedure

seems to be a natural partner for cross-validation to evaluate the overall importance of a
variable. The discriminant vector found with PCDA represents the differences between the
control and the diseased groups. Since the largest peaks in this vector are most important
for the discrimination, we can select m/z values based on their absolute value in the
discriminant vector. In the ten-fold cross-validation ten different discriminant vectors are
found in which the importance of the m/z values may differ. The information in the ten
discriminant vectors can be combined using the rank products selection method [13]. For
each of the discriminant vectors, the m/z values are ranked according to their absolute
value. The m/z value with the largest absolute value gets rank 1, the next largest gets rank
2, etcetera. The ten ranks of each m/z value are multiplied to obtain the rank product, and
the m/z values with the lowest rank product are the ones with the largest discriminative
power. In this way, single cross-validation in combination with rank products can be used
for variable selection. The prediction error associated with the selected variables is
determined with double cross-validation.
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Scheme 1. Double cross-validation. The original data set is split into a training set (otrain) and test set (otest) ten times in the
outer cross-validation loop. In the inner loop otrain is split up nine times in a training set (itrain) and a test set (itest). Every
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of components are combined in the cross-validation error (CV error). The number of components that leads to the lowest cross-
validation error is selected and used together with the corresponding otrain for the model in the outer loop. The data in otest is
predicted with this model to give an error. The errors made in the ten different outer test sets are combined in the cross-validation
error.
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Results
Data

Serum samples of 20 controls and 20 Gaucher patients were measured with SELDI-TOF
MS. On visual inspection of the spectra, the mass spectrum of one Gaucher sample (a
female receiving enzyme replacement therapy) appeared to be flawed. Consequently, this
mass spectrum was excluded from the study. Preprocessing of the spectra was performed
according to the descriptions given above. The resulting data set contained 20 control and
19 Gaucher spectra, each consisting of 590 m/z values between 1000 en 10.000. The
protein profiles were normalized by dividing each profile by its median to arrive at
comparable spectra. To prevent the largest peaks in the protein profiles from dominating
the PCA part of the model, the data were auto-scaled. For (double) cross-validation, auto-
scaling was always performed on the training data before modelling and then the test data
was scaled prior to prediction with the scaling parameters of the training set. By doing this,
it is ensured that the prediction of the test data is truly independent.

Discrimination
A discrimination model was built based on all data. A single cross-validation pointed at

15 principal components to be used (see further on). This resulted in a model that perfectly
discriminated between the Gaucher and control groups: all samples were assigned to the
correct class. Hence, the resubstitution error − error made in classifying samples used to
model the data - was zero. With a permutation test, the significance of the discrimination
was evaluated. The class labels of the samples were randomly permuted 10,000 times and
PCDA models were made. A histogram of the resubstitution errors of the resulting models
is shown in Fig. 2A. Although the average resubstitution error for the permutations (8.6)
was larger than the resubstitution error for the original data (0), it was much smaller than
the average error expected for randomly permuted problems (19.5: a flip of the coin result).
Also, four of the permuted problems resulted in a resubstitution error of zero, like the
original problem. This shows the well known overfitting phenomenon and a resubstitution
error which is a severely optimistically biased prediction error.

The number of principal components for the discrimination model on all data was
determined with cross-validation. The number of components was restricted between 2 and
20. For each possible number of components, a ten-fold single cross-validation was
performed. In each fold, two samples were masked from both classes. Since there were 19
Gaucher samples, only one Gaucher sample was masked in the last fold. The single cross-
validation error was lowest when 15 components were used; of the 39 samples 1 control
and 2 Gaucher samples were misclassified. The same cross-validation strategy was applied
to the 10.000 permuted problems. Fig. 2B shows a histogram of the number of
misclassifications. None of the permutations gave a lower single cross-validation error of
the original problem, but one permutation resulted in the same cross-validation error (three
misclassifications). On average, the permutations resulted in 16.6 misclassifications in the
single cross-validation. Like the average resubstitution error this number is still lower than
the expected number of misclassifications in random permutations. This confirms and
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illustrates that the single cross-validation error is also optimistically biased when it is used
for tuneable parameter estimation and validation simultaneously.

Classification
The prediction error of the model in classifying unknown samples was established by

double cross-validation. In the inner loop, the number of components for the model was
determined by using nine-fold cross-validation. As in the single cross-validation, between
two and twenty components were used in a model. The models from the inner loop were
tested in the outer loop with ten-fold cross-validation. In the end, out of a total of 39
samples, two control and two Gaucher samples were misclassified. Thus, the sensitivity of
the model was 89% and the specificity 90%.

These classification results are again compared to the double cross-validation results of
10.000 permutations (Fig. 2C). The double cross-validation errors of all the permuted
problems were larger than the double cross-validation error of the original problem. The
average prediction error was 19.9 misclassifications, which is approximately half of the 39
samples. This is what would be expected for random data: the model is not able to classify
truly new samples. The best it can do is 'guess' at the class label, which leads to this flip-
of-the-coin result. It illustrates the statement that the double cross-validation error is an
independent estimate of the prediction error.
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Figure 2. Permutation test. Histogram of the number of misclassifications in 10,000 permutations. A: resubstitution error; B:
cross-validation error; C: double cross-validation error. The arrows indicate the number of misclassifications in the original
problem.
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All three methods, re-substitution, single cross-validation and double cross-validation
yield statistical significance in the permutation test. A P-value from each test could be
calculated as the ratio of the number of equal or better performances with the permutated
data and the total number of permutations. The significance of the double cross-validation
is highest. Because the mean of the distribution of the double cross-validation is furthest
away from zero the power of this test is also better than in the case of the other two
methods.

Double cross-validation not only resulted in a prediction error for the model, it also gave
information about the variability. The ten-fold outer loop resulted in ten different
discriminant vectors at the end of the double cross-validation. The number of components
in the PCA step of these models ranged from seven to twenty. However, the resulting ten
discriminant vectors were very similar, which implies that PCDA is a robust method.
The combination of samples to form test sets in the outer loop was one possible order. The
double cross-validation was repeated 100 times, each time with different combinations of
samples in the test and training sets. This was done to exclude the possibility that a specific
order of left-out objects would influence the results. The average number of
misclassifications of those 100 runs was 4, which is the same as the number of
misclassifications found in the double cross-validation discussed above. Hence, this is a
stable result.

The validity of the sensitivity and specificity which was found depends on the matching
of the Gaucher and control samples. In this study, the matching was not perfect: There is
a difference in the distribution of sexes between the two groups. Also, the age of the
patients and controls are not matched perfectly, but the groups do have the same large age
range. Similar cohorts of patients and controls were used in studies that revealed the now
well established Gaucher markers chitotriosidase and CCL18 [5,12]. The permutation test
also gives information on (poor) matching of cases and controls. In a random permutation
the (poor) matching is broken. In the 10,000 permutations there are many where for
example the male/female matching is much poorer then in the original data. Still all the
classification results turn out to be worse. From this it can be concluded that the matching
was sufficient and that the difference due to Gaucher disease is the dominant effect.

Rank products
In the previous section it was determined that 15 components is the optimal number. With

this number the ten fold cross-validation is performed. The ten discriminant vectors were
used for variable selection using rank products. All m/z values per model were ranked and
multiplied to obtain its rank product. The average rank product for a given m/z value
(590/2)10 = 5·1024. Table 1 shows the ten m/z values with the lowest rank products, so the
largest contributions to the discrimination. Surprisingly, all the top ten proteins are up-
regulated in the group of Gaucher patients. It should be kept in mind that the analysis was
focussed on relatively small proteins (molecular masses below 10.000 Da). It is known that
various proteases, particularly cathepsins, are elevated in Gaucher plasma [22]. This may
conceivably lead to unique low molecular mass degradation products. Alternatively, the
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top ten ranking m/z values may also represent only one or a few proteins. Due to the action
of proteases and singly and doubly charged states one protein could give rise to multiple
peaks. The proteins with the lowest rank products are candidate biomarkers. A biochemical
validation is the next step to assert the relevance of the putative markers before they can
be viewed as true biomarkers, but this is beyond the scope of this paper.

Table 1. Top 10 best discriminating m/z values according to the rank products method and their rank products
m/z value Rank product

4058 36
5852.6 288
3685.4 1.15E+05
4546 4.35E+05
2067.9 2.92E+07
4214.8 1.13E+08
3840.1 1.36E+09
1008.2 2.28E+09
4016.2 5.03E+10
8949.4 7.81E+10
Note: All 10 proteins are up-regulation in the Gaucher patients.

Another question is how many m/z values with low rank product would have to be
selected for a good predictive model. Fig. 3 shows how the classification error rate depends
on the number of m/z values selected for the model. The error rates in Fig. 3 are double
cross-validation errors. The rank products were calculated in an inner cross-validation and
models based on different numbers of m/z values were tested in the outer cross-validation.
In this way, the performance of the selected m/z values in classifying unknown samples
was tested. As Fig. 3 shows, incorporating ten m/z values or less resulted in error rates of
8 out of 39 and higher. The lowest prediction error was achieved when 200 m/z values were
incorporated in the model. Selecting 50 or more m/z values leads to a performance that is
comparable to the performance of the model without selection. Apparently, not all m/z
values are needed in the model to achieve good prediction. In fact, the best predictions
were obtained with less than half of the m/z values. On the other hand, it is not possible to
reduce the number of m/z values to just a few without significant loss of performance.

Conclusion
A strategy is presented for the discovery of candidate disease markers and statistical

validation thereof. It consists of building a discrimination model with PCDA and
subsequent validation of its discriminative ability with a permutation test and of its
predictive ability by double cross-validation. It was shown that it is possible to select
candidate biomarkers by combining cross-validation with rank products. The strategy was
applied to SELDI-TOF MS spectra of serum samples of Gaucher patients and healthy
controls. Double cross-validation showed that the PCDA model has a sensitivity of 89%
and a specificity of 90%. In addition, the permutation test proved that the discrimination
was significant. The results of the resubstitution, cross-validation and double cross-
validation permutations tests supported the use of double cross-validation. All three tests
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indicated that the result obtained for the original problem were not a coincidence.
However, the test with double cross-validation was the only test that gave the flip-a-coin
result that can be expected for randomly permuted labels in the two group case. These
results illustrate the need for a thorough validation of discriminant models in proteomics.
In this study, PCDA was chosen to build a discriminant model on SELDI-TOF MS data,
but the conclusions regarding the validation with permutation tests and double cross-
validation also hold for other discrimination methods and other types of omics data. For a
procedure in which no meta-parameter has to be estimated the same procedure as described
in this paper can be used, but with a single cross-validation instead of a double cross-
validation.
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Abstract

We report a sensitive method to detect point mutations in proteins from complex samples.
The method is based on surface-enhanced laser desorption/ionization time-of-flight
(SELDI-TOF) MS but can be extended to other MS platforms. The target protein in this
study is the lysosomal enzyme glucocerebrosidase (GC), the key enzyme in Gaucher
disease. Deficiency of GC activity results in accumulation of glucosylceramide in
macrophages. The relationship between GC genotypes and Gaucher patient phenotypes is
not strict. The possibility to measure protein levels of GC in clinical samples may provide
deeper insight in the phenomenology of Gaucher disease. For this purpose, GC was
isolated in a single enrichment step through interaction with an immobilized monoclonal
antibody, 8E4. After on-chip digestion of the antibody-antigen complex with trypsin, a
total of 25 GC peptides were identified (sequence coverage ~60%), including several
peptides containing mutated amino acid residues. The described methodology allows
mutational analysis on the protein level, directly measured on complex biological samples
without the necessity of elaborate purification procedures.
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Introduction

Gaucher disease is the most frequently encountered lysosomal storage disorder in man,
affecting an estimated 30,000 people worldwide [1]. It is caused by a decreased activity of
β-glucocerebrosidase (GC, E.C. 3.2.1.45), a lysosomal enzyme that catalyzes the
hydrolysis of glucosylceramide to ceramide and glucose. A deficiency in this activity
results in excessive glucosylceramide accumulation (“storage”), particularly in
macrophages in bone marrow, spleen, and liver tissue. Eventually, this may lead to the
visceral symptoms characteristic for Gaucher disease: enlargement of liver and spleen,
anaemia, and bone disease. In some severe cases, neurological degeneration also occurs.
Based on clinical features, three forms of Gaucher disease are generally distinguished.
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.
Currently, two types of therapy exist for type I Gaucher disease: enzyme replacement
therapy (ERT), in which recombinant enzyme is supplied intravenously to enhance the
hydrolysis of glucosylceramide [2], and substrate reduction therapy (SRT), which aims to
lower the glucosylceramide biosynthesis in the cells to reduce the degree of storage [3].
This is achieved by inhibition of the glucosylceramide synthase enzyme with N-
butyldeoxynojirimycin. Severity of the disease state and response to therapy can be
monitored by measuring the levels of two (surrogate) markers for Gaucher disease:
chitotriosidase [4] and CCL18 [5].

More than 150 point mutations and several recombinations in the GC gene of Gaucher
patients have been described. Fig. 1 schematically depicts the GC mutations analyzed in
this study. Compound heterozygosity for N370S and L444P GC is the most common
genotype encountered among Caucasian type I Gaucher patients [6]. For example, in the
Dutch patient population, such compound heterozygotes account for 40% of all patients.
The phenotypic manifestation among such individuals, even when siblings, is quite
variable [6,7]. Currently, no reliable prognosis of disease severity in N370S/L444P
compound heterozygotes can be given based on residual GC activity measured in cell
extracts or through monitoring of metabolism of glucosylceramide in cultured cells.
Fundamental differences exist between L444P and N370S GC. The mutation of leucine at
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Figure 1. Schematic representation of the mutated forms of GC used in this study.

versie 17-04.qxp  17-4-2008  10:51  Pagina 145



position 444 to proline (L444P) results in enzyme with low folding efficacy. Only
approximately 10% reaches the lysosome, the rest of the protein does not pass the
endoplasmatic reticulum folding control system and is degraded. However, the remaining
part that reaches the lysosome displays a normal specific activity. The mutation of
asparagine at position 370 to serine (N370S) results in a mutant protein that is largely
properly folded and stable but with low specific activity at pH values greater than 5 [8].
Consequently, the remarkable heterogeneity in disease manifestation in N370S/L444P
compound heterozygotes may be partly due to interindividual variation in folding
efficiency of the L444P-mutated GC in the endoplasmic reticulum or differences in
lysosomal milieu. To examine this further, it is of crucial importance to be able to
(relatively) quantify the actual proportions of mutant enzyme molecules. This may also
help to improve the prognosis of disease manifestation in compound heterozygous
Gaucher patients. Therefore, we aimed to determine relative protein levels in minute
amounts of GC, using surface-enhanced laser desorption/ionization time-of-flight (SELDI-
TOF) MS. This particular MS application permits direct analysis of GC after a convenient
enrichment step using a monoclonal antibody (mAb), 8E4, directed towards GC covalently
coupled to a preactivated array. In this article we present a proof-of-principle for the
approach and initial results. We envisage that this method can also be expanded to other
MS-based platforms. Monitoring the occurrence of mutated forms of GC at the protein
level may potentially help to improve prognosis of disease severity in compound
heterozygous Gaucher patients.

Materials & methods

Sample preparations
Spleen homogenates were prepared from 1 g spleen cells from control individuals or

Gaucher patients. The tissue was finely chopped, ground (UltraTurax, 3x30 s, on ice) in 10
mL 50 mM Tris-HCl (pH 7.5) containing 0.5% Triton X-100, 10% glycerol and 1 mM
dithiothreitol (DTT) and was sonicated (3x20 s, on ice). The sample was cleared by
spinning down solid material in an Eppendorf table centrifuge at maximum speed.
Fibroblasts were isolated from Gaucher patients with known genotypes and were grown
until confluency. Extracts were prepared by taking up two cell pellets in 200 μL lysis
buffer (25 mM potassium phosphate [pH 6.5] and 0.1% Triton X-100) and short sonication
(5 s) on ice. GC activity was measured, and samples were stored at -20°C until further
processing. GC activity was measured using the fluorogenic synthetic substrate 4MU-Glc
(5 mM) in 50 mM citrate-phosphate buffer (pH 5.9) containing 0.15% Triton X-100 and
0.125% sodium taurocholate [9]. The reaction mixture contained 0.5% (w/v) bovine serum
albumin for protein stabilization. Based on activities, GC concentrations were estimated in
fibroblast extracts.
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Sample processing and MS
The mAb, 8E4 [10], was incubated to bind to a pre-activated PS20 ProteinChip Array

(Ciphergen Biosystems). GC was then captured from complex mixtures such as tissue
homogenates or cellular extracts. Previous studies revealed that the binding affinity of 8E4
is identical for wild-type, N370S, and L444P GC [11]. This allows nonselective
enrichment of the various mutated forms of GC. Analysis of the peptide mixtures produced
by enzymatic proteolysis of the antibody-antigen complex yielded information about the
presence of point mutations. A schematic overview of the applied method is shown in Fig.
2.

Optimal binding of the 8E4 antibody to the epoxide groups at the surface of PS20
ProteinChip Arrays was obtained by overnight incubation (4ºC) in phosphate-buffered
saline solution (PBS, pH 7.4) containing 1.5 μM ethylenediamine and 0.125 M Na2SO4.
Remaining binding places were blocked by washing the chip in a 10-mL tube with 0.5 M
ethanolamine (pH 8.0, 30 min). Then the chip was then transferred to a bioprocessor (a 96-
well adaptor that allows loading of up to 350 μL of sample to the ProteinChip Arrays) and
washed twice with 200 μl buffer A (50 mM Tris-HCl, pH 8) for 5 min and once with buffer
A containing 0.01% Triton X-100 (200 μL, 5 min). This buffer was also used for optimal
antibody-antigen interaction. Samples (50 μL) were added to fresh binding buffer (200
μL), and GC was allowed to bind (1 h., room temperature). After binding, the ProteinChip
Arrays were washed once with binding buffer and twice with buffer A (all wash volumes
again 200 μL). To remove buffer ions that will interfere with MS detection, the
ProteinChip Array was quickly rinsed (30’) in 10 mL LiChrosolv-grade H2O (Merck).
ProteinChip Arrays were dried in air, and matrix solution was added (10 mg/mL sinapinic
acid in 50% acetonitrile and 1% trifluoroacetic acid [TFA]) prior to SELDI-TOF MS
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Figure 2. Schematic overview of the SELDI-TOF MS procedure. Antibodies are coupled to PS20 ProteinChip Arrays through a
covalent binding of primary amines to an epoxide moiety. After blocking of the remaining binding sites, the sample is applied
and nonbinding molecules are washed off. Matrix is applied either directly after binding or after on-chip tryptic digestion of the
antibody-antigen complex.
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analysis. After co-crystallization of the (bound) proteins with the matrix molecules, a
pulsed nitrogen laser was used for ionization of the samples. ProteinChip Arrays were read
with a PBSIIc ProteinChip Reader (Ciphergen Biosystems), a linear laser
desorption/ionization time-of-flight mass spectrometer equipped with time lag focussing.
SELDI-TOF MS spectra are averages of approximately 100 spectra recorded at optimal
laser intensity for peptide/protein ionization (145/195, arbitrary units). Digests of the
antibody-antigen complexes were prepared by binding of the target molecule to the
antibody as described. After washing of the spots, an on-chip digestion was performed by
the addition of 4 μL trypsin (5 mg/mL in 50 mM (NH4)2CO3, 1 h, 37°C). Thereafter, the
spots were left to dry and 1 μL matrix solution was applied to the spots (10 mg/mL α-
cyano-4-hydroxycinnamic acid [αCHCA] in 50% acetonitrile and 1% TFA). Control
experiments were performed using a commercially available form of GC (Ceredase1,
Genzyme, Boston, MA). For measurements in the lower mass region, the PBS-IIC
ProteinChip Reader was calibrated with a peptide mixture containing Arg8-vasopressin
(1084.20 Da), somatostatin (1637.90 Da), dynorphin (2147.50 Da) and
adrenocorticotropic hormone (ACTH, 1-24, 2933.50 Da) purchased from Ciphergen
Biosystems. For high-mass measurements, calibration was carried out with a mixture of
GAPDH (rabbit, 35,688 Da), bovine serum albumin (66,433 Da) and β-Galactosidase (E.
coli, 116,351 Da), also from Ciphergen Biosystems.
Matrix-assisted laser desorption/ionization (MALDI)-TOF mass spectra were acquired on

a M@ldi-R instrument (Micromass). Tryptic digestions (1:10) of GC and mAb 8E4 were
performed overnight at 37°C in solution. Monoisotopic masses of tryptic digests of pure
digested GC and the mAb 8E4 were measured as a control for the observed peptides in the
SELDI-TOF mass spectra. MALDI-TOF mass spectra were internally calibrated on known
peptide peaks (accuracy < 50 ppm).

SELDI-TOF tandem mass spectrometry (MS/MS) spectra were recorded on a QStar XL
(Applied Biosystems) with a ProteinChip Interface (PCI1000, Ciphergen Biosystems). The
instrument was calibrated by fragmenting peptide 18-39 from ACTH at m/z 2465.19; the
parent ion and four fragment ions were used as calibration points. Peptides were
fragmented applying a mass-dependent collision energy of roughly 50 eV per 1000 Da.
Data were analyzed using the instrument’s Analyst software.

Deglycosylation of tryptic peptides from GC
These experiments were carried out using commercially available GC (Cerezyme1,

Genzyme). In solutio proteolysis was performed with trypsin (1:20 ratio) and overnight
incubation at 37°C. N-glycosylated peptides were deglycosylated enzymatically with N-
glycanase. All reagents were taken from the GlycoProfileTM II kit (Sigma). 20 μL of a
tryptic digest (calculated peptide concentration 1.5 mg/mL) was mixed with 27 μL
ammonium carbonate buffer (NH4HCO3, 20 mM) and 3 μL of a denaturing solution
containing β-mercaptoethanol (100 mM) and octyl-β-d-glucopyranoside (2%). This was
divided over two vials (25 μL each), with 2.5 μL peptide N-glycosidase (PNGase, 2.5 mU)
being added to the sample and 2.5 μL water to the control. Samples were incubated
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overnight at 37°C to allow the reaction to complete. Subsequently, peptides were desalted
using a C18 ZipTip (Millipore). The tips were prewetted with acetonitrile and equilibrated
with 1% formic acid, bound peptides were washed (also with 1% formic acid) and eluted
with a 60% acetonitrile/1% formic acid solution. Samples were spotted with αCHCA on a
target plate and MALDI-TOF MS spectra were recorded.

Results

The aim of the current work was to develop a convenient mass spectrometric method to
analyze mutated forms of the key enzyme in Gaucher disease, GC. Our rationale was to
make use of the availability of a high-affinity mAb to immunocapture and purify GC
directly from complex biological samples. Immunocapture experiments are combined with
SELDI-TOF MS, an MS based platform. The use of a linear mode TOF mass separator
permits sensitive detection of both peptides and intact proteins.

Immunocapture of GC and direct SELDI-ToF MS analysis
Different sources of GC were used to test the feasibility of immunocapture and

subsequent SELDI-TOF MS analysis. In addition to commercially available human GC
(Ceredase), tissue and fibroblast homogenates from control individuals and Gaucher
patients also were used as a source of GC. PS20 ProteinChip Arrays with immobilized
anti-GC mAb 8E4 were incubated with enzyme-containing samples. After enrichment for
GC, SELDI-TOF MS analysis was performed. Fig. 3 shows that it is possible to enrich and
detect GC from control and patient (N370S/L444P compound) spleen homogenates via a
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one-step method (Fig. 3A and 3B). The observed masses for GC captured from spleen
homogenate (~ 63 kDa) are in good agreement with those previously observed by gel
electrophoresis [10]. Ceredase is roughly 3 kDa smaller (60.4 kDa [Fig. 3C]) than natural
GC because the natural glycan moieties are enzymatically modified to GlcNAc2Man3
(910.83 Da) to preferentially target the drug to the mannose receptors of the macrophage
to exert its therapeutic, hydrolytic action in the macrophage’s lysosome [12]. Fig. 3D
shows the capture of GC from extracts of cultured fibroblasts from a Gaucher patient
genotyped as a L444P/RecNci heterozygote. The RecNci mutation is the result of a fusion
of the GC gene with a downstream located GC pseudogene (Fig. 1). Translated protein is
instable and, for the most part, degraded immediately. A very low-intensity peak from
L444P GC was observed in this experiment. Nevertheless, the inset (10x) and detection of
GC peptide peaks in subsequent proteolysis experiments clearly showed that GC was
specifically captured in this experiment. A titration of Ceredase demonstrated that the
lowest detectable amount of intact enzyme is approximately 35 fmol in this set-up (data
not shown).
We noticed that Ceredase ionizes more efficiently than natural GC forms. Most likely this

is due to differences in glycosylation. It is widely recognized that the degree and type of
glycosylation affect the ionization efficiency in MALDI-based ionization techniques [13].
Natural GC contains four N-linked glycans, and during its life cycle multiple negative
charges are introduced through the attachment of sialic acid residues [14]. The introduction
of negative charges evidently hampers positive mode mass spectrometric detection. The
binding affinity of 8E4 for mutated forms of GC is similar. Mutated enzyme was isolated
from individuals with either N370S or L444P GC, and the binding affinities of both these
mutants were found to be similar to wild-type GC (J.M.F.G. Aerts, unpublished results).
Because the epitope of 8E4 is located on the C-terminus and includes residue 496, this is
not surprising.

Additional peaks in the mass spectra in Fig. 3 are attributed to the mAb used to capture
the protein from the complex mixture given that they are also observed in the control trace
(Fig. 3E). The [M+H]+ ion was observed at 149 kDa, and the [M+2H]2+ ion at 74.5 kDa.
The smaller peaks at 24 and 50 kDa are assigned to the antibody’s light and heavy chains,
respectively.

Analysis of point mutations in captured GC
To allow detection of point mutations in the GC protein, the enzyme-antibody complex

was digested with trypsin. After binding of GC to immobilized anti-GC mAb 8E4,
digestion was performed directly on the array and the produced peptides were visualized
using SELDI-TOF MS (Fig. 4). Besides peptides from bound GC, peptides from digested
anti-GC mAb 8E4 and trypsin autodigest peptides were also detected. These were
identified from the control experiment (Fig. 4B) and from MALDI-TOF MS data on
digested antibody (data not shown). A total of 20 peptides attributable to trypsinized GC
were observed in the SELDI-TOF mass spectrum of the digested 8E4-Ceredase complex
(Fig. 4A and Table 1); of these 20 peptides, 5 were also detected in an oxidized form. The
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identity of the GC peptides was confirmed by comparison with high-resolution MALDI-
TOF mass spectra of in solutio digested GC (24 peptides, sequence coverage 52%, Table
1. A MASCOT database search (www.matrixscience.com) with a mass tolerance of 100
ppm resulted in the correct identification of human lysosomal GC (P04062 in the ExPASy
database, www.expasy.org) with a highly significant MOWSE score of 126. Peptides
identified with MALDI-TOF or SELDI-TOF MS showed a considerable overlap (14
peptides were observed in both methods, [Table 1]). Another control shows the SELDI-
TOF mass spectrum of commercially available GC (Cerezyme) after in solutio digestion
with trypsin (Fig. 4C). MS analyses of Cerezyme were published previously, and the
results are in agreement with the data presented here [15,16]. The combination of the
MALDI-TOF and SELDI-TOF data allowed us to positively identify the peptides observed
after digestion of the antibody-antigen complex.

Fig. 5A shows SELDI-TOF mass spectra of captured GC from various sources after
digestion of the complex with trypsin. GC-derived peptides are listed in Table 2. Some of
the identified peptides contain residue 444, one of the most prevalent mutated residues in
Gaucher patients (L444P). An example is shown in Fig. 5B, where a much narrower mass
range is displayed. The peaks at m/z 2305 and 2321 correspond to the 442-463 peptide in
the normal and the oxidized form, respectively. The side chain sulfur of the methionine at
position 450 is oxidized to a sulphoxide (S=O) during the experiment, resulting in a 16
amu mass shift. MS/MS sequencing of the 2321 m/z peptide directly from the ProteinChip
Array (SELDI-TOF MS/MS) confirmed the assignment of this peak to the 442-463 peptide
(data not shown). As can clearly be seen in Fig. 5, these peaks were also detected when GC
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was specifically captured and digested using Ceredase (positive control), spleen
homogenate from a control individual, or extracts from cultured fibroblasts from a
Gaucher patient carrying the RecNci/K198N mutations (Fig. 5B). Although the rest of the
peak pattern is identical, the m/z 2305 and 2321 peaks are absent in a digest from GC
captured from cultured fibroblasts from a patient homozygous for the L444P mutation
(Fig. 5B, trace 3). In Fig. 5C the part of the mass spectrum ranging from 3050 to 3130 m/z
is shown. A second L444-containing peptide, containing 1 missed cleavage site for trypsin,
is shown in this region. This peptide also shows the 16 amu satellite peak due to an
oxidized methionine residue. Yet again, these peaks are absent in the spectra from the
L444P Gaucher patient, further substantiating our annotation. Theoretically, the L444P
mutation results in a mass reduction of 16 amu (average masses: leucine 113.2 amu,
proline 97.1 amu), but the concomitant mass shift was not observed in the spectra of the
L444P Gaucher patient (Figs. 5B and 5C, trace 3), possibly due to less efficient ionization
behaviour of the mutated peptide. Because the P444 protein is processed less efficiently
due to its lower folding efficacy, the amount of protein in the fibroblast extracts was
normalized based on specific activity. The fact that the specific activity of the P444 mutant
is similar to that of wild-type L444 GC ensured that the amount of protein per sample was
identical. This is also illustrated by the similar relative intensities of other peptide peaks in
the spectrum. To the best of our knowledge, this is the first time the result of a genetic
defect is detected directly on the protein level in human material without elaborate
purification procedures.
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Table 1. Overview of identified peptides in MALDI-TOF and SELDI-TOF mass spectra of GC after tryptic digestion

Masstheor Massobs Accuracy Masstheor Massobs Accuracy Peptide
(monoisotopic) (MALDI) (ppm) (average) (SELDI) (ppm)

733.36 733.34 -31.1 - - - 354-359
748.48 748.46 -24.2 - - - 158-163
784.47 784.43 -44.7 - - - 1-7
933.48 933.48 4.2 - - - 426-433
951.47 951.47 0.1 - - - 347-353
977.59 977.58 -6.8 - - - 286-293
989.66 989.66 1.9 - - - 156-163
1003.52 1003.53 4.8 1004.2 1003.3 -896 278-285
- - - 1020.2 1019.4 -784 278-285(Ox)
1093.53 1093.52 -11.1 1094.2 1093.8 -366 216-224
- - - 1112.2 1112.6 360 40-48
1460.81 1460.80 9.4 1461.7 1461.9 137 396-408
1491.72 1491.72 1.9 1492.7 1492.8 67 414-425
1528.73 1528.75 14.2 1529.7 1529.6 65 199-211
1647.80 1647.83 16.2 1648.8 1649.1 182 107-120
1913.96 1914.00 16.1 - - - 195-211
2100.11 2100.11 0.6 2101.5 2101.9 190 304-321
2115.10 2115.11 3.6 2116.4 2117.4 473 396-413
2146.02 2146.03 3.3 2147.5 2148.1 279 409-425
2305.20 2305.20 0.8 2306.6 2307.3 303 442-463
- - - 2322.6 2323.1 215 442-463(Ox)
2563.44 2563.45 4.2 2565.0 2565.5 195 164-186
2667.45 2667.44 -4.9 - - - 80-106
- - - 2849.0 2848.2 -281 132-155
2894.62 2894.58 -14.9 - - - 78-106
3087.66 3087.62 -13.5 3089.6 3090.2 194 434-463
- - - 3105.6 3106.2 193 434-463(Ox)
- - - 3212.8 3213.8 311 49-77
- - - 3536.3 3536.8 141 156-186
- - - 3590.1 3591.2 306 396-425
- - - 3606.1 3607.4 361 396-425(Ox)
- - - 3696.1 3696.5 108 225-257
3856.01 3855.69 -82.5 3858.4 3858.1 -78 464-497
4002.12 4001.78 -85.1 4004.6 4004.5 -25 426-463
- - - 4020.6 4020.2 -99 426-463(Ox)

Note. MALDI-TOF MS data are from in solutio proteolyzed Ceredase. SELDI-TOF MS data are after capture of Ceredase with
anti-GC mAb 8E4 and on-chip proteolysis of the complex.

Obviously, the resolution of the SELDI-TOF MS data is significantly lower than that of
the MALDI-TOF MS data. The Ciphergen PBSIIc chip reader operates in linear mode
whereas the Micromass M@LDI mass spectrometer focuses the ions in-flight through a
reflectron, resulting in higher mass accuracy. Therefore, the mass tolerance in a MASCOT
search with the SELDI-TOF MS data was set to 1000 ppm, resulting in a positive
identification of human lysosomal GC with a highly significant MOWSE score of 134. The
average mass accuracy of the SELDI-TOF data was 264 ppm, as compared to 16.7 ppm
for the MALDI TOF data. In view of the low mass accuracy of the SELDI-TOF data, we
performed numerous control experiments and MS/MS peptide sequencing experiments to
confidently assign the observed peptides. The peptides identified after immunocapture of
Ceredase covered 60% of the mature GC protein (Table 1). The sequence coverage of both
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approaches are compared in Fig. 6. The increased sensitivity of the linear-mode ion
detection of the PBSIIc allowed the detection of more peptides, albeit with lower mass
accuracy. The larger sequence coverage, however, increases the confidence level of the
identification. Furthermore, some peaks observed in the SELDI-TOF mass spectra are
absent in the MALDI-TOF mass spectra; these peaks were interpreted as corresponding to
peptides containing an oxidized methionine (+16 amu).

Table 2. Overview of GC peptides from spleen extract as detected in SELDI-TOF MS after immunocapture on a PS20
ProteinChip Array with the anti-GC mAb 8E4 and subsequent on-chip tryptic digestion

m/zmeas (control spleen)   m/ztheor (average) Accuracy (ppm) Peptide Missed cleavages

1530.2 1529.7 360 199-211 0
2101.4 2101.5 -29 304-321 0
2116.5 2116.4 38 396-413 1
2307.1 2306.6 199 442-463 0
2408.4 2407.8 270 414-433 1
2565.5 2665.0 183 164-186 0
2668.4 2669.2 281 80-106 0
2847.2 2849.0 -628 132-155 0
3089.1 3089.6 -155 434-463 1
3104.5 3105.6 -348 434-463 1
3127.0 3125.6 435 294-321 1
3589.0 3590.1 -315 396-425 2

MS analysis of enzymatically deglycosylated GC
The GC sequence contains five putative N-glycosylation motifs (N-X-S/T, with X being

any amino acid). In the presence of unmodified peptides the ionization of glycosylated
peptides is generally hampered due to ion-suppression and the associated ions are not
usually observed [13]. To increase the sequence coverage, also in view of possible future
studies on point mutations in the vicinity of glycosylation sites, we decided to address this
issue using MS. The glycosylation of GC has not been studied before using mass
spectrometric methods. The N-glycosylation of GC has been addressed previously by
substituting putative glycan-binding asparagines with glutamines which indicated that
residues N19, N59, N146, and N270 bind glycan chains and that glycosylation at the N19
position is essential for the synthesis of catalytically active enzyme [17]. After enzymatic
removal of N-glycans from tryptic peptides from GC (Cerezyme), three of five predicted
glycosylated peptides from GC were observed in MALDI-TOF MS, substantiating N-
glycosylation at residues 59, 146, and 270 with MS (Table 3). As can be seen in Table 3
and Fig. 7, deglycosylation of an N-glycosylated peptide induces a mass shift of +0.986
amu compared with the predicted peptide mass. This mass increase is the result of a
deamidation of the glycan-binding asparagine to an aspartate in the course of enzymatic
removal of the glycan, resulting in a theoretical 0.984-amu mass increase. Peptides
containing a fourth predicted glycosylation site, N19, were not observed. One possible
reason for this is that the predicted peptide is fairly large (m/z 4203.94). Alternatively, in
the crystal structure of enzyme deglycosylated with N-glycanase, a GlcNAc moiety is still
attached to the N19 residue [18], indicating that perhaps deglycosylation at this site is not
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very efficient. In addition, the data show that the fifth predicted N-glycosylation site is not
glycosylated given that the predicted peptides containing N462 (i.e. 434-463 and 442-463)
were observed at exactly the predicted m/z values (Table 3) and with equal intensity in both
PNGase treated and untreated samples.

Conclusions

Using GC as an example, we have developed a fast and convenient method to monitor
protein properties on the molecular level using SELDI-TOF MS. Through the activated
surface of a PS20 ProteinChip Array with epoxide functionality, a monoclonal antibody
was covalently immobilized. The high antigen specificity of the antibody allowed
enrichment of the antigen via only a couple of simple wash steps. The whole procedure
takes only approximately 3 h. On-chip tryptic digestion of bound protein yielded MS
detectable GC peptides, a number of which contained amino acid 444, a residue frequently
mutated in Gaucher carriers and patients. Therefore, this method might provide a way to
monitor the levels of GC in leukocyte extracts from “compound heterozygote”
L444P/N370S Gaucher patients. Our aim is to relatively quantify GC protein levels in by
determining relative peak intensities associated with peptides from both proteins. For
example, the intensity of an unmodified peptide (e.g., 304-321, m/z 2101) will be
compared to that of a peptide carrying a mutation (e.g., L444P in 442-463, m/z 2307). In
N370S/L444P compounds, the only possible source of peptides at m/z 2307 is N370S
protein; as we have shown here, this peptide is absent in L444P GC. The intensity of the
peak at m/z 2101, however, will have contributions from both L444P and N370S protein.
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Figure  6. Sequence coverage of GC after in solutio digestion with trypsin in MALDI-TOF MS (light) and after capture with the
8E4 antibody, subsequent on-chip tryptic digestion, and SELDI-TOF MS (dark).
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Hence, the ratio of these intensities will contain information on the relative contributions
of mutated GC levels present in these compound Gaucher patients. To establish the value
of such measurements for better prediction of clinical course, leukocyte GC from a series
of patients will have to be examined and the relationship between disease severity and
proportions of mutated GC proteins needs to be established. The method was found to be
extremely sensitive, allowing detection of intact GC in the femtomolar range (level of
detection ~35 fmol). GC peptides after tryptic digestion are even more sensitively detected
due to the better ionization behaviour of peptides. Initial experiments showed that in the 
peptide range (<5 kDa), as little as 10 fmol can be detected.

The described technique may also prove to be a powerful tool when studying, for
example, posttranslational modifications of proteins present in complex mixtures such as
serum or plasma. The possibility to sensitively monitor (sub)populations of biomolecules
and study the degree of variability brought about by methylation, phosphorylation or
glycosylation processes under different conditions may yield important information about
regulatory mechanisms. Studies in this direction are currently carried out in our laboratory
as well. The described approach could also be extended to other platforms. Magnetic beads
with epoxide funtionalities similar to the PS20 protein chip arrays used in this study are
available from several manufacturers (e.g., CLINPROT magnetic beads from Bruker
Daltonics, Dynabeads from Dynal Biotech). Magnetic beads offer the opportunity to
quickly enrich target proteins and are compatible with regular MALDI-TOF MS analysis,
providing higher mass accuracy.

156

Chapter 10

Figure 7. MALDI-TOF mass spectra of tryptic peptides of deglycosylated and intact GC.
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Table 3. Summary of putatively glycosylated asparagine residues.

Residue Observed m/z(-PNGase) Observed m/z(+PNGase) Theoretical m/z Peptide

N19 - - - -
N59 - 2808.46 2807.44 49-74
N59 - 2964.53 2963.54 48-79
N146 - 2848.31 2847.26 132-155
N270 - 1632.93 1631.82 263-277
N462 2305.25 2305.26 2305.20 442-463
N462 3087.66 3087.67 3087.66 434-463

Note. Shown are observed and theoretical m/z values (MALDI-TOF MS) with and without deglycosylation of tryptic peptides of
GC with PNGase.

1 The recombinant and natural forms of GC differ in one amino acid. At position 495, a
histidine in the natural form (Ceredase, Genzyme, purified from human placenta) is
changed to an arginine in the recombinant form (Cerezyme, Genzyme, recombinantly
expressed in a Chinese hamster ovary [CHO] cell line).
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Abstract

Fabry disease (OMIM 301500) is an X-linked lysosomal storage disorder with
characteristic vascular, renal, cardiac and cerebral complications. Globotriaosylceramide
(Gb3) accumulates in Fabry patients as a result of α-Galactosidase A deficiency. The
phenotypic variability is high, but the relationship between clinical symptoms in individual
Fabry patients has not been uniformly documented. Also, the relation between the most
prominent biochemical abnormalities, elevated Gb3 levels in plasma and urine, and
clinical symptoms is not firmly established. Clinical and biochemical characteristics of 96
(25 deceased) Dutch Fabry patients were collected retrospectively and before the initiation
of enzyme therapy. Clinical assessment revealed that median life expectancy was 57 yrs
for male and 72 yrs for female patients. Cerebral complications, acroparesthesias and
gastrointestinal complications, but not cardiac and auditory complications, were all seen
more frequently in male than female patients. Glomerular filtration rate (GFR) was highly
variable in male patients, including 2 patients with GFR<30mL/min, but median GFR did
not differ between males and females (103 and 101 mL/min respectively). Hyperfiltration
was more frequently observed in the female patient group. Microalbuminuria was present
in 60% of males and 45% of females. No specific pattern of combined symptoms existed
except for a relationship between left ventricular hypertrophy (LVH) and cerebral
complications (males 36%, females 32%), or proteinuria (males 35%, females 31%). Gb3
was found to be more elevated in plasma samples from male (n=26; median 6.27 mmol/L
(1.39-9.74)) than female Fabry patients (n=37; median 2.16 (0.77-4.18)). This was also
observed for urinary Gb3: males (n=22; median 1851 nmol/24h (40-3724)), females
(n=29; median 672 (86-2052)). Plasma and urinary Gb3 levels correlated with each other
in both males (ρ=0.4, P=0.05) and females (ρ=0.4, P=0.03), but no correlation between
elevated Gb3 levels and clinical symptoms could be detected. In conclusion, analysis of
the characteristics of the Dutch Fabry cohort has revealed that a limited relationship
between various disease manifestations exists and that individual symptoms do not
correlate with elevated urinary or plasma Gb3 levels, limiting their value as surrogate
disease markers.

Concise summary:
Globotriaosylceramide (Gb3) is used as a surrogate marker for Fabry disease to evaluate

the efficacy of enzyme replacement therapy, but its relationship with clinical disease
measures has never been systematically studied. We show that individual symptoms do not
correlate with urinary or plasma Gb3 levels. In addition, we found that there is a limited
relationship between disease manifestations, suggesting that there is no strict sequence of
clinical events.
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Introduction

Fabry disease (OMIM 301500) is an X-linked lysosomal storage disorder caused by the
deficiency of the lysosomal enzyme α-Galactosidase A (α-Gal A) [1,2]. This results in
accumulation of specific glycosphingolipids (mainly globotriaosylceramide, Gb3) in
lysosomes of all cells in the body. Clinical complications are mostly of vascular origin and
comprise progressive renal insufficiency, cardiac infarction or hypertrophy, arrhythmias
and cerebral infarctions [3].  During childhood the main symptoms consist of episodes of
excruciating pain in hands and feet (acroparesthesias), and absence of sweating
(anhidrosis). Recently it has become more broadly appreciated that female carriers can also
exhibit complications, although usually the disease has a more attenuated or protracted
course in these patients [4]. There is a striking variability in the severity of symptoms and
complications between patients, even within the same family [5]. No clear genotype-
phenotype correlation has been demonstrated, though it has been suggested that patients
with no residual enzyme activity may develop renal insufficiency earlier than those with
residual α-Gal A activity [6]. Markers to identify patients at risk to develop early
complications of the disease are currently unavailable. The importance of identifying early
signs, symptoms or biochemical abnormalities that may relate to progressive disease has
gained further attention as a result of the recent development of enzyme replacement
therapy for Fabry disease [7,8]. Insight into the natural course of a chronic disorder and the
value of markers with regard to optimization of therapy has already been acknowledged
for other diseases, such as Gaucher disease [9]. A number of studies presenting data on the
natural course of Fabry disease are available [4,10-15], but apart from the study on Fabry
females presented by Gupta et al. [12], none of these focus on the full clinical picture
combined with biochemical parameters. Extensive data sets revealing a relation between
clinical symptoms and/or a logical sequence of symptoms are still lacking. The
Netherlands, with a population of 16 million inhabitants, has one allocated center for
treatment and evaluation of Fabry disease, allowing us to provide detailed clinical and
biochemical records of a large cohort of Fabry patients, and to describe the life expectancy
and causes of death of Fabry patients based on retrospective data.

The goal of the present study was to analyze the relation between different clinical
symptoms of Fabry disease patients and to establish a possible correlation between these
symptoms and Gb3 levels in plasma and/or urine samples.
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Patients & methods

Patients
All patients who were seen at the Adult Clinic for Inherited Metabolic Diseases of the

Academic Medical Center in Amsterdam between 1999 and 2005, in whom a full set of
clinical and biochemical data was obtained, were included in this study (current cohort).
In addition, medical records from 25 deceased patients with a confirmed diagnosis of
Fabry disease (10 females and 15 males) were retrieved from other hospitals (historic
cohort). These data were collected from pedigree analysis performed by de Groot [16] and
by detailed analysis of family histories. Also, we obtained data from studies performed on
Fabry disease between 1970 and 1985 at the department of biochemistry in our hospital,
which at that time already acted as a referral center for diagnosis of Fabry disease.

Data obtained from the patients of the historic cohort were used to generate an overview
of causes of death and perform survival analysis only.  Patients were diagnosed with Fabry
disease either by demonstration of reduction of α-Gal A activity in leukocytes or DNA
mutation analysis. If this information was not available, a reliable diagnosis of Fabry
disease was considered if a characteristic clinical picture was present and  Fabry disease
was enzymatically confirmed in two or more children of that particular patient.

Clinical evaluation
A complete medical history and physical examination was obtained from the patients of

the current cohort. Renal function was estimated by calculating the creatinin clearance
from plasma creatinin and total urinary creatinin in a representative 24 hours urine
collection. Quantitative analysis of micro-albuminuria and/or proteinuria was done. A
standard brain magnetic resonance imaging (MRI) evaluation for presence of (lacunar)
infarctions was performed. In scoring for lacunar infarctions, abnormalities resulting from
perivascular spaces (which are distributed in a characteristic pattern) were excluded. In all
patients an electrocardiogram (ECG) and cardiac ultrasound was performed. Left
ventricular hypertrophy (LVH) was defined as a left ventricular mass (LVmass) >259 g in
males and >166 g in females [17]. In patients who were eligible for enzyme replacement
therapy (ERT), based on the presence of significant renal, cardiac or neurological
complications [18], assessment of glomerular filtration rate (GFR) using simultaneous
infusion of iothalamate and hippuran was performed. This method is very accurate with an
intratest coefficient of variation of 1.93± 0.20% [19]. The filtration fraction (FF) was
calculated as the ratio of GFR and effective renal plasma flow (ERPF). Hyperfiltration is
defined as a GFR of more than 125 mL/min or a FF of more than 0.25 based on local
reference values obtained from a healthy Dutch population (with a normal glucose
tolerance test), with 95% of measurements below this cut off value. Hearing tests were
performed using conventional audiometry. Hearing loss was defined conductive (air-bone
gap of 15 dB or more for 0.5, 1 and 2 kHz) or sensorineural (average air-bone gap of les
than 15 dB for 0.5,1 and 2 kHz). Impairment was evaluated using pure-tone averages
(PTAs) for 0.5, 1 and 2 kHz. Impairment was classified as normal (0-25 dB) mild (26-40
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dB), moderate (41-55dB) moderately severe (56-70dB) or severe (>70 dB).
Ophthalmologic evaluation was performed for the presence of cornea verticilata.

Overall severity of disease was assessed using the Mainz Severity Score Index (MSSI)
[20]. In brief, the MSSI is composed of four sections that cover the general, neurological,
cardiovascular, and renal signs and symptoms of the disease. Within the general section,
items such as facial appearance, angiokeratoma, edema, and diaphoresis are listed, while
in the neurological section the presence or absence of tinnitus, vertigo, acroparesthesia and
pain, as well as cerebrovascular events are scored. The cardiac section encompasses left
ventricular hypertrophy, ECG abnormalities, valve insufficiencies, presence or absence of
a pacemaker and hypertension, while the renal component scores proteinuria up to end
stage renal failure. The total scores are reported to represent mild (<20), moderate (20-40),
or severe (>40) Fabry disease.

Pain assessment and quality of life questionnaires
Determination of the quality of life of patients with Fabry disease was performed using

the SF-36 [21]. Assessment of pain was performed using the Brief Pain Inventory (BPI) as
has been used in a clinical trial with Agalsidase alfa [8].

Enzyme activity and DNA mutation analysis
α-Galactosidase A activity was measured in leukocytes according to Desnick et al. [22].

To inhibit α-Galactosidase B activity the measurement was performed in the presence of
0.1 molar N-Acetylgalactosamine [23]. No special efforts were made to further
characterize the residual α-Galactosidase A activity. DNA-mutation analysis was
performed as earlier described [5].

Globotriaosylceramide (Gb3) analysis in plasma and urine
Levels of Gb3 in plasma were measured by High Pressure Liquid Chromatography

(HPLC) with a method slightly modificated from the one described by Taketomi et al. [24].
To 50 μL of plasma 1 nmol of C18-sphinganine was added as internal standard. Lipids were
extracted according to Folch [25]. The lipids were hydrolyzed in borosilicate glass tubes
(Schott GL14, 12x100 mm) with polytetrafluoretheen-lined screw caps in 0.5 mL of
freshly prepared 0.1 M NaOH in methanol, using the CEM microwave Solids/Moisture
System SAM-155 oven, equipped with a rotating Teflon tray with 36 tube holes, 60 min at
85% of maximum power. Deacylated glycosphingolips and sphingoid bases were
derivatized with 25 μL OPA reagent as described by Merril et al. [26]. OPA-derivatized
sphingoid bases and lyso-glycosphingolipds were separated using an HPLC system
(Waters Associates, Molford, MA) with an Altima BDS C18 3 μm, 150x4,6 mm reverse
phase column and methanol:water; 88:12 (w/w as eluent). All samples were run in
duplicate and in every run two reference samples were included. Coefficient of variation:
inter-assay 4%, intra-assay < 14%.

Urinary glycolipids were extracted from sediment obtained after spinning 100 mL urine
at 28.000g for 1 hour according to Folch [25]. The chloroform phase was applied to a

165

The Dutch Fabry cohort

versie 17-04.qxp  17-4-2008  10:51  Pagina 165



chloroform equilibrated LiChrolut RP18 column (Merck, Darmstadt, Germany). Bound
glycolipids were eluated with aceton:MetOH (9:1) v/v and dried under nitrogen. Gb3 was
isolated on HPTLC (HP-TLC-silicagel 60) with development solvent of
CHCl3/MetOH/H20 50/21/3 v/v/v. Lipids were identified with orcinol staining and
quantified using reference standards by density scanning (Scanning Quantity One).

Statistical analysis
All results are expressed by median and range. Differences between variables were

calculated using the Mann Whitney U test. Life expectancy was calculated by Kaplan-
Meier analysis of all patients before start of enzyme replacement therapy. Correlations
between variables are described with the use of Spearman rank correlation coefficients. P-
values less than 0.05 were considered significant.

Results

Patients
In total 110 adult patients were identified, born between 1898 and 1988, of whom 85

patients, 50 females and 35 males, were still alive (current cohort). Fourteen of these
patients (6 females and 8 males) were excluded, because only limited clinical and
biochemical data were available. These patients did not differ from the other 71 patients
(44 females (median age 41 years (range 16-73)) and 27 males (median age 42 (range 16-
64)), with respect to disease severity. In addition, records on the age and cause of death
were available for 25 deceased patients (historic cohort).

Table 1.

Males Females
Number of Median age of Number of Median age of 
patients death (range) patients death (range)

Cardiac event 7  49 (32-65) 2    70 (65-74)
Cerebral accident or MID     1  55 3  73 (70-76)
Renal insufficiency 4 55 (33-65) 3 52 (36-72)
Other 3 58 (42-61) 2 65 (55-75)

MID = Multiple infarct dementia

All patients were of Caucasian extraction and lived throughout the Netherlands. Detailed
clinical information was available from the current cohort only. Causes of death (historic
cohort) are listed in Table 1. Median age of death for all causes was 49 years (32-65) in
males and 70 years (36-76) in females. Survival analysis showed a median life expectancy
of 57 years (95% CI 52-62) for male patients and 72 years (95% CI 69-75) for female
patients (Fig. 1), patients who died of renal complications before the availability of dialysis
(±1960) were excluded from the analysis. Analysis of patient survival including two
patients who died of uremia before 1960 did not result in a different outcome.
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Enzyme activity and DNA mutation analysis
Enzyme activity in leukocytes was measured in 23 male patients; all had low to deficient

activity. Six male patients (26%) had no detectable residual enzyme activity. As expected,
in female patients leukocyte α-Gal A activity was variable. Of the 39 female patients
tested, seven (18%) had (near) normal levels (Fig. 2A). In all families in which DNA-
mutation analysis was performed the responsible α-Gal A mutation was identified (Table
2). In total 20 different mutations were found, spread over the 7 exons of the α-Gal A gene.
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Figure 1. Kaplan Meier survival analysis of Dutch Fabry patients (n=96). Median survival of 57 years (95% CI 52-62) for males
and 72 years (95% CI 69-75) for females.
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Figure 2. (A) Residual α-galactosidase A activity in Fabry males (n=23) and females (n=39). Enzyme activity was measured as
described in Patients and Methods. Activity is expressed, as % of the lower limit (mean - 2 SD) of values in normal subjects. (B)
Prevalence of individual symptoms in male (n=27) and female (n=44) patients of the Dutch Fabry cohort. Prevalence of each
symptom is expressed as % of total number of patients.
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Signs and Symptoms
All Fabry-related signs were seen more often in male than in female Fabry patients (Fig.

2B.)  Acroparesthesias (chronic mild to moderately neuropathic pain in hands and feet) at
the time of visit to the clinic was reported by 82% of male versus 23% of female patients.
However all males, except two, had suffered from acroparesthesias in their early teens.
Gastrointestinal symptoms defined as nausea, vomiting, diarrhoea and abdominal
distensibility were reported by 12% of the female Fabry patients and 33% of the male
Fabry patients.

Table 2. Mutations in α-Galactosidase A gene in the Dutch Fabry cohort (coding sequence and protein nomenclature according
to http://www.hgvs.org/mutnomen/; reference sequence NM 000169.1).

No. patients/       Residual activitya

Exon   Mutation       families            [median (range)]
1 c.53t>c p.Phe18Ser 12/1 3.3, 8.2; n=2

c.179c>t p.Pro60Leu 1 NA
2 c.215t>g p.Met72Arg 1 NA

c.335g>a p.Arg112His 6/1 4.6 (2.7–7.6); n=4
3 c.406g>t p.Asp136Tyr 5/1 0; n=3  

c.436c>t p.Pro146Ser 1 NA
c.606del p.Cys202TrpfsX38 2/1 NA

4 c.548g>a p.Gly183Asp 3/1 3.6; n=1
5 c.658c>t p.Arg220X 8/2 0 (0–5.9); n=5

c.677g>a p.Trp226X 3/1 2.9, 6.7; n=2
c.680g>a p.Arg227Gln 3/1 NA
c.679c>t p.Arg227X 2/1 0.6; n=1
c.718–719del p.His240GlufsX9 1 NA

6 c.893a>g p.Asn298Ser 1 7.3; n=1
c.897c>g p.Asp299Glu 1 NA

Intron 6 c.1000–2A>T 1 NA
7 c.1025g>a p.Arg342Gln 16/2 3.4 (1.8–4.5); n=4

c.1072–1073del p.Glu358AspfsX16 1 NA
c.1123–1175del p.Gly375 Arg392>GlufsX6   1 NA
c.1156c>t p.Gln386X 2/1 NA

Cerebral complications
MRI data were available for 41 females and 25 males. Complications defined as a CVA

or (asymptomatic) lacunar infarctions on MRI were present in 13 (32 %) of female patients
(median age 52 (24-72)) and in 12 (48 %) male patients (median age 46 (16-64)).

Renal complications
According to the K/DOQI (kidney disease outcomes quality initiative chronic kidney

disease) classification [27] 8 males (30%) and 15 females (43%) suffered from Stage 1
chronic kidney disease (CKD) (GFR > 90 mL/min and persistent proteinuria), 3 males
(11%) and 3 females (7%) Stage 2 CKD (GFR 60 to 89 mL/min and proteinuria), 5 males
(19%) and 2 females (5%) Stage 3 CKD (GFR 30 to 59 mL/min), 2 males (7%) Stage 4
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aResidual α-galactosidase A activity (median and range, male patients only) is expressed as percentage of the lower limit (mean
.2 SD) of values in normal subjects, NA = not applicable.
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CKD (GFR 15 to 29 mL/min) and 1 male (4%) Stage 5 CKD (GFR < 15 mL/min). This
was increased in comparison to the prevalence of CKD in the general Dutch population:
1.3%, 3.8%, 5.3%, 0.1% and 0.1% for Stage 1 to 5, respectively [28]. Creatinin clearance
declined in both male and female patients over time. However a large proportion of
patients maintained an estimated GFR of more than 60 mL/min up to 60 years of age (Fig.
3A). One male patient developed end stage renal disease at the age of 24 years.
Microalbuminuria (classified as > 30 mg/24h) was present in 45% (19/42) of Fabry
females and 60% (15/25) of Fabry males. There was no correlation between the level of
microalbuminuria and creatinin clearance in female (ρ=0.08, P=0.67) nor in male patients
(ρ=-0.18, P=0.40). Residual α-Gal A activity in leukocytes did not correlate with creatinin
clearance (ρ=-0.12, P=0.34).

In a subgroup of patients (the ones who were eligible for enzyme replacement therapy),
18 females (median age: 47 (21-60)), and 20 males (median age: 42 (19-64)), glomerular
filtration rate (GFR) was measured at baseline. The median GFR was 102 mL/min (30-
135) in the female patients and 103 mL/min (21-154) in the male patients. Hyperfiltration,
defined as a GFR of more than 125 mL/min or a filtration fraction of more than 0.25 was
seen in 78% of females with a median filtration fraction (FF) of 0.27 (0.26-0.32) and in
45% of  males (median FF 0.27 (0.26-0.30)).

Cardiac Complications
Echocardiographic data were available for 18 Fabry males and 38 females (Fig. 3B). Left

ventricular hypertrophy (LVH) was present in 11 males (45%) and 24 females (63%).
LVMass correlated with age (ρ=0.5, P=0.04 and ρ=0.6, P=0.01 respectively).

Auditory symptoms
Pretreatment audiometric data were available for 20 Fabry males and 38 females.  Normal
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Figure 3. Relationship between age and creatinin clearance and left ventricular mass. (A) Scatterplot of retrospective,
crossectional data on creatinin clearance and age of male (n=26, ρ=-0.5, P=0.003) and female (n=43, ρ=-0.3, P=0.05) patients.
(B) Scatterplot of retrospective, crossectional data on left ventricular mass values and age of male (n=18, ρ=0.5, P=0.04) and
female (n=38, ρ=0.6, P=0.01) patients. Estimated regression lines for male (solid line) and female patients (dotted line) are
depicted.
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hearing (PTA most affected ear <25 dB) was seen in 75% of male and 87% of female
patients. Sensorineural hearing was more frequently noted in patients aged > 40 years.

Table 3. Mainz severity score of Dutch Fabry cohort.

Females Males P
n 39 23
Age (median (range)) 38 (16-72) 42 (19-64) NS
General 1   (0-7) 5  (0-13) <0,001
Neurological 3   (0-9) 9  (0-14) <0,001
Cardiovascular 2   (0-16) 9  (0-15) NS
Renal 0   (0-8) 4  (0-12) <0,001
Total MSSI score 10   (0-32) 22  (2-59) 0,001

Mainz Severity Score Index
Complete datasets for assessment of severity of disease (MSSI) were available for 39

Fabry females and 23 males with a median age of 38 (range 16-72) and 42 (range 19-64)
years, respectively. Table 3 shows the overall score and subscores (general, cardiovascular,
renal and neurological). Median overall score for Fabry females was 10 (range 0-32) and
for males 22 (range 2-59), which strongly correlated with age (ρ=0.7, P<0.01 in both
groups). A statistically significant difference between both sexes was present for general,
neurological and renal scores, but not for cardiovascular score.

Quality of Life/Painscore
Quality of life was measured using the SF-36. Both male and female patients report a

lower quality of life as compared to healthy individuals. When comparing male patients to
female patients, a tendency towards a higher quality of life was seen in the males (P=
0.053). No difference in BPI score (question 3, pain at its worst) between male and female
patients could be detected (P=0.28).
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Note. Median value and range are presented for the subscores (general, cardiovascular, renal and neurological; for details see the
description in Materials and Methods) and for the total MSSI score. Differences between females and males are analyzed by the
Mann Whitney U test. NS= not significant
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C
erebral

com
plications

Proteinuria

Renal failure                          10        13         17         21

LVH                         10                      20          36          35

Auditory
complications
Cerebral
complications

Proteinuria

13          20                       29         18

17          36         29                       29

21          35         18          29 

Females

R
enal failure

LV
H

A
uditory

com
plications

C
erebral

com
plications

Proteinuria

Renal failure                            5          3          5           7

LVH                          5                       14          32          31

Auditory
complications
Cerebral
complications

Proteinuria

 3          14                        11         10

 5          32          11                       20

 7          31          10         20 

Table 4. Combined occurrence of two different Fabry-related symptoms in the Dutch patient cohort. Auditory complication is
defined as hearing loss of >25dB. Cerebral complications are defined as a CVA or (asymptomatic) lacunar infarction on MRI.
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Presence of a combination of two Fabry-related symptoms (Table 4)
Renal failure (creatinin clearance <90 mL/min) in combination with microalbuminuria or

proteinuria (>30 mg/24h) was only present in a minority of patients (males 21%, females
7%). The presence of both left ventricular hypertrophy and renal failure (males 10%,
females 5%) or auditory complications and renal failure (males 13%, females 3%) was
relatively rare.

However, both left ventricular hypertrophy and cerebral complications (males 36%,
females 3%) and left ventricular hypertrophy and proteinuria (males 35%, females 31%)
coincide often. In 29% of male patients cerebral complications combined with proteinuria
was present.

Comparison of signs and symptoms with data from the literature
Table 5 summarizes the signs and symptoms found in the Dutch Fabry cohort in

comparison to those reported in previous studies [4,10-15]. Acroparesthesias are less often
reported in the Dutch female patients, also gastro-intestinal symptoms are less frequently
seen in both Dutch male and Dutch female patients as compared to the other reports.
Table 5. Overview of literature data on complaints and symptoms in Fabry patients. Abnormal renal function is defined as
proteinuria or decreased GFR.

Age (years)   Acroparaesthesias     Cerebral          Abnormal renal   LVH        GI
n      (mean)  (%)             complications (%)   function  (%)     (%)  symptoms (%)

Males
MacDermot et al [13] 98        34 77 24 84 88 69
Mehta et al [14] 201       36 76 12 44 46 55
Dutch cohort 27       42 82 48 63 61 33

Females
MacDermot et al [4]             60 45 70 35 35 19 58
Guffon [11] 11 NR 73 9 73 36 27
Whybra et al [15] 20 38 90 15 55 55 50
Mehta et al [14] 165 41 64 27 33 28 50
Deegan et al [10] 248 38 57 25 79 26 50
Gupta et al [12] 57 43 74 7 ≥61 19      ≥53
Dutch cohort 44 41 23 32 48 63          12

Note. NR=not reported

Globotriaosylceramide (Gb3) in plasma and urine
Plasma Gb3 was measured in 26 males and 37 females with Fabry disease. Normal values

for plasma Gb3 are 1.88 ± 1.3 μmol/L based on measurements in 23 healthy controls. Fig.
4 shows that plasma Gb3 was elevated (> 3.18 μmol/L) in the case of 21 (81%) Fabry
males (median 6.27 μmol/L (range 1.39 -9.74)) and 5 (14%) Fabry females (median 2.16
μmol/L (range 0.77-4.18)). Urinary Gb3 excretion (normal <400 nmol/24h) was also more
strikingly elevated in Fabry males (n=22, median 1851 nmol/24h (40-3724)) than Fabry
females (n=29, median 672 nmol/24h (86-2052). Three Fabry males (13%) and 6 females
(20%) presented however values within the normal range. Plasma Gb3 correlated with
urinary Gb3 in both males (ρ=0.4, P=0.05) and females (ρ=0.4, P=0.03). Analysis of the
abnormally elevated plasma and urinary Gb3 levels in relation to age failed to reveal a
correlation in both males (ρ= 0.1, P=0.6 and ρ=0.1, P=0.7, respectively) and females (ρ=-
0.3, P=0.6 and ρ=-0,2, P=0.4, respectively).

171

The Dutch Fabry cohort

versie 17-04.qxp  17-4-2008  10:51  Pagina 171



Correlation between clinical symptoms and urinary and plasma Gb3 levels
No correlation between plasma and urinary Gb3 levels and most of the clinical parameters

(pain, creatinin clearance, microalbuminuria, hearing loss and residual α-Gal A activity in
leukocytes) could be established (Table 6).  In both male and female patients a correlation
between plasma Gb3 and LVH and plasma Gb3 and MSSI was noted. However when
analyzing patients with elevated plasma Gb3 levels (> 3.18 μmol/L) only, this correlation
was lost (males: ρ=0.4, P=0.2 and ρ=0.3, P=0.2, females ρ=0.0, P=1 and ρ=0.6, P=0.4,
respectively). The same trend was seen in the correlation between urinary Gb3 and LVH
and urinary Gb3 and MSSI in male Fabry patients, when excluding patients with urinary
Gb3 levels within the normal range (<400 nmol/L) no correlation was seen (ρ=0.3, P=0.4
and ρ=0.3, P=0.3, respectively).

Plasma Gb3
a Urinary Gb3

a

Female        Male           Female          Male

Pain (BPI-3) ρ -0.1 (31) 0.18 (20) -0.27 (28) 0.08 (20)
P 0.6 0.4 0.2 0.7 

LVMass ρ 0.6 (32) 0.51 (16) 0.34 (27) 0.53 (14)
P 0.01 0.04 0.08 0.05

GFR ρ -0.4 (17) -0.34 (18) -0.27 (17) 0.04 (18)
P 0.09 0.2 0.30 0.9

Creatinine clearance ρ -0.3 (37) -0.06 (22) -0.03 (29) 0.03 (20)
P 0.12 0.8 0.9 0.9

Microalbuminuria ρ 0.26 (36) 0.21 (21) 0.20 (29) 0.13 (20)
P 0.12 0.35 0.3 0.59

Hearing loss ρ 0.06 (32) 0.38 (18) -0.05 (28) 0.29 (17)
P 0.7 0.12 0.8 0.25

% α-Gal A activity ρ -0.30 (35) -0.26 (20) -0.29 (28) -0.34 (20)
P 0.08 0.27 0.1 0.1

MSSI total ρ 0.59 (33) 0.47 (21) 0.17 (28) 0.52 (20)
P 0.001 0.03 0.4 0.02
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Figure 4. Relationship between plasma (A) and urinary (B) Gb3 levels and age of male (n=26 and n=22, respectively) and female
(n=37 and n=29, respectively) Fabry patients. Correlations between elevated levels of plasma and urinary Gb3 and age: ρ=0.1,
P=0.6 and ρ=0.1, P=0.7 resp. for males and ρ=-0.3, P=0,6 and ρ=-0.2, P=0.4 resp. for females. ULN: upper limit of normal.

Table 6. Correlation coefficients (ρ, P-value) between clinical symptoms and plasma Gb3 in males and females and urinary Gb3
in males and females. aThe number of analyzed patients is given in brackets.
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As cerebral complications were reported dichotomously no correlations could be
calculated. Analysis of differences in levels of urinary and plasma Gb3 in patients with and
without cerebral complications revealed a higher level of plasma Gb3 in male patients with
cerebral complications (P=0.01). This difference was still present after elimination of
patients with plasma Gb3 levels within the normal range. No differences in levels of
urinary and plasma Gb3 could be detected between females with and without cerebral
complications.

Discussion

This study describes a large cohort of Fabry patients for which clinical data on the whole
spectrum of disease manifestations were obtained in a uniform way. In addition, detailed
information on causes of death from a historic cohort of 25 deceased patients was
available. Although a high proportion of the complete population diagnosed in the
Netherlands was included in the study, there can be an overestimation of symptomatology,
since less severely affected patients may remain undiagnosed. Survival analysis in our
cohort reveals a median life expectancy of 57 years for males and 72 years for females
showing a more favourable outcome as compared to previous studies [4,13]. Comparison
of the observed clinical features of the Dutch Fabry cohort with reports on other cohorts
reveals some minor differences. LVH is more common in the Dutch female patient group
(63%) as compared to reports on other female patient populations 19% [4], 36% [11],
55% [15] and 28% [14]. Data on cardiac involvement for the cohort described by
MacDermot et al. [4] were solely based on information collected through questionnaires
and Guffon [11] only reported on a very small group of patients. Our female cardiac data
can be best compared to the results reported by Whybra et al. [15], Mehta et al.[14] and
Deegan et al. [10], revealing that the average age of the female patients in the Dutch
cohort, was slightly higher. This may contribute to the higher incidence of cardiac
involvement in the Dutch female Fabry patient population.  In addition, cerebral
manifestations were also more prevalent in both male (48%) and female (32%) patients in
the Dutch Fabry cohort. For example, Gupta et al [12] reported small infarctions on brain
MRI in only 7% of Fabry females. The fact that LVH is an independent predictor for the
presence of cerebrovascular complications [29,30] and the lower frequency of LVH in the
patient cohort described by Gupta (19% vs. 63% in the Dutch cohort) may contribute to
this difference. Variation in age, environmental factors and blood pressure may also
contribute to the differences between the two patient cohorts. Gastrointestinal symptoms
are less frequent in the Dutch patient cohort. Acroparesthesias or neuropathic pain were
only observed in about one fourth of the Dutch females. The differences in methodology
to capture these relatively subjective symptoms may contribute to the discrepancies with
previous studies. To assess the overall severity of Fabry disease manifestations Mainz
Severity Score Index has earlier been developed [20]. The Dutch patient group showed a
substantial lower overall MSSI score as compared to the German Fabry patients studied by
Whybra et al [20]. This difference is not caused by age, as the patients in the Dutch cohort

173

The Dutch Fabry cohort

versie 17-04.qxp  17-4-2008  10:51  Pagina 173



are of comparable age, but is possibly due to some selection-bias since Whybra only
scored patients who were eligible for enzyme replacement therapy. It should be kept in
mind that using a scoring system for evaluation of severity of disease remains intrinsically
difficult for a disorder like Fabry disease in which variability of symptoms is a hallmark.
Stroke, for example, which may be severely disabling, only counts for 5 MSSI points. If
this is the only feature of the disease, a patient may end up with an overall score below 20,
and classified as suffering only from mild disease.

This report describes the first Fabry cohort in which glomerular filtration rate (GFR) is
measured through infusion of iothalamate and hippuran, generating the possibility to
calculate glomerular filtration fraction. Although the cohort in which GFR is measured
may be subjected to selection bias (these patients were selected to start ERT because of
serious Fabry related organ involvement) some interesting findings need to be discussed.
An elevated filtration fraction or glomerular hyperfiltration was seen more often in the
female patient group. Although end stage renal failure in females heterozygous for Fabry
disease is not very common, the presence of hyperfiltration and microalbuminuria can
clearly be established and represents an early sign of renal insufficiency. This may be an
indication for treatment with angiotensin converting enzyme inhibitors/angiotensin
receptor blockers and/or enzyme replacement therapy.

Interestingly, as recently also indicated by Deegan et.al. [10], we noted no relationship
between the presence of microalbuminuria and/or proteinuria and a reduced creatinin
clearance (<90 mL/min). Both patients with microalbuminuria and normal creatinin
clearance as well as patients with hyperfiltration or reduced creatinin clearance without
microalbuminuria or proteinuria were identified. This emphasizes that there is not always
a strict sequence of nephropathological events which may guide the clinician to install
therapy at an early stage.

We failed to establish a strict course of Fabry disease manifestation characterized by
specific combinations of symptoms. Patients either present with a single Fabry-related
symptom, or show different combinations of symptoms. The only exception seems that
both LVH and cerebral complications and LVH and proteinuria tend to coincide. It is
known that proteinuria predisposes for cardiovascular complications [31]. It is of interest
to note that the combination of cerebral symptoms and proteinuria was only detected in
29% of male and 20% of female patients. The unpredictable heterogeneity in clinical
expression of Fabry disease is further emphasized by the diversity of clinical symptoms in
family members carrying the same mutation (data not shown). This is in line with earlier
observations of a lack of genotype-phenotype correlation. The absence of a stereotypic
course of disease has focused attention to possible surrogate disease markers that might
render a useful tool for a clinician to monitor severity of disease and its progression. The
accumulating globoside Gb3 has particularly been considered as surrogate marker for
Fabry disease. Yet, in our patient cohort, elevated levels of Gb3 in plasma or urine do not
correlate with severity of disease (MSSI). None of the Fabry related symptoms correlated
with Gb3 levels in urine or plasma samples. Although male patients with cerebral
complications show higher levels of plasma Gb3 as compared to males without, the
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clinical value of urinary or plasma Gb3 as a surrogate marker for manifestation of Fabry
disease seems limited, in this cross sectional study. Whether changes in Gb3 are of value
during longitudinal follow-up in relation to ERT,  using ”hard endpoints”  such as death,
progression to end stage renal disease or stroke, has not been addressed here and remains
to be studied. The poor predictive value of plasma or urinary lipid levels is not entirely
surprising. We noted prominent lipid accumulation in placental tissue [32], a finding
illustrating that onset of clinical complications only occurs after several years of lipid
deposition.  Since globotriaosylceramide levels in the circulation and urine proof not to be
very informative, a further search for an alternative surrogate marker is needed.
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Abstract

Fabry disease is an X-linked lysosomal storage disorder, due to a deficiency in α-
galactosidase A. Accumulation of globotriaosylceramide in the endothelium is thought to
cause onset and manifestations of Fabry disease. Currently no blood biomarker is available
that reflects the clinical manifestation. Directed searches in plasma or serum of Fabry
patients for markers of endothelial cell activation have given negative results. To find a
biomarker, we compared serum of controls and Fabry patients using SELDI-TOF MS, an
approach that earlier allowed classification of patients suffering from Gaucher disease,
another lysosomal storage disorder. SELDI-TOF MS serum profiles of symptomatic Fabry
patients and control subjects were classified using principal component discriminant
analysis (PCDA) and support vector machines (SVM). Distinction between Fabry patients
and controls using PCDA showed high error rates, also after variable selection. With SVM,
the prediction error was lower. The permutation test showed that the classification result is
significant, but the misclassification rate is still 16%. Of note, healthy family members
from Fabry patients were misclassified, suggesting that not a true disease-specific
classification is made. In conclusion, our study failed to detect useful discriminatory
differences between Fabry and control SELDI-TOF MS serum profiles.
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Introduction

Fabry disease (McKusick 301500) is an X-linked lysosomal storage disorder. Deficient
activity of α-Galactosidase A leads to accumulation of glycosphingolipids (mainly
globotriaosylceramide, Gb3) in lysosomes [1,2]. Extensive storage occurs in arterial walls,
in particular in endothelial cells. This accumulation is believed to underlie the clinical
manifestations in Fabry disease: progressive renal insufficiency, cardiac infarction or
hypertrophy, arrhythmias and cerebral infarctions [3].

Clinical observations reveal a high incidence of thrombosis in Fabry disease patients [4]
and in mouse models [5,6]. In addition, based upon case histories [7-9] and a study in mice
[10], an association between α-Galactosidase A deficiency and the early development of
atherosclerosis has been suggested, though a more recent study revealed an increased
carotid intima-media thickness in the absence of atherosclerosis in Fabry disease patients
[11]. Laboratory investigations that have been performed to assess determinants of
coagulation or activation of the endothelium are not always in accordance. Elevated levels
of soluble sICAM-1, sVCAM-1, P-selectin, plasminogen activator inhibitor (PAI) and
decreased thrombomodulin [12] suggest a prothrombotic profile in patients with Fabry
disease, although only an elevated level of sVCAM-1 could be confirmed by Demuth et al.
[13]. In a very recent study conducted with a large cohort of Fabry patients in the
Academic Medical Center in Amsterdam, only minimal abnormalities in indicators of
coagulation, fibrinolysis and platelet activation as well as endothelial activation were
detected (Vedder, A.C., Biró, É., Aerts J.M.F.G., Nieuwland, R., Sturk, A. and Hollak,
C.E.M., unpublished data). Very severely affected patients with renal impairment formed
an exception in this respect. The noted plasma abnormalities in these individuals might be
ascribed to their renal insufficiency rather than the underlying disorder itself.
Unfortunately, it has to be concluded that at present no single plasma protein biomarker is
available that reflects unambiguously and reliably the clinical manifestation of Fabry
disease.

Gaucher disease (McKusick 230800), another lysosomal storage disorder caused by
deficiency of glucocerebrosidase, can be effectively treated by enzyme replacement
therapy. This therapeutic approach has been copied for Fabry disease. The recent
availability of therapy based on chronic intravenous administration of recombinant α-
Galactosidase A preparations [14,15] has stimulated the search for surrogate markers of
disease in serum of Fabry patients. It is envisioned that such markers can be exploited to
monitor disease manifestation and the response to therapeutic intervention. Given the
present lack of a single serum protein biomarker for Fabry disease, attention has been paid
to the discovery of discriminative serum protein profiles. Profiling of serum proteins by
means of SELDI-TOF MS (surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry) has become a popular approach to obtain a disease-specific protein
profile. Indeed, we recently have demonstrated that principal component discriminant
analysis of SELDI-TOF MS data obtained from serum specimens allowed classification of
Gaucher disease patients [16]. Cross-validation showed that the sensitivity of the
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discriminatory model was 89% and the specificity 90%. We have next studied in a similar
fashion the value of SELDI-TOF MS serum profiling for discrimination of symptomatic
Fabry disease. The outcome of this investigation is here reported and discussed.

Materials & methods

Subjects
Patients. All patients with Fabry disease studied (n=20, 14 males and 6 females; mean age

41 years, range 18–57) were known by referral to the Academic Medical Center. Table 1
shows the clinical characteristics of the investigated Fabry patients.

Control subjects. The control group consisted of male (6) and female (11) healthy
volunteers (mean age 36 years, range 23–54).

Relatives of Fabry patients. None of the healthy relatives (3) carried the α-Galactosidase
A mutation.

Overall severity of disease was assessed using the Mainz Severity Score Index (MSSI)
[17]. In brief, the MSSI is composed of four sections that cover the general, neurological,
cardiovascular, and renal signs and symptoms of the disease. The total scores are reported
to represent mild (<20), moderate (20–40), or severe (>40) Fabry disease.

Table 1. Patient characteristics of 20 Fabry patients (Median en range)

Females Males P-value

No. of patients 6 14 −

Age 46 (44-57) 42 (18-54) NS

MSSI score 24 (22-32) 27 (12-59) NS

Note: NS, not significant.

Serum samples
Blood samples were collected from patients (before therapeutic intervention) and other

subjects in 7 mL, BD Vacutainer, ‘red-top’ tubes (BD # 367625), and sera were prepared.
Collection protocols were the same for both groups. Blood samples were allowed to clot
at room temperature for 30 min. Subsequently, blood samples were centrifuged at 1300
RCF for 10 min at room temperature. All serum samples were stored at -20°C until
required. Serum samples of Fabry patients were obtained before initiation of therapy.
Approval was obtained from the Ethic Committee. Informed consent was provided
according to the Declaration of Helsinki.

SELDI-TOF MS
Serum samples were surveyed for basic proteins with SELDI-TOF MS making use of the

anionic surface of CM10 ProteinChip® Arrays (Ciphergen Biosystems Inc., Fremont, CA,
USA). Serum samples (10 μL) were first mixed with 90 μL of denaturation solution (9M
urea [Sigma Chemical Company, St. Louis, MO, USA], 2% CHAPS [Fluka Biochemika,
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Buchs, Switzerland], and 1% DTT [Sigma Chemical Company, St. Louis, MO, USA]) and
incubated at room temperature for 1 hour. An aliquot (10 μL) of this solution was mixed
with 90 μL binding buffer (50 mM Tris [Sigma Chemical Company, St. Louis, MO, USA]
+ 0.1% Triton X-100 [BHD Laboratory Supplies, Poole, Dorset, UK], adjusted to pH 7
with hydrochloric acid [Merck, Darmstadt, Germany]). Before application of the sample
to a CM10 ProteinChip® Array, all spots were equilibrated. To equilibrate the CM10
ProteinChip® Array, spots were washed with 200 μL of binding buffer (two times, 5 min
on a platform shaker) by using a Ciphergen Biosystems 96-well bioprocessor. After
equilibration, buffer was removed and samples were added. Fabry and control samples
were applied in random order. The samples were allowed to bind to the anionic surface for
40 min at room temperature on a platform shaker. Subsequently the ProteinChip® Arrays
were washed with 200 μL binding buffer (two times, 5 min on a platform shaker). Next the
ProteinChip® Arrays were washed with 200 μL binding buffer without Triton X-100 (two
times, 5 min on a platform shaker). After a brief wash with deionized water (to remove
salts) ProteinChip® Arrays were dried on air. Prior to SELDI-TOF MS analysis, matrix was
added to each spot (two times 0.5 μL of sinapinic acid [Fluka Biochemika, Buchs,
Switzerland] (10 mg/mL) in 50% aqueous acetonitrile [Merck, Darmstadt, Germany]
containing 1% TFA [Fluka Biochemika, Buchs, Switzerland]). After co-crystallization of
the (bound) proteins with the matrix molecules, a pulsed nitrogen laser was used for
ionization of the samples. ProteinChip® Arrays were analyzed using a PBSIIc
ProteinChip® Reader (Ciphergen Biosystems Inc., Fremont, CA, USA), a linear laser
desorption/ionization time-of-flight mass spectrometer equipped with time-lag focussing.
The result is a mass spectrum composed of the mass to charge ratios (m/z values) and peak
intensities originating from the desorbed (poly)peptide ions. All spectra were acquired in
the positive-ion mode.

Preprocessing of SELDI-TOF MS data for further analysis

External calibration
Spectra were externally calibrated against a mixture of known peptides (All-in-1 Peptide

Standard, Ciphergen Biosystems Inc., Fremont, CA, USA). The pre-mixed peptide
standard includes arg8-vasopressin (1084 Da), somatostatin (1637 Da), porcine dynorphin
(2147 Da), human adrenocorticotropic hormone (1–24) (2933 Da), bovine insulin β-chain
(3495 Da), human insulin (5807 Da), and hirudin BHVK (7033 Da).

Spot-to-spot calibration
Spot-to-spot calibration is a feature of the ProteinChip® Software that accounts for the

spot-to-spot variation that can occur on an individual array. To determine the correction
factors for the different positions on an array we used a set of peaks that is always present
in our spectra. The correction factors for the different positions on an array are applied to
the corresponding mass spectra and used in the recalculation of the masses.
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Baseline subtraction
The ProteinChip® baseline algorithm removes offsets in the spectra that are the result of

how the signal is collected electronically and of chemical noise contributed from the
energy absorbing molecules in the matrix. The algorithm is a modified piecewise convex-
hull that attempts to find the bottom of the spectra and correct the peak height and area.
Baseline subtraction is applied to all spectra.

Peak detection
Peaks were detected with Biomarker WizardTM. Biomarker WizardTM is a feature of the

ProteinChip® Software that is used.

Data analysis

Classification
To find differences between the SELDI-TOF MS serum protein profiles of controls and

Fabry patients we used two classification methods: principal component discriminant
analysis (PCDA) and support vector machines (SVM). These two methods construct
classification rules in different ways, thus we have the opportunity to draw classifier
independent conclusions.
PCDA is a combination of Principal Component Analysis (PCA) and Linear Discriminant

Analysis (LDA). First, PCA is applied to the data to reduce the dimensionality. The PCA
scores are then used in LDA to find a direction that discriminates between the two groups,
by maximizing the ratio of the variance between the groups to the variance within the
groups [18]. PCDA was used exactly as described previously [16].

The rank products variable selection method [19] can be conveniently combined with
PCDA [16]. As a by-product, the PCDA training procedure generates several
discrimination models, all of which describe the difference between cases and controls,
albeit with slightly different discriminant vectors. The loading of a variable in a
discriminant vector can be regarded as a measure of its importance. In each of the models
obtained with cross validation, the variables can be ranked by their absolute loading in the
discriminant vector. Then, if p-fold cross validation is used, where the data is divided in p
parts and in every fold a different part forms the test set and the remaining p-1 parts form
the training set, each variable is ranked p-times. The p ranks of a variable are multiplied to
obtain the variable’s rank product, which is a measure of its overall importance.
A support vector machine (SVM) [20,21] with linear kernel was used to find a hyperplane

that separates the Fabry profiles from the controls. When the classes are linearly separable,
the optimal hyperplane maximizes the distance from the closest objects to the hyperplane.
The class assignment of new samples depends on which side of the hyperplane they are.

All data analyses were performed in Matlab (Mathworks). The SVM algorithm is a
routine in the Bioinformatics Toolbox (Mathworks). The PCDA and Rank Products codes
are available at www.bdagroup.nl
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Normalization and scaling
The data were normalised by dividing each spectrum by its median intensity, making the

intensities of the peaks comparable. Thereafter, the data are auto-scaled: all variables have
zero mean and unit variance. In auto-scaled data, the contribution of a variable to the
classification model is not dependent on the intensity of the signal, but on the relative
difference in signal intensity between the classes.

Statistical validation

Prediction error
The prediction error is used as a measure of the performance of the PCDA and SVM

classification rules. We calculate the prediction error as the misclassification rate in a 10-
fold cross-validation scheme. In this scheme, a model is constructed on a training set after
which an independent set of samples is used to test the model.

Permutation test
The significance of the prediction error is determined using permutation tests. In a

permutation test, the class labels are repeatedly removed and randomly reassigned to
samples to create an uninformative data set of the same size as the data under study.
Building and testing a classifier on many permutations of the data gives a distribution of
the performance found by chance, to which the performance of the classifier on the
original data can be compared. The same classifier building protocol that is applied to the
data is applied to the permutations, including any filtering or other selection of variables
and parameter tuning [22].

Results

Data
Serum samples of controls and Fabry patients were measured with SELDI-TOF MS.

Preprocessing of the spectra was performed according to the descriptions given above. The
resulting data set contained 20 control and 20 Fabry spectra, each consisting of 590 m/z
values between 1000 en 10.000 Da. The protein profiles were normalized by dividing each
profile by its median to arrive at comparable spectra. To prevent the largest peaks in the
protein profiles from dominating the PCA part of the model, the data were auto-scaled. For
cross-validation, auto-scaling was always performed on the training data before modelling
and then the test data was scaled prior to prediction with the scaling parameters of the
training set. By doing this, it is ensured that the prediction of the test data is truly
independent.

Fabry patients vs Controls
Amongst the 20 controls, 3 relatives of Fabry patients were present. These mass spectra

were removed from the control group. The remaining 20 Fabry and 17 control samples
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were used to construct classification models with PCDA and SVM. The models were
tested with 100 cross-validations, repeatedly leaving a small set of samples completely out
of the model training phase. The class labels for the test samples are then predicted. Table
2 shows how often each sample is misclassified with both methods. On average, PCDA
misclassifies 9.3 samples, or 25%. Although the misclassification rate is high, the P-value
obtained from 10,000 permutations is 0.004, suggesting that the differences found are
significant.

Table 2. Percentage misclassified in 100 predictions with PCDA and with SVM

Sample ID PCDA SVM        Sample ID PCDA SVM
F1 59 2 C1 0 0
F2 4 0 C2 1 0
F3 0 0 C3 100 100
F4 75 2 C4 0 0
F5 0 0 C5 1 0
F6 100 100 C6 0 0
F7 0 0 C7 0 0
F8 0 0 C8 90 65
F9 5 0 C9 3 0
F10 2 0 C10 100 100
F11 0 0 C11 83 1
F12 0 0 C12 63 8
F13 14 1 C13 87 98
F14 100 98 C14 0 0
F15 23 5 C15 6 1
F16 7 0 C16 0 0
F17 0 0 C17 0 4
F18 5 3
F19 0 0
F20 0 0

Fig. 1 shows how the misclassification rate of the PCDA classifier depends on the number
of variables selected with rank products. The variables included in the models are best
discriminating m/z values. The performance of PCDA can be improved; using a selection
of 100 m/z values, the misclassification rate is decreased to 21% (7.6 misclassifications).
The five m/z values (>1500 Da) that rate highest in the rank products selection are given
in Table 3. Analysis of the individual m/z values did not reveal a clear relationship with
Fabry status of individuals.
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The SVM classifier performs somewhat better than PCDA; on average 5.9 samples are
misclassified (16 %). The P-value for the SVM result is 0.0001.

Fabry relatives
SELDI-TOF MS protein profiles of three relatives of Fabry patients were predicted with

a PCDA and with a SVM model, which are both constructed using all 20 Fabry patients
and 17 controls. Interestingly, in all cases the subjects were misclassified as being most
likely Fabry patients.

Table 3. The best discriminating variables were selected with rank products

m/z (Da) Rank product
2057.02 222208
1785.08 4.06E+09
1755.77 2.00E+10
1828.05 1.02E+12
3439.20 1.25E+12

Note: The m/z values with the lowest rank products are shown. The lower the rank product, the better discriminating the m/z value
is.

Discussion

In sharp contrast to the earlier positive findings with serum specimens of Gaucher disease
patients, comparable SELDI-TOF MS profiling and PCDA analysis rendered no reliable
discrimination between symptomatic Fabry patients and normal subjects. Six out of 17
control subjects were misclassified as patients. Four out of 20 Fabry patients were
misclassified as normal. It should be noted that the three of the four misclassified patients
were mildly to moderately affected (MSSI: F1(16), F4(24), and F6(23)), However, one
misclassified patient, F14 (MSSI: 46), showed characteristic severe Fabry disease
manifestations.
SVM analysis of the profiles rendered slightly better results; four control subjects and two

patients, F6 and F14, being misclassified. PCDA and SVM analysis were both used to
exclude the possibility that the obtained results are the consequence of the used
classification method. It seems thus unlikely that the poor discrimination that was obtained
both with the PCDA and SVM analysis can be contributed to a particular classification
method.

It might be argued that the procedure used for protein profiling is not sensitive enough to
detect early manifestations of Fabry disease. However, concomitant with misclassification
of Fabry patients as being normal, some control subjects are classified as diseased Fabry
patients. Strikingly, all three unaffected relatives of Fabry patients (R1, R2 and R3) that
were tested were classified as being patient, either using SVM or PCDA. This suggests that
the discrimination may not be primarily based on the underlying disorder but rather on
other characteristics shared by families. This illustrates the importance to use matched
patient and control subjects, possibly even from the same family, in these types of studies.

In conclusion, the outcome of our investigation is negative. SELDI-TOF MS protein

187

Limited value of serum protein profiling for Fabry disease

versie 17-04.qxp  17-4-2008  10:51  Pagina 187



profiling rendered no reliable discrimination between diseased Fabry patients and healthy
control subjects. In hindsight, the result of our investigation is not so surprising since no
single serum biomarker for Fabry disease has been detected so far [23]. It appears that in
contrast to the earlier common believe [3], lipid-laden endothelial cells of Fabry patients
are not grossly abnormal in behavior and function, and are not releasing specific proteins
into the circulation that are detectable by serum protein profiling with the currently
available SELDI-TOF MS methodology.

Supporting information available
SELDI-TOF MS data in mat-files and software for PCDA, cross-validation and rank

products in m-files are available free of charge at www.bdagroup.nl
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Abstract

A biomarker is an analyte that indicates the presence of a biological process, linked to
clinical manifestations and outcome of a particular disease. An ideal biomarker provides
indirect but ongoing determinations of disease activity. In the case of lysosomal storage
disorders, metabolites or proteins specifically secreted by storage cells are good candidates
for biomarkers. Potential clinical applications of biomarkers are found in improved
diagnosis, monitoring of disease progression, and assessment of therapeutic correction.
These applications are illustrated by reviewing the use of plasma chitotriosidase in clinical
management of Gaucher patients, the most common lysosomal storage disorder. The
ongoing debate on the value of biomarkers in patient management is addressed. Novel
analytical methods have revolutionized the identification and measurement of biomarkers
at the protein and metabolite level. Recent developments in biomarker discovery by
proteomics are described and the future for biomarkers of lysosomal storage disorders is
discussed. Besides direct applications for biomarkers in patient management, biomarker
searches are likely to render new insights in pathophysiological mechanisms and metabolic
adaptations, and may provide new targets for therapeutic intervention.
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Introduction

Biomarkers are generally defined as chemical entities, ranging from simple metabolites
to complex proteins and polynucleotides, which indicate the presence of a biological
process linked to the clinical manifestations and outcome of a particular disease. An ideal
biomarker provides indirect assessment of disease activity and may assist in clinical
management. This concept is far from recent. For example, Herman Boerhaave (1668-
1738), one of the founding fathers of modern medicine, already stated in his inaugural
speech at the University of Leiden in 1703 that: “Chemistry is indispensable for medical
science since it renders a spectrum of objective data and offers the most reliable methods
for assessment”. This view is now shared by most clinicians and biomedical researchers as
well as the authorities. In a recent report on biomarkers, the European Agency for the
Evaluation of Medicinal Products (EMEA) states that: “Biomarkers play an increasingly
important role in the development of new drugs. It is expected that they will help to
increase the rate of success of new developments and to expedite the development of
drugs. Also, biomarkers are key in the shift away from the ‘one size fits all’ to ‘the right
drug at the right dose in the right patient’ approach. Hence, biomarkers play an important
role for scientists and industry in drug development and for regulators in the approval
process” (Report on the EMEA/CHMP Biomarkers Workshop, European Medicines
Agency, www.emea.eu.int).

To date biomarkers are already widely used in the clinical management of some
conditions. An obvious example is the measurement of blood glucose and/or glycated
haemoglobin in diabetic individuals. These assessments guide clinicians in decision
making on initiation and optimization of therapeutic interventions.  A less obvious example
of biomarker assessment concerns magnetic resonance imaging (MRI) techniques. It
should be realized that MRI is based on nuclear magnetic resonance of molecules and
should be viewed as a chemical assessment. One striking example of this is quantitative
chemical shift imaging (QCSI) that allows assessment of local fat concentration [1].
Although in the modern clinic in daily practice biomarkers are widely imaged and
assessed, there is a longstanding reluctance among part of the medical community to
accept the growing role of such markers in patient management. There is an ongoing lively
debate among advocates and opponents of the use of imaging and assessments of chemical
structures to support clinical care. Unfortunately, this discussion is sometimes clouded by
subjective arguments. It is evident that proposed biomarkers should not be too hastily
adopted in clinical decision making and that sound proof of their true value has to exist.
Rigorous validation of the relationship between a proposed biomarker and disease activity
and outcome is of key importance. Moreover, biomarkers should assist in, and not strictly
direct, clinical management.

In this review, the identification and application of biomarkers for inherited lysosomal
storage disorders is discussed and their merit is illustrated by plasma chitotriosidase in
Gaucher disease.
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Lysosomal storage disorders: Gaucher disease
The importance of lysosomal catabolic processes is revealed by the existence of at least

40 distinct inherited diseases, the so-called lysosomal storage disorders [2]. The most
prevalent subgroup is the sphingolipidoses, inherited disorders that are characterized by
excessive accumulation of one or more (glyco)sphingolipids. Particularly prominent is
Gaucher disease [3]. After the first clinical case description by Philippe Gaucher in 1882,
it was soon realized this was one example of a distinct disease entity, subsequently
designated as Gaucher disease. Only in 1934 was the primary storage material in Gaucher
disease identified as glucocerebroside (glucosylceramide). This glycosphingolipid is the
common intermediate in the synthesis and degradation of gangliosides and globosides. In
1965 Brady and colleagues, and Patrick 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) [4,5]. Inherited deficiencies in glucocerebrosidase result
in accumulation of its lipid substrate in the lysosomal compartment of macrophages
throughout the body. Different phenotypes (types I, II and III) are generally recognized,
which are differentiated on the basis of the presence or absence of neurological symptoms.
More recently, it has become apparent that a complete deficiency in glucocerebrosidase
activity can occur, resulting in major skin permeability abnormalities with lethal
consequences either prenatally or shortly after birth [6]. The prevalent Gaucher phenotype
is the non-neuronopathic type I Gaucher disease. Age of onset and severity of clinical
manifestations are highly variable. Characteristic symptoms include 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. Type
I Gaucher disease is relatively common in all ethnic groups. It is prevalent among
Ashkenazi Jews, with a carrier frequency as high as about 1 in 15 and an incidence of about
1 in 1000. The most common mutation in the glucocerebrosidase gene of Caucasians,
including Ashkenazi Jews, encodes the amino acid substitution N370S. The heteroallelic
presence of the N370S mutation is always associated with a non-neuronopathic course
[7,8]. Many homozygotes for the N370S mutation develop significant clinical symptoms.
Twin studies and the poor predictive power of phenotype–genotype investigations in
Gaucher disease have clearly pointed out that epigenetic factors also play a key role in
Gaucher disease manifestation [9-11].

Although glucocerebrosidase is present in lysosomes of all cell types, type I Gaucher
disease patients develop storage of glucosylceramide in macrophages only. It is believed
that the storage material stems from the breakdown of exogenous lipids derived from the
turnover of blood cells. Recently, the protein (GBA2) responsible for the ubiquitous non-
lysosomal glucocerebrosidase activity has been identified [12-14]. Most likely this enzyme
protects most cell types of Gaucher patients, with the exception of macrophages, from
massive glucosylceramide accumulation. The glucosylceramide-loaded macrophages of
Gaucher patients show a characteristic morphology with a ‘wrinkled paper’ appearance of
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their cytoplasm, which contains lysosomal inclusion bodies; these cells are referred to as
Gaucher cells. In recent decades it has become apparent that Gaucher cells are not inert
containers of storage material but viable, chronically activated macrophages which
contribute to the 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 macrophages [15,16]. Consistent with
these observations, Gaucher patients show increased plasma levels of several pro-
inflammatory and anti-inflammatory cytokines, chemokines, and hydrolases [17-20].
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, hypermetabolism, gammopathies and multiple
myeloma and hypolipoproteinaemias.

Therapies of type I Gaucher disease have been developed that aim to correct Gaucher
cells or at least prevent further formation of storage cells. Type I Gaucher disease is
presently successfully treated by enzyme replacement therapy (ERT) and substrate
reduction therapy (SRT). ERT is based on chronic intravenous administration of
macrophage-targeted recombinant glucocerebrosidase (Cerezyme; Genzyme Corp.,
Cambridge, MA, USA) [21]. SRT is based on chronic oral administration of N-
butyldeoxynojirimycin (Zavesca; Actelion, Basel, Switzerland) that inhibits
glycosphingolipid biosynthesis [22,23]. ERT is still considered the first choice of treatment
in more severely affected patients [24]. The impressive clinical responses following ERT
and SRT substantiate the concept that Gaucher cells underlie disease manifestation and
progression in Gaucher patients.

Biomarkers of Gaucher cells
Given the prominent role of Gaucher cells in the pathophysiology of the disorder,

considerable attention has been focussed on the identification of plasma markers for such
macrophages. Abnormalities in levels of tartrate-resistant acid phosphatase (TRAP),
angiotensin-converting enzyme (ACE), hexosaminidase and lysozyme in serum samples
from Gaucher patients had been documented for some time (for a review see refs [17,25]).
More lately, increased plasma levels of various cathepsins, among which cathepsin K,
were reported for Gaucher patients [20]. All these proteins are known to be produced by
macrophages. However, none of them appears to be a truly specific marker for the
pathological Gaucher cells and their levels in serum of symptomatic Gaucher patients may
overlap with those observed in healthy subjects. Their use as biomarkers for Gaucher cells
is therefore restricted. The need for a very sensitive and specific plasma biomarker for
Gaucher cells prompted a search for such parameter. This led us to the discovery of a very
marked abnormality in serum of symptomatic Gaucher patients. Serum from such
individuals showed a thousand fold increased capacity to degrade the fluorogenic substrate
4-methylumbelliferyl-chitotrioside [26]. The corresponding enzyme had hitherto not been
described and was named chitotriosidase. The chitotriosidase protein was subsequently
purified and its cDNA was cloned [27,28]. Chitotriosidase was found to be the human
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analogue of chitinases from lower organisms. In situ hybridization and histochemistry of
bone marrow aspirates and sections of spleens from Gaucher patients revealed that
chitotriosidase is specifically produced by storage cells. This is also supported by the close
linear relationship between chitotriosidase and glucosylceramide levels in different
sections of spleens from Gaucher patients [25]. Since glucosylceramide is the best possible
quantitative measure for storage cells, it may be deduced that chitotriosidase production is
directly proportional to Gaucher cell mass. In a culture model of Gaucher cells
chitotriosidase amounts for almost 10% of the total of secreted protein. In sharp contrast,
common tissue macrophages do not produce chitotriosidase. These observations help to
understand the very specific, gross elevation of chitotriosidase in the blood of Gaucher
patients. A relation between the total body burden of storage cells in Gaucher patients and
their plasma chitotriosidase levels has been noted. The plasma chitotriosidase level does
not reflect one particular clinical symptom of Gaucher disease, suggesting that it rather
reflects the sum of secreted enzyme by Gaucher cells in various body locations [26].
Plasma chitotriosidase can be determined by monitoring the hydrolysis of the fluorogenic

substrate 4-methylumbelliferyl-chitobioside. However, the ability of chitotriosidase to
transglycosylate as well as hydrolyze this substrate complicates the enzyme assay [29].
Special care has to be taken to ensure that the enzyme activity is truly proportional to the
amount of chitotriosidase protein. A far more convenient, sensitive and accurate detection
is feasible by measuring the activity of chitotriosidase towards the recently designed
fluorogenic substrate 4-methylumbelliferyl-deoxy-chitotrioside [29]. Interpretation of
plasma chitotriosidase levels is intrinsically complicated by the common occurrence of
particular 24-bp duplication in the chitotriosidase gene, preventing the formation of
chitotriosidase protein [30]. In most ethnic groups about 1 in every three individuals
carries this abnormality and about 1 in every twenty individuals, including Gaucher
patients, is homozygous for this trait [30]. It has been established that carriers of the 24-bp
duplication show half the amount of plasma chitotriosidase detected in individuals with the
wild-type chitotriosidase genotype [31]. It is therefore common to correct plasma
chitotriosidase by a factor of two in the case of Gaucher patients which are carriers of the
24-bp duplication [32]. More recently, we discovered the massive overproduction and
secretion by Gaucher cells of the chemokine CCL18 [18,33]. Plasma CCL18 levels are 10
to 50-fold elevated in symptomatic Gaucher patients. Measurement of plasma CCL18 has
been found to yield an excellent additional tool to monitor changes in body burden on
Gaucher cells. It is particularly useful for the evaluation of those patients which are
chitotriosidase deficient [34].

Plasma chitotriosidase measurement is nowadays commonly employed as a first screen
in the diagnosis of Gaucher disease. Increasing plasma levels reflect gradual accumulation
of storage cells in the patient’s body. In an attempt to assess the utility of plasma
chitotriosidase activity measurement as a biomarker for treatment efficacy, Hollak and
coworkers investigated the relationship between enzyme activity and clinical parameters
[35]. In patients with high clinical severity scores, chitotriosidase levels were usually
above 20000 nmol/mL/h and always above 15000 nmol/mL/h, whereas patients with less
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severe disease tended to have lower values. During enzyme supplementation therapy, the
mean decrease in 12 months was 32% (range, 0–82%) and 78% of patients had a decrease
of more than 15%. In patients with a decrease in chitotriosidase activity of less than 15%
the clinical response to treatment was inferior to that of other patients, with less reduction
in organomegaly in four and bone problems in two patients. In addition, the chitotriosidase
response was related to the severity of the disease; less reduction in plasma activity was
seen in more severely affected individuals. On the basis of this, it has been proposed that
in patients in whom the initiation of treatment is questionable based solely on clinical
parameters, a chitotriosidase activity above 15000 nmol/mL/h may serve as an indicator of
a high Gaucher cell burden and an indication for the initiation of treatment [35]. A
reduction in chitotriosidase activity of less than 15% after 12 months of treatment, in
combination with an insufficient response of at least one clinical parameter, should be a
reason to consider a dose increase. Furthermore, a sustained increase in chitotriosidase at
any point during treatment should alert the physician to the possibility of clinical
deterioration and the need for dose adjustment. A more recent retrospective analysis by
Deegan and coworkers confirmed the value of the use of plasma chitotriosidase in Gaucher
disease management and presented evidence for a comparable application of CCL18 [34].
Very recently, van Breemen and coworkers reported markedly elevated levels of the
chemokines MIP-1α and MIP-1β in plasma of symptomatic Gaucher patients [16].
Interestingly, these proteins were found to be not produced by mature Gaucher cells, but
by surrounding inflammatory cells. A correlation was observed between plasma MIP-1β
and extent of skeletal disease. A lack of response in plasma MIP-1β upon enzyme
replacement therapy was found to correlate with ongoing skeletal disease [16]. Clearly,
rigorous analysis of a large cohort of Gaucher patients is required to establish the value of
plasma MIP-1β as biomarker, especially its value as prognostic marker for skeletal
response to therapy.
A recent report by two treatment centres, the Academic Medical Center, Amsterdam, The

Netherlands and the Heinrich-Heine University, Duesseldorf, Germany, on the long-term
outcome of different ERT dosing regimens excited a discussion on biomarkers [32,36,37].
The study revealed that improvement in haemoglobin levels, platelet count, and
hepatosplenomegaly was not significantly different between both cohorts, whereas plasma
chitotriosidase and bone marrow involvement by magnetic resonance imaging improved
more quickly and was more pronounced in the higher-dosed group [32]. Given their
concerns regarding very high costs associated with ERT and given the acceptable clinical
outcome of low-dose ERT, Zimran and colleagues argued that surrogate markers of disease
like chitotriosidase are of little value [36]. This reasoning is peculiar. Plasma
chitotriosidase is without doubt a valid marker of Gaucher storage cells.  The comment by
Zimran and colleagues should therefore better have been restricted to their belief that there
is no clinical necessity for the more rapid and pronounced removal of Gaucher cells that is
accomplished using a higher ERT dosing regimen. The discussion on this topic is of
broader interest. Fortunately, in the case of type I Gaucher disease most clinical
manifestations, except skeletal complications, are thought to be reversible. One may
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therefore indeed question whether there is any need for a fast reduction of Gaucher cell by
high-dose ERT. However, it seems that in most other lysosomal storage disorders so far,
clinical symptoms are not easily reversed by enzyme therapy. Timely intervention seems
crucial in these cases, for example in Fabry disease [38]. Plasma markers of storage cells
may assist clinicians in the vital decision making on initiation of treatment as well as
optimization of therapy for the individual patient. Awaiting irreversible clinical
manifestations may not be a good strategy.

Biomarkers and lysosomal storage disorders
Presently considerable effort is spend in the detection of useful biomarkers for other

lysosomal storage disorders. Metabolites or proteins specifically secreted by storage cells
are good candidates for biomarkers. Use is made of analysis of gene expression in storage
cells and/or a thorough survey of protein composition of bodily fluids of symptomatic
patients. The latter approach has become more feasible by the recent availability of mass
spectrometric techniques that allow accurate analysis of metabolites or proteins in complex
mixtures like plasma and urine samples. 

Two different classes of potential plasma biomarkers in lysosomal storage disorders
should be distinguished. The first category is formed by the primary (or secondary)
metabolites that accumulate as consequence of the defect in a particular disease. Good
examples are the detection in plasma (or urine) of glucosylceramide, ceramidetrihexoside,
glucose tetrasaccharide, and glycosaminoglycans, respectively, in Gaucher disease, Fabry
disease, Pompe disease and Mucopolysaccharidoses [39-45]. A common disadvantage of
the metabolite marker is that its elevation is not very pronounced, and that the range of
normal levels is relatively broad. Moreover, the exact relation between circulating
metabolite and storage cells in tissues is far from clear in most cases. In type I Gaucher
patients, plasma glucosylceramide correlates with disease severity and chitotriosidase, the
protein biomarker of Gaucher cells (JE Groener, unpublished results). In the case of Fabry
disease however, plasma ceramidetrihexoside has been found to poorly reflect disease
manifestation and therapeutic outcome [46-48].
The second category of potential biomarkers concerns plasma (or urinary) proteins. In the

past conventional biochemical methods led to the identification of various protein
abnormalities in plasma of Gaucher patients, among them chitotriosidase [17]. The
introduction of proteomics, a platform of mass spectrometric (MS) methods suitable for
the detection and identification of proteins, has opened new research avenues. Several
proteomics techniques for studying plasma proteins have been developed in recent years.
The challenge in this respect is daunting. It has been roughly calculated that >106 different
protein molecules reside in plasma and that the dynamic range (difference between the
highest and lowest concentration) is at least >1010 [49]. Approximately half of the total
protein mass in plasma is accounted for by one protein (albumin, present at  55 mg/mL),
while about 10 proteins together make up 90% of the total. At the other end of the
concentration interval are the cytokines, such as interleukin-6 (IL-6), which is normally
present at 1-5 pg/mL. The inherent limitations of present proteomic technologies in
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analyzing plasma in depth have recently been nicely reviewed [49]. The oldest, and most
robust, approach is fractionation of proteins and mass spectrometric identification of
proteins of interest. Fractionation can be accomplished by (multi-dimensional)
chromatography or two-dimensional gel electrophoresis. Proteins can be visualized by
direct staining in gels or by covalent labelling with fluorescent tags. Protein identification
is accomplished by peptide mass finger printing of a tryptic digest or by direct sequencing
using nanoHPLC–tandem MS. A number of approaches deserve special attention here
since they have been recently employed in a search for plasma biomarkers in a lysosomal
storage disorder. Moore and coworkers investigated plasma of children with Fabry disease
prior and after ERT using tryptic digestion of plasma protein and differentially labelling
peptides with stable isotopes, such that consistent mass differences are introduced into
selected amino acid residues [50]. Peptides from samples pre- and post-therapy were then
combined to reduce the risk of differences resulting from differential losses during
subsequent separation and analysis. The mass differences introduced by the isotope tags
could be readily resolved by mass spectrometry and the information used to identify the
proteins of origin and define their relative abundance in the samples. Conversion of lysine
residues to homoarginine after reaction with O-methylisourea was used as an economical
and efficient means of introducing isotope labels into peptides. Except for decreases in α-
2-HS glycoprotein, vitamin D-binding protein, transferrin, Ig-α-2 C chain, and  α-2-
antiplasmin, no other therapy-induced changes in plasma were noted [50]. This elegant
study is a nice example of liquid chromatography-mass spectrometry (LC-MS/MS) based
relative quantification. The majority of these relative quantification techniques employ the
introduction of stable isotopes into the samples such as isotope-coded affinity tags (ICAT),
amine-reactive isobaric tagging reagents (iTRAQ), in vivo stable isotope labeling with
amino acids in cell culture (SILAC), and 18O labeling. Recent articles have reviewed stable
isotope labeling approaches and contrasted their advantages and limitations with
quantitative differential in-gel electrophoresis (DIGE) methods [51-53]. More recently,
label-free LC-MS/MS quantification methods have been developed. These methods are
typically based on determining peak-area ratios of the same peptides between different
conditions. The quantitative reproducibility of these methods depends upon the peptide
cluster efficiency, which is determined by the mass measurement accuracy and precision
and the extreme chromatographic retention time reproducibility obtained during the
experiment. It was recently discovered that a label-free approach allows accurate
estimation of absolute protein concentrations in complex mixtures [54]. Using a label-free
LC-MS/MS approach, a series of plasma specimens from type I Gaucher patients prior and
after therapy were studied [55]. Marked therapy-induced differences were noted in the
Gaucher disease protein plasma profile. Comparison with the normal plasma profile
revealed that many of the protein abnormalities in symptomatic patients were at least
partially corrected by successful therapy [55]. The absolute levels of chitotriosidase
protein detected by label-free LC-MS were found to be similar to those expected based on
measured enzyme activity in specimens, a finding further validating the approach.
Interestingly, proportional therapy-induced changes were noted in 6 proteins belonging to
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the complement and coagulation cascades [55]. In hindsight, this finding is not surprising
since Gaucher patients show a low level of coagulation activation [56]. Grouping of
peptides according their changes in concentrations across conditions (for example during
therapy) apparently can reveal pathways like coagulation and complement activation. This
is a fascinating observation, but it should be kept in mind that the dynamic range of
detectable proteins is still relatively small at present. Only the more abundant plasma
proteins are quantifiably detected and the challenge for the future is to develop clever
plasma fractionation approaches allowing reliable detection of additional proteins. 

A third proteomics approach that has already been employed in biomarker discovery for
lysosomal storage diseases is based on surface-enhanced laser desorption/ionization time-
of-flight mass spectrometry (SELDI-TOF MS). This relatively novel application of mass
spectrometry combines absorption chromatography with time-of-flight mass spectrometric
detection. Using different kind of surfaces, groups of proteins can be selectively bound to
a particular chip. Subsequently, chips are washed several times to remove unbound
molecules and other interfering substances. As in matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, molecules are co-crystallized with
matrix molecules and ionized using a laser. The advantage of SELDI-TOF MS over
conventional techniques is the possibility to apply complex biological samples such as
serum or plasma directly due to specific retention of target proteins. SELDI-TOF mass
spectrometric analysis of blood from Gaucher patients using negatively charged CM10
ProteinChip® Arrays (weak cation exchange arrays] assisted the discovery of the
biomarker CCL18 [18]. A peptide of 7.8 kDa was prominent in plasma of an untreated
symptomatic Gaucher patient but was nearly absent in control samples. It was
subsequently identified as CCL18. Given its favourable physico-chemical characteristics
for mass spectrometric detection (low molecular mass, positive charge, and relatively high
abundance), it was investigated whether SELDI-TOF based quantification of CCL18 in
blood could be used to quickly monitor the disease.  The outcome of this study was
disappointing [57]. CCL18 levels in some blood samples were significantly
underestimated. Apparently, limited binding capacity and sample dependent suppression of
CCL18 ionization contribute strongly to the final peak intensity. SELDI-TOF MS therefore
offers no reliable procedure to quantitatively monitor CCL18 levels in blood [57].

Instead of hunting for specific protein biomarkers in complex protein mixtures like
plasma, it has become popular to establish distinctive plasma protein profiles. In a fast and
economic manner a subproteome of plasma can be obtained by SELDI-TOF MS. This
typically results in data sets with low-samples-to-variables-ratio. To avoid erroneous
results due to the undersampling, thorough statistical validation of discrimination models
is crucial as was recently illustrated [58]. A dataset containing serum samples from
Gaucher patients and healthy controls served as a test case. Double cross-validation
showed that the sensitivity of the model is 89% and the specificity 90%. Permutation and
double cross-validation proved to be crucial to avoid erroneous results stemming from the
undersampling. Interestingly, although the study revealed the presence of a very distinctive
plasma subproteome in Gaucher patients, it rendered no good candidates for specific
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biomarkers. Upon analysis of the top 10 polypeptides contributing to the discrimination
between the normal and Gaucher plasma subproteomes, it was found that they were all
relatively small (molecular masses below 10000 Da) and up-regulated in Gaucher patients
[58]. It is known that various proteases, particularly cathepsins, are elevated in Gaucher
plasma [20]. This conceivably leads to unique low molecular mass degradation products.
It seems unlikely that among these peptides specific biomarkers will be identified.

Concluding remarks

Different classes of biomarkers have to be considered for lysosomal storage disorders
[59]. The first category exists of the accumulating metabolites or their secondary products
thereof. The second category consists of proteins specifically secreted by storage cells
themselves or by stimulated surrounding cells. A third category of less specific markers
consists of lysosomal proteins more generally released into the circulation following
lysosomal dysfunction [60]. Research on Gaucher disease has led to the identification of
very specific protein biomarkers of storage cells in plasma of patients. Both plasma
chitotriosidase and CCL18 are found to correlate with Gaucher cells and disease
manifestation. Measurement of their plasma levels offers additional tools for clinicians in
decision making during patient management.

For other lysosomal storage disorders genuine protein biomarkers of storage cells are
unfortunately still lacking. In those disorders in which macrophages participate in
accumulation of storage material, plasma chitotriosidase tends to be elevated [61-63].
Analysis of plasma or urine samples with respect to the storage compound or metabolites
thereof may offer an alternative to secretory protein-based biomarkers. The efficacy of
therapeutic intervention of Fabry disease and Mucopolysaccharidosis type I is presently
analyzed by monitoring the levels of storage products (ceramidetrihexoside and
glycosaminoglycans, respectively). Detailed investigations have to clarify to which extent
these metabolite abnormalities reflect storage in tissues well enough and thus can serve as
reliable biomarkers.

Novel analytical methods will increasingly allow identification of disease-related
abnormalities at protein and metabolite level. Only few of them will prove to be valuable
as genuine biomarkers. It is very well conceivable that some detected abnormalities will
render important new insights in pathophysiological mechanisms and in the metabolic
adaptations that occur in chronically diseased individuals. The expanding information at
protein and metabolite level will possibly even provide novel targets for therapeutic
interventions.
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Abstract

Delirium is a frequently observed postoperative complication in elderly patients, the
pathophysiology of it is still poorly understood. The aim of this study was to compare
plasma and serum protein profiles in patients with and without postoperative delirium and
to identify discriminating protein(s). Patients aged 65 years or more admitted for surgery
following a hip fracture were included. Serum and plasma samples of eight patients with
and eight patients without delirium were selected as testing group. A second group of eight
patients with and eight without delirium was selected for validation. An additional sample
was collected after the delirious episode. Protein profiles were generated by SELDI-TOF
MS using CM10 and Q10 ProteinChip® Arrays. Demographical and clinical characteristics
of patients with delirium were not significantly different from patients without delirium,
except for the number of medications before admission. After correction for multiple
testing, significant protein profile differences were found in the testing group. The largest
difference was found in EDTA plasma using CM10 ProteinChip® Arrays, which was
confirmed in the validation group. Taking both groups together, three discriminating peaks
were found in delirious patients. These peaks presumably correspond to hemoglobin-β
(15.9 kDa), the doubly charged ion of the unmodified protein (7.97 kDa) and its
glycosylated form (16.0 kDa). Diagnostic accuracies of the three peaks expressed as area
under the curve were 0.84, 0.88, and 0.83, respectively (P-values 0.001).
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Introduction

Delirium is a neuropsychiatric syndrome characterized by the rapid onset of fluctuating
changes in consciousness and attention, caused by physiologic consequences of a medical
condition [1]. A hip fracture and orthopaedic surgery are both important etiologic factors
for developing delirium. The incidence of postoperative delirium following orthopaedic
surgery for hip fracture varies between 16% and 62%, with a mean duration of 3 days [2-
4]. Though patients usually recover after treating the provocative factor, having delirium
is associated with a three-times increased mortality risk, higher morbidity risk, and
increased health care costs [5,6].

The pathophysiology of delirium is still poorly understood although several mechanisms
have been proposed [7-9]. Some studies looked at individual proteins in relation to
delirium to unravel the pathophysiology, such as S-100 β protein [10], Tau-protein [11],
and β-endorphin [12]. These candidates were studied based on a priori models of
pathophysiology, thus running the risk of missing possible alternative mechanisms.
Proteomics, the large-scale study of proteins, provides the opportunity to identify proteins
potentially involved in the pathophysiological mechanism for example by comparing
protein expression profiles [13].

Differences in protein profiles in comparable psychiatric syndromes have been found in
a rat model of cocaine withdrawal [14] and in the post-mortem prefrontal cortex in humans
with schizophrenia and bipolar disorder [15]. In subjects with Alzheimer disease,
proteomic techniques have revealed specific oxidized proteins in blood plasma [16].

We hypothesize that differences in protein profiles also occur in patients who develop
delirium. Since orthopaedic surgery after a hip fracture is a time-defined trigger for post-
operative delirium with in-hospital recovery, this setting provides a good opportunity to
study protein expression before, during and after delirium in elderly patients. The aim of
the current study was to compare the protein profiles found in plasma and serum in patients
during a postoperative delirium with the profiles of patients without postoperative delirium
and to identify discriminating protein(s).

Materials & methods

Patients
All consecutive patients aged 65 years or more suffering from a hip fracture and

scheduled for operation at the Department of Orthopedic Surgery or Traumatology of the
Academic Medical Center, Amsterdam, were invited to participate in this cohort study
from May 2005 till September 2006. Informed consent was obtained from the patient or
from the substitute decision-maker in case of cognitive impairment. Patients were
excluded if they were unable to speak or understand Dutch or English. The Institutional
Medical Ethics Committee approved the study.

For the current pilot-study, we selected a random group of eight patients with delirium
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and eight patients without delirium as a testing group. We selected the patients without
delirium to resemble the delirious patients as much as possible with respect to type of
anesthesia (spinal or general), sex, day of blood collection since operation, and blood
transfusion status. In case this testing group would result in significant differences in
protein profile between patients with and without a delirium, a second random group
consisting of eight patients with and eight without delirium (validation group) would be
selected. In case the validation group confirmed the findings from the testing group, both
groups would be taken together in the subsequent analysis.

Procedures
Two geriatric physicians, a fellow in geriatric medicine, and a team of research nurses

trained in geriatric medicine collected demographic and clinical data from all study
participants. The presence or absence of delirium was scored with the Confusion
Assessment Method (CAM) [17]. We based our information for the diagnosis on our
psychiatric examination of the patient, medical and nursing records, including the
Delirium Observation Screening Scale (DOS) [18], and information given by relatives.

Possible confounding factors were registered for all patients; e.g. fracture characteristics,
type of anesthesia, type of surgery, time between hip fracture and surgery, blood
transfusions, demography, number of medications taken before admission, cognitive
impairment and functionality. Cognitive functioning was scored by medical history and
IQCODE (Informant Questionnaire on COgnitive DEcline). The IQCODE assesses the
possible presence of global cognitive decline before admission based on the response of an
informant who had known the patient for at least 10 years [19]. The informant was asked
to recollect the situation 2 weeks before the hip fracture and to compare it with the
situation 10 years before. Patients with a mean score of 3.9 or more were considered to
have cognitive impairment [20]. To measure functionality we asked the relative to
complete the 15-item KATZ ADL scale based on the situation 2 weeks before the hip
fracture [21].

For all patients several blood samples, serum and ethylenediamine tetraacetic acid
(EDTA) plasma, were collected under similar strict conditions around 11.00 am. For the
patients with delirium we used a sample taken during delirium and for the patients without
delirium the sample collected on average 2 days after surgery was taken. Of all delirious
patients an additional blood sample was collected after the delirious episode. Blood was
collected in tubes containing anticoagulants, and in tubes without anticoagulants and kept
on ice. Serum was obtained after allowing blood samples to clot at room temperature for
30 minutes. After centrifugation for 15 minutes at 4000 RPM (1780g) at 4°C the aliquots
were stored at -80oC.

Proteomic analysis
Protein profiles of serum and EDTA plasma samples were generated making use of the

anionic surface of CM10 ProteinChip® Arrays, and the cationic surface of Q10
ProteinChip® Arrays (Ciphergen Biosystems Inc., Fremont, CA, USA). Experiments were
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blinded for sample type and samples were applied in random order. First 10 μL of EDTA
plasma/serum was mixed with 90 μL of denaturation solution (9 M urea [Sigma Chemical
Company, St Louis, MO, USA], 2% CHAPS [Fluka Biochemika, Buchs, Switzerland], and
1% DTT [Sigma Chemical Company, St Louis, MO, USA]). After incubation for 1 hr at
room temperature (RT), 10 μL of this solution was mixed with 90 μL binding buffer
(binding buffer for CM10 ProteinChip® Arrays: 50 mM sodium phosphate [Merck,
Darmstadt, Germany] pH 6.5 + 0.1% Triton X-100 [BHD Laboratory Supplies, Poole,
Dorset, UK], binding buffer for Q10 ProteinChip® Arrays: 50 mM Tris [Sigma Chemical
Company, St Louis, MO, USA] pH 8.0 + 0.1% Triton X-100 [BHD Laboratory Supplies,
Poole, Dorset, UK]). Before application of a sample to ProteinChip Arrays, all spots were
equilibrated. All washing and binding was performed using a platform shaker. To
equilibrate the ProteinChip Arrays, spots were washed with 200 μL of binding buffer on a
Ciphergen Biosystems 96-well bioprocessor (2 x 5’). After equilibration, buffer was
removed and samples were added.  The samples were allowed to bind to the surface for 40
min at room temperature. Subsequently the ProteinChip Arrays were washed with 200 μL
binding buffer (2 x 5’). Next the ProteinChip Arrays were washed with 200 μL binding
buffer without Triton X-100 (2 x 5’). After a brief wash with deionised water (to remove
salts) ProteinChip Arrays were dried on air. Prior to SELDI-TOF MS analysis, matrix was
added to each spot (2 times 0.5 μL of sinapinic acid [Fluka Biochemika, Buchs,
Switzerland] (10 mg/mL) in 50% aqueous acetonitrile [Merck, Darmstadt, Germany]
containing 1% TFA [Fluka Biochemika, Buchs, Switzerland]). After co-crystallization of
the (bound) proteins with matrix, a pulsed nitrogen laser was used for sample ionization.

ProteinChip Arrays were analyzed using a PBSIIc ProteinChip Reader (Ciphergen
Biosystems Inc., Fremont, CA, USA), a linear laser desorption/ionization time-of-flight
mass spectrometer equipped with time-lag focussing. This resulted in mass spectra
composed of mass to charge ratios (m/z values) and intensities of the desorbed
(poly)peptide ions. All spectra were acquired in positive-ion mode.

Pre-processing of SELDI-TOF MS data for further analysis
Data was pre-processed using Ciphergen ProteinChip® Software 3.1.1. Spectra were

externally calibrated against a mixture of known peptides (All-in-1 Peptide Standard,
Ciphergen Biosystems Inc., Fremont, CA, USA). Spectra from the validation group
samples were calibrated with testing group calibration coefficients.

Spot-to-spot calibration is a feature of the ProteinChip® Software that accounts for the
spot to spot variation that can occur on an individual array. To determine the correction
factors for the different positions on an array we used a set of peaks that is always present
in our spectra. The correction factors for the different positions on an array were applied
to the corresponding mass spectra and used in the recalculation of the masses. Baseline
subtraction was applied to all spectra in order to remove offsets in the spectra that were the
result of how the signal was collected electronically and of chemical noise contributed
from the energy absorbing molecules in the matrix. The algorithm implemented in the
ProteinChip® Software is a modified piecewise convex-hull method that attempts to find
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the bottom of the spectra and correct the peak height and area. Spectra were normalized to
the average total ion current in the mass range from 1.7 to 50 kDa.

Peaks in the mass range from 1.7 to 50 kDa were detected with Biomarker Wizard™.
Biomarker Wizard™ is a feature of the ProteinChip® Software used for preparing data
generated by ProteinChip® Software for further analysis. Biomarker Wizard™ groups
peaks of similar molecular weight from across sample groups of spectra. For peak
extraction on the first group, the testing group, we used the following parameter settings:
first pass: 10 S/N, min peak threshold: 20%, cluster mass window: 0.4%, second pass: 2
S/N for CM10 EDTA plasma and first pass: 12 S/N, min peak threshold: 20%, cluster mass
window: 0.4%, second pass: 5 S/N for the other experiments. For peak extraction in the
second group, the validation group, we projected the peaks extracted from the first group
onto the second group and estimated the corresponding peak intensities. Finally, for peak
extraction on first and second group together we used the following parameter settings:
first pass: 10 S/N, minimal peak threshold: 20%, cluster mass window: 0.6%, second pass
2 S/N. Resulting peak intensities were log2-transformed in order to stabilize their variance.
Any peak intensity which was zero or negative after baseline subtraction is set equal to half
the minimum of the positive corrected intensities for that peak. 

Data analysis
We tested for differences in demographic and clinical characteristics in patients with and

without delirium using T-tests, Mann Whitney Tests and Chi-squared tests. A two-tailed P-
value < 0.05 was considered statistically significant.
We compared profiles to identify peaks differentially expressed between both groups and

corrected them for chip effect, type of anaesthesia, and whether patients received a blood
transfusion. Between-group comparisons were done using a moderated t-test [22]. This test
is similar to a standard t-test for each peak except that the standard errors are moderated
across peaks to ensure more stable inference for each peak. The resulting P-values were
corrected for multiple testing using the Benjamini-Hochberg False Discovery Rate
adjustment (FDR) [23]. Tests were considered to be significant if the adjusted P-values
were <0.05.

Results

During the inclusion period 149 patients aged 65 years or more were admitted for acute
hip surgery, of which 74 patients gave informed consent for participation in the study. Of
these 74 patients, 35 (47%) developed delirium after orthopaedic surgery. For the current
study, a random group of 16 patients with and 16 patients without postoperative delirium
were selected. For the patients with delirium the mean age was 85 yrs (SD:7.6) and 19%
were male, while for the patients without delirium mean age was 83 yrs (7.8) and 38%
were male. The number of medications taken before hospital admission was significantly
higher in patients with delirium, P-value 0.01 (Table 1).
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Table 1. Baseline characteristics of elderly patients with and without delirium after acute admission.

Delirium No delirium (n=16)      P-value (n=16)

Age −− yrs 84.6   (7.6) 83.2   (7.8) 0.59
Male −− n (%) 3   (19%) 6    (38%) 0.24
Living at home −− n (%) 12   (75%) 15    (94%) 0.14

Katz ADL −− n (%) 
0 (no) 1     (7%) 3   (20%) 0.18
1-3 (mild) 1     (7%) 5   (33%)
4-6 medium 5   (36%) 3   (20%)
7 (severe) 7   (50%) 4   (27%)
Missing 2 1

Number of medications before admission 6   (1-12) 2     (0-9) 0.01

Cognitive impairment −− n (%) 5   (36%) 3   (19%) 0.24
Missing 2

Days between fracture and operation 1     (0-2) 1     (0-2) 0.51

Spinal anesthesia −− n (%) 5   (31%) 9   (56%) 0.26

Fracture characteristics −− n (%)
Femoral neck 9   (56%) 5   (31%) 0.15
Intertrochanteric 6   (38%) 6   (38%)
Other 1     (6%) 5   (31%)

Type of surgery −− n (%)
Internal fixation 7   (44%) 11   (69%) 0.15
Hip replacement  9   (56%) 5   (31%)

Preoperative hemoglobin −−  mg/L 8.1   (1.1) 7.8   (0.6) 0.45

Bloodtransfusion −− n (%) 6   (38%) 4   (25%) 0.45

Mean values (SD) are given for continuous variables with a normal distribution. Median values (range) are given for continuous
variables that are not normally distributed.

Blood samples were taken on average 2 days (range 1-3) after surgery for both patients
with and without delirium. After correction for multiple testing a discriminating peak was
found (15.9 kDa (P=0.002, FDR)) in EDTA plasma applied to a CM10 chip (Table 2).
Next, the protein profiles of the samples taken after the delirious episode, were compared
with the samples of the patients without delirium. Discriminating peaks were found with
EDTA plasma (15.9 kDa, FDR=0.042) and serum (5.8 kDa, FDR=0.004) applied to CM10
ProteinChip® Arrays. Another discriminating peak (4.5 kDa, FDR=0.017) was found with
EDTA plasma applied to Q10 ProteinChip® Array. Finally, the protein profiles of eight
patients during and after delirium were compared in a paired analysis. We found a
discriminating peak (5.8 kDa) with serum applied to CM10 ProteinChip® Array. No
significant differences in protein profile were found with serum applied to Q10
ProteinChip® Arrays. For all four combinations of chip type and kind of blood sample, no
significant interaction effect of ProteinChip® Array and delirium-group (FDR>0.50) or
type of anaesthesia and delirium-group (FDR>0.80) was found. Moreover, after stratifying
for having had blood transfusions or not, similar results were found (data not shown).
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Table 2. Main results from the testing group; eight patients with delirium (during and after delirium) and eight patients without
delirium.

Significant           Overall test           During delirium            After delirium     During delirium 
peaks  (Da)        P-value  (FDR)     vs. without delirium    vs. without delirium   vs. after delirium*

P-value  (FDR)             P-value (FDR)      P-value (FDR)

CM10 EDTA plasma M15852 0.007 0.002 0.042 0.298
CM10 serum M5809 0.011 0.946 0.004 0.022
Q10 EDTA plasma M4485 0.054 0.357 0.017 0.484
Q10 serum − − − − −

*Paired analysis
No interaction with chip or anesthesia observed.

Since the largest effect between patients with and without delirium was found in the
profiles obtained with EDTA plasma applied to CM10 ProteinChip® Arrays, we decided to
concentrate on this finding, i.e. to validate it. The intensity of the discriminating peaks
observed with EDTA plasma of the testing group using CM10 ProteinChip® Arrays was
also determined in the validation group. The intensity of the 15.9 kDa peak was again
significantly higher in patients during delirium vs. patients without delirium (P=0.03). The
intensity of this peak was also significantly higher after delirium vs. patients without
delirium (P=0.041). No significant difference was found for this peak comparing the same
patients during and after delirium (P=0.88). Since the results of the testing group were
validated in the second group, we considered the two groups as a one large group
consisting of 16 delirious patients and 16 patients without delirium for the subsequent
analyses.
A total of 35 peaks were detected when EDTA plasma was applied to CM10 ProteinChip®

Arrays. Three peaks were significant in the overall testing. We found no significant
interaction with chip effect, and adjustment for type of anaesthesia or stratification for
blood transfusion, did not alter our findings. The three peaks with masses of 15.9, 16.0 and
7.97 kDa correlated significantly with each other, with correlations of 0.91, 0.93 and 0.95
respectively; P <0.001. Fig. 1 shows representative SELDI-TOF mass spectra of EDTA
plasma samples of a patient during and after delirium and a patient without delirium. In the
best spectra, a difference of about 162 Da between the 15.9 and the 16.0 kDa peaks could
be measured, which is strongly indicative of glycosylation. The 7.97 kDa peak results from
a doubly charged ion. It is the same protein as detected at 15.9 kDa (singly charged). This
could be deduced from the absolute mass values as well as from the correlation in relative
intensities of the two peaks (with the 7.97 peak intensities being only a fraction of the 15.9
peak intensities). Based on the observed mass and the efficient glycosylation we deduced
the peak to represent hemoglobin-β. The spectra obtained in this mass range closely
resemble those obtained previously, including its efficient glycosylation (e.g. with
hemoglobin from plasma) [24,25]. In order to confirm our assumption that the observed
peaks represent hemoglobin-β, we attempted to deplete the plasma samples with the aid of
anti-hemoglobin antibodies to show that this resulted in the specific disappearance of all
three peaks. However, the antibodies did not precipitate efficiently enough for a conclusive
experiment in this regard.
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Mature α2β2 hemoglobin levels were compared between patients with and without
delirium. Hemoglobin levels of delirious patients 2 days after surgery (mean 6.5 mg/L
(SD:0.9) were comparable to patients without delirium (mean 6.7 mg/L (SD:1.2) (P=0.62).
Fig. 2 shows the log2-transformed sum of the peak intensities of the combination of 7.97,

15.9, and 16.0 kDa peaks of 16 patients during delirium and after delirium and 16 patients
without delirium in EDTA plasma applied to CM10 ProteinChip® Arrays. Based on the
total intensity of the 15.9 kDa and related peaks, we calculated the diagnostic potential of
this candidate biomarker (Table 3). Diagnostic accuracy expressed as area under the curve
(AUC) showed a good diagnostic value of the three different representatives and the
combined value of the significant peaks for all 16 patients during delirium vs. 16 patients
without delirium with AUC’s above 0.83.
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Figure 1. SELDI-TOF mass spectra. EDTA plasma samples of a patient during and after delirium and a patient without delirium
were applied to CM10 ProteinChip® Arrays. Representative spectra are shown. Mass ranges 15500 to 16500 m/z.
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Figure 2. Peak intensity, log2-transformed, of the combination of 7.97, 15.9, and 16.0 kDa peaks of patients during delirium,
after delirium and patients without delirium in EDTA plasma applied to CM10 ProteinChip® Arrays.
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Table 3. Diagnostic value of the significant peaks observed in EDTA plasma applied to CM10 ProteinChip® Arrays of 16 patients
during delirium compared to 16 patients without delirium.

AUC P-value (FDR)              Sensitivity Specificity
Peak M 16.0 kDa 0.83 0.001
Peak M 15.9 kDa 0.84 0.001
Peak M 7.97 kDa 0.88 <0.001
Total Peaks 0.86 0.001 0.94* 0.62*

* cut-off -1.20

Discussion

In this study we found a significant difference in protein profiles during postoperative
delirium following orthopaedic surgery for hip fracture in elderly patients as compared to
patients who underwent the same operation but did not become delirious after the
operation. We found a significant difference in three related peaks, which we identified as
hemoglobin-β, its glycosylated form and the doubly charged ion of the unmodified protein.
This identification however, is still not absolutely certain because it is only based on the
spectrum as such. Collision induced fragmentation followed by ms/ms sequencing is not
an option with proteins of this size, so we tried to obtain independent confirmation of our
identification with the aid of an immunodepletion approach. However, the antibodies
available did not allow us to get detectable levels of precipitation. Still we are quite
convinced that the peaks indeed represent (forms of) hemoglobin-β, due to the mass value
observed, its abundance in plasma, and its efficient glycosylation, characteristic of
hemoglobin subunits.
Both groups did not significantly differ on risk factors for delirium except for the number

of medications taken before admission. Although prior functional and cognitive
impairment and fracture characteristics, anesthesia, and type of surgery are not completely
similar between groups with and without delirium, these differences were not significant.
In this respect we think it is unlikely that the observed difference in SELDI patterns is
related to risk factors for developing delirium [26]. In our study population, the somatic
trigger (a hip fracture combined with surgery) leading to delirium was equal for all
patients. In the complete cohort the fraction of patients with delirium (34%) was in line
with the expectation based on the literature (16-62%). Moreover, both groups received
treatment irrespective whether they became delirious or not, thus a relation between the
observed differences in protein profile and peri-operative medication or surgery is highly
unlikely. There were more patients in the delirium group with blood transfusion, as
anaemia is one of the most important complications of surgery precipitating delirium. Yet,
after excluding all patients with a blood transfusion, the SELDI pattern still showed
significant differences. All patients with delirium were treated with haloperidol, so
hemoglobin-β differences could in theory be related to this treatment and not to the
underlying disorder. Haloperidol attaches to the D2 dopamine receptors in the brain, so a
direct pathophysiological link with hemoglobin levels is hard to envisage. The blood
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samples used were not from the same postoperative day for all patients, since patients did
not become delirious at the same postoperative time-point and venapunction was only
possible during weekdays. However, since there was no significant difference in relative
collection time between patients with and without delirium and no correlation between
time of collection and peak intensity was observed, this is unlikely to have influenced the
results.

Previously, some different proteins related to delirium have been described [10-12].
Based on their molecular weights (MW), we excluded that the observed differences in
protein profiles could be due to one of these proteins; S-100 β protein has a MW of 10.7
kDa, and MW’s of Tau-protein and beta-endorphin are above the studied maximum weight
of 20 kDa.
Hemoglobin consists of four firmly attached polypeptide chains, each with a heme-group.

Hemoglobin A, the predominant hemoglobin in adults, has α2β2 subunit structure. Free
hemoglobin-β is usually not present in plasma and it is only possible to detect small
amounts in hemolysis.

One would expect comparable intensities for hemoglobin-α (with an estimated mass of
15.1 kDa) and hemoglobin-β, since these are patients without known β-thalassemia.
Possible reasons for the absence of a peak representing hemoglobin-α could be the
breakdown of hemoglobin-α during sample preparation and/or inefficient ionization.
Although we do not understand the role of elevated hemoglobin-β in patients with a
delirium, a relation between delirium and low hemoglobin has been described [27].
However, in our study comparable hemoglobin levels were found in patients with and
without delirium. No correlation was found between the intensity of the hemoglobin-β
peak and hemoglobin blood levels. Patients with indicators of oxidative dysfunction
developed delirium more frequently, and this was not linked to illness severity [28,29]. The
relation between oxidative dysfunction and low hemoglobin is established, but a specific
role for hemoglobin-β in this relation is difficult to explain with our current knowledge.
Hemoglobin-β has recently been discovered as a biomarker for early diagnosis of ovarian

cancer [30,31]. This was ascribed to increased susceptibility of erythrocyte membrane to
hemolysis due to biochemical modifications in women with ovarian cancer. If this
biomarker would reflect common stress factors, it explains the higher intensity in our hip
fractured patients with delirium as compared to without delirium. Hemolytic parameters as
such were not determined, but some hemolysis may have occurred during venapunction.
This may have happened especially in delirious patients since the punction is more difficult
in these patients due to restlessness. We doubt that this can explain the increased levels of
hemoglobin-β as they are still elevated in the same group post delirium.

Based on the literature, we expected to find differences in expression of cytokines [9].
This SELDI analysis may not reveal all differences, since only a selection of ProteinChip®

Arrays is used and mainly molecular masses below 20 kDa are detected. In addition, the
identification of other differences between both groups could be hampered by the small
sample size of the study population, the relative amount present of possible differences in
protein expression as well as their ionization efficiency. Finally, delirium is a
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predominantly cerebral process and it probably would have been better to sample
cerebrospinal fluid or even brain tissue, but this was not feasible with elderly (delirious)
patients. We could have missed cerebral proteins that could not pass the blood-brain
barrier.

Poor reproducibility of proteomics due to the combination of detection sensitivity, large
impact of impurities and lack of methodological rigour is one of the difficulties that must
be overcome in order for proteomic technology to become a robust tool. Results obtained
so far in the search for biomarkers for cancer have been often disappointing as this
technique still has difficulties to detect low-abundant plasma and serum proteins. Despite
the relatively high sensitivity of 0.94 and independent validation with a second group, the
diagnostic potential of the candidate biomarker hemoglobin-β should be tested further. For
this purpose a rapid assay measuring hemoglobin-β concentration should be developed.
Moreover, bootstrapping or comparable techniques should be applied to improve accuracy
of this candidate diagnostic tool.

Given the small sample size of the total pilot group, analysis of a larger group is
warranted. The discriminative value of the 15.9 kDa protein in patients with and without
delirium could thus be more firmly established.
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Summary

Lysosomal storage disorders are characterized by dysfunction of lysosomal processes,
most commonly due to deficiencies in specific lysosomal enzymes. Without sufficient
activity of a lysosomal enzyme, accumulation of corresponding macromolecular substrates
takes place in the lysosomes of cell types involved in breakdown of these molecules. For
many lysosomal storage disorders there exists no clear genotype-phenotype correlation
and there is a striking variability in the severity of symptoms and complications between
patients, sometimes even within the same family. Biomarkers are of great value for the
clinical management of lysosomal storage diseases. Ideally, biomarkers originate from the
pathological storage cells and are detectable in bodily fluids that can be conveniently
obtained, such as blood and urine. This thesis deals with our search for biomarkers for
Gaucher and Fabry disease and describes investigations showing that biomarkers indeed
can support diagnosis and assist clinicians in decision making regarding the need for
initiation as well as optimization of therapy.
The introduction of proteomics, a platform of mass spectrometric (MS) methods suitable

for the detection and identification of proteins, has opened up new research avenues.
Several proteomics techniques for studying plasma proteins have been developed in recent
years. The principal aim of the research described in this thesis was to identify and
characterize biomarkers for Gaucher and Fabry disease using one of these novel
technologies, surface-enhanced laser desorption/ionization time-of-flight mass
spectrometry (SELDI-TOF MS). This relatively new application of mass spectrometry
combines absorption chromatography with time-of-flight mass spectrometric detection.
The outcome of the various investigations conducted for this thesis work is here
summarized.

Biomarkers for Gaucher disease

In chapter 3 we describe an investigation regarding the value of CCL18 as Gaucher cell
marker in symptomatic Gaucher patients. We report that in plasma of symptomatic
Gaucher patients the chemokine CCL18 is on average 29 fold elevated, without overlap
between patients’ and control values. Plasma CCL18 concentrations decrease during
therapy, comparably to chitotriosidase. Immunohistochemistry demonstrates that Gaucher
cells are the prominent source of CCL18. The plasma CCL18 level can serve as alternative
surrogate marker for Gaucher disease and is especially useful for monitoring
chitotriosidase deficient patients. Additionally, monitoring of plasma CCL18 levels proves
to be very useful in determination of therapeutic efficacy.

In chapter 4, we describe a study to investigate whether SELDI-TOF MS offers a reliable
procedure to quantitatively measure CCL18 levels in blood and can be used to monitor
disease status of Gaucher patients. Given its low molecular mass, positive charge, and
relatively high abundance, CCL18 seems a particular attractive protein for SELDI-TOF
based quantitation. Therefore, we determined CCL18 levels in plasma using SELDI-TOF
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MS and ELISA, in parallel. CCL18 levels in some blood samples were significantly
underestimated when determined by SELDI-TOF MS. Spiking of recombinant CCL18
indicated that its detection by SELDI-TOF MS is strongly determined by the nature of the
sample, even markedly varying between samples obtained from one donor taken at
different time points. Independent of the total CCL18 concentration in blood only 1-10%
of the chemokine bound to the ProteinChip® Array. Even when comparable amounts of
CCL18 from distinct samples were bound to the ProteinChip® Array, diverse peak
intensities could be observed. Thus, limited binding capacity and sample-dependent
suppression of CCL18 ionization both contribute significantly to the final peak intensity.
In conclusion, 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.

Chapter 5 describes the search for a biomarker for skeletal disease in Gaucher patients.
Skeletal disease is one of the most debilitating symptoms for Gaucher patients. Monitoring
the outcome of therapy with regard to skeletal status of Gaucher patients is problematic
since currently available imaging techniques are expensive and not widely accessible. The
availability of a blood test that relates to skeletal manifestations would be very valuable.
We here report that macrophage inflammatory protein (MIP)-1α and MIP-1β, both
implicated in skeletal complications in multiple myeloma, are significantly elevated in
plasma of Gaucher patients. The increase in plasma MIP-1β levels of Gaucher patients is
associated with skeletal disease. The plasma levels of both chemokines decrease upon
effective therapy. Lack of reduction of plasma MIP-1β below 85 pg/mL during 5 years of
therapy was observed in patients with ongoing skeletal disease. In conclusion, MIP-1α and
MIP-1β are elevated in plasma of Gaucher patients and remaining high levels of MIP-1β
during therapy seem associated with ongoing skeletal disease.

In chapter 6 we describe the effect of differences in therapeutic enzyme dosing regime
on plasma MIP-1β concentration. Given the debate whether high dose enzyme
replacement therapy (ERT) results in a faster and better response in bone we investigated
whether a higher dosing regimen also leads to a superior plasma MIP-1β response. 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. Plasma MIP-
1β levels improved faster during the first year of treatment in the higher-dosed patient
group. This was also observed for responses in chitotriosidase and bone marrow
involvement.

In chapter 7 we describe the effect of therapy on the clinical and biochemical parameters
of three siblings with Gaucher type III. The siblings were born between 1992 and 2004.
During these years new insights regarding therapy for Gaucher type III have changed
clinical practice. The two eldest siblings received ERT from the age of 24 and 6 months,
respectively. The dosage was subsequently increased and ERT was combined with
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substrate reduction therapy (SRT) at the age of 12 and 8 years, respectively. In the
youngest sibling both high-dose ERT and SRT were initiated five months after birth. The
two eldest siblings have significant neurological impairment since the age of 1.5 years,
starting with a convergent strabismus (eyes not properly aligned with each other) and
partial oculomotor apraxia (difficulty in controlling horizontal eye movements), later
followed by cognitive decline and abnormalities concerning brain function and hearing.
The neurological course in the youngest sibling is significantly better. At the age of three
years, cognitive development, brain function and hearing are normal. The disturbed
saccadic eye movements, observed soon after birth, slightly improved over time. Based on
these results, a combined use of high-dose ERT and SRT can be regarded as a promising
therapy for Gaucher type III, especially when started at a young age. Further follow-up
studies are necessary to explore the long-term therapeutic effects.

Chapter 8 describes our proteomic analysis of Gaucher disease using classical 2D gel
electrophoresis. Plasma of Gaucher disease type I patients was compared with plasma of
healthy volunteers. In Gaucher plasma, several abundant proteins with a high molecular
weight were absent, while a new group of low molecular weight proteins appeared. These
small proteins were identified as degradation products due to proteolysis, which could be
completely inhibited by using thiourea/urea in the rehydration buffer instead of classical
‘urea only’. Mixing Gaucher plasma with control plasma demonstrated that breakdown
was due to the presence of (an) active protease(s) in Gaucher plasma. Our observations can
be explained by partial protein denaturation. Whereas the protease substrates are denatured
under ‘urea only’ conditions, the responsible protease(s) seem unaffected. Therapy results
in disappearance of extensive proteolysis in Gaucher plasma presumably due to a drop in
protease levels. Incubation with Concanavalin A SepharoseTM resulted in partial inhibition
of proteolytic activity in Gaucher plasma, suggesting that (some of) the protease(s)
responsible for breakdown may be glycoproteins. Reduction of proteolysis by different
protease inhibitors shows that a mixture of proteases, which are excessively present in
plasma of symptomatic Gaucher patients, is responsible for the intriguing massive protein
breakdown observed with 2DGE. Thus, our study revealed induction of large-scale
proteolysis in Gaucher plasma ‘in vitro’, the extent of which seems to correlate with
disease severity.

In chapter 9 we present a strategy for the statistical validation of discrimination models
in proteomics studies. Several existing tools are combined to form a solid statistical basis
for biomarker discovery that should precede a biochemical validation of any biomarker.
These tools consist of permutation tests, single and double-cross validation. As a
classification method, Principal Component Discriminant Analysis (PCDA) is used;
however, the methodology can be used with any classifier. Cross-validation of PCDA can
easily be combined with a new variable selection method, called rank products. The
strategy is especially suited for the low-samples-to-variables-ratio (undersampling) case,
as often encountered in proteomics and metabolomics studies. A data set containing serum
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samples from Gaucher patients and healthy controls was used as a test case. Double cross-
validation shows that the sensitivity of the model is 89% and the specificity 90%. Potential
putative biomarkers are identified using the novel variable selection method. Results from
permutation tests show that even single cross-validation does not guarantee unbiased
results, supporting the choice of double cross-validation as the tool for determining error
rates when modelling procedures involve a tuneable parameter. The validation of
discrimination models with a combination of permutation tests and double cross-validation
helps to avoid erroneous results, which otherwise may arise due to undersampling.

In chapter 10 we present a sensitive method to detect point mutations in proteins from
complex samples. The method is based on SELDI-TOF MS but can be extended to other
MS platforms. The target protein in this study is the lysosomal enzyme glucocerebrosidase,
the key enzyme in Gaucher disease. Deficiency of glucocerebrosidase activity results in
accumulation of glucosylceramide in macrophages. The relationship between
glucocerebrosidase genotypes and Gaucher patient phenotypes is not strict. The possibility
to measure protein levels of glucocerebrosidase in clinical samples may provide deeper
insight with regard to the genotype-phenotype relationship. To this end glucocerebrosidase
was isolated in a one-step enrichment step through interaction with an immobilized
monoclonal antibody (8E4). After on-chip digestion of the antibody-antigen complex with
trypsin, a total of 25 glucocerebrosidase peptides were identified (sequence coverage
~60%), including several peptides containing mutated amino acid residues. The described
methodology allows mutational analysis at the protein level, directly measured in complex
biological samples without the necessity of elaborate purification procedures.

Biomarkers for Fabry disease
In chapter 11 an extensive investigation into the clinical manifestations of Dutch Fabry

patients is presented. Clinical and biochemical characteristics of 96 (25 deceased) Dutch
Fabry patients were collected retrospectively; all before initiation of enzyme therapy.
Analysis of the characteristics of the Dutch Fabry cohort revealed a limited relationship
between various disease manifestations. Additionally, individual symptoms do not
correlate with elevated urinary or plasma Gb3 levels, limiting their value as surrogate
disease markers.

In chapter 12 we describe our search for a blood biomarker that reliably reflects the
clinical manifestation of Fabry disease. For this purpose, we compared serum of controls
and Fabry patients using SELDI-TOF MS. We recently have demonstrated that principal
component discriminant analysis (PCDA) of SELDI-TOF MS data obtained from serum
specimens allowed classification of Gaucher disease patients. We here report on the value
of SELDI-TOF MS serum profiling for discrimination of symptomatic Fabry patients
using PCDA and support vector machines (SVM) analysis. It is much harder to distinguish
between Fabry patients and controls than between Gaucher patients and controls. The
differences between the Fabry and control spectra are probably much smaller than the
differences between the Gaucher and control spectra.
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Finally, in addendum 1, our search for a biomarker for delirium is presented. For this
purpose plasma and serum protein profiles in patients with and without postoperative
delirium were compared. Serum and plasma of patients aged 65 years or more, that were
admitted for surgery following a hip fracture, were used. Protein profiles were generated
by SELDI-TOF using CM10 and Q10 ProteinChip® Arrays. The largest difference was
found in EDTA plasma using CM10 ProteinChip® Arrays, which was confirmed in the
validation group. Taking both groups together, three discriminating peaks were found in
delirious patients. These peaks presumably correspond to (forms of) hemoglobin-β.

Summarizing, research on Gaucher disease type I has led to the identification of two new
biomarkers of storage cells in plasma of patients. The first new biomarker, CCL18, was
found to correlate with Gaucher cells and disease manifestation, just like plasma
chitotriosidase. Measurement of plasma CCL18 levels offers an additional tool for
clinicians in decision making during patient management and is especially useful for
monitoring chitotriosidase deficient individuals. Both plasma chitotriosidase and CCL18
are found to correlate with Gaucher cells and disease manifestation. Measurement of their
plasma levels offers additional tools for clinicians in decision making during patient
management. In addition, we found markedly elevated levels of the chemokine MIP-1β in
plasma of symptomatic Gaucher patients. Interestingly, this protein was found to be
produced by surrounding inflammatory cells and not by mature Gaucher cells, as is the
case for chitotriosidase and CCL18. A lack in response in plasma MIP-1β upon ERT was
found to correlate with ongoing skeletal disease. Correction in plasma MIP-1β is dose
dependent during the initial phase of enzyme replacement therapy of Gaucher disease,
suggesting that not only the initial correction of Gaucher cells but also that of associated
phagocytes is enzyme dose-dependent.

For Fabry disease genuine protein biomarkers are still lacking. Analysis of the clinical
and biochemical characteristics of the Dutch Fabry patients did not yield a (possible)
biomarker. We also searched for biomarkers of Fabry disease using mass spectrometry.
Our SELDI-TOF MS protein profiling, unfortunately, gave no reliable discrimination
between symptomatic Fabry patients and healthy controls. In hindsight, the result of our
investigations is not so surprising since no single blood biomarker for Fabry disease has so
far been detected. It appears that in contrast to what was thought previously, lipid-laden
endothelial cells of Fabry patients are not grossly abnormal in behaviour and function, and
are not releasing specific proteins into the circulation that are detectable by plasma protein
profiling with the currently available SELDI-TOF MS methodology. Of note, the same
methodology could be successfully employed to discriminate serum specimens from
Gaucher patients and healthy subjects.
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Discussion

Biomarkers can offer important information for clinical decision-making regarding
diagnosis, determination of disease severity, initiation of therapy, monitoring of
therapeutic efficacy and optimizing of therapy regimens for individual patients. During our
search for biomarkers for Gaucher and Fabry disease, novel insights were obtained (for a
review, see chapter 13). Some aspects of these biomarkers and their associated diseases are
still not well understood and limitations of present biomarkers have become apparent. In
this chapter a number of selected topics are discussed and suggestions for future studies on
(biomarkers for) lysosomal storage disorders are proposed.

Section I: Biomarkers for Gaucher disease
Research on Gaucher disease has led to the identification of very specific protein

biomarkers for the pathological lipid-laden macrophages (Gaucher cells) that are elevated
in plasma of patients. Chitotriosidase [1-3] and CCL18 [4,5] are produced by Gaucher
cells and secreted into the circulation. Plasma levels of both chitotriosidase and CCL18
correlate to some extent with disease manifestations such as liver and spleen enlargement
and thrombocytopenia [1,5,6]. Their measurement offers additional tools for clinicians in
decision making during patient management. Plasma chitotriosidase, being about 1000-
fold elevated in Gaucher patients, provides an excellent indicator of overall Gaucher cell
burden and a very sensitive tool to follow disease activity. In patients that are
chitotriosidase deficient, monitoring of plasma CCL18 is a good and reliable alternative.
Plasma chitotriosidase and CCL18 do not reflect one particular clinical symptom of
Gaucher disease since they stem from Gaucher cells at various body locations [1]. As the
degree of skeletal involvement does not correlate with total Gaucher cell burden, the two
biomarkers appear of limited use to assess skeletal disease. Since skeletal disease is one of
the most debilitating symptoms for Gaucher patients, the availability of a blood test that
relates to skeletal manifestations would be very valuable. Conventional markers of
osteoclast and osteoblast activity prove to be not very informative for assessment of
skeletal disease in Gaucher patients [7,8]. In chapter 5 [8] we show that macrophage
inflammatory protein (MIP)-1α and MIP-1β, both implicated in skeletal complications in
multiple myeloma, are significantly elevated in plasma of Gaucher patients. A correlation
was observed between plasma MIP-1β and extent of skeletal disease. A lack of reduction
of plasma MIP-1β below 85 pg/mL during 5 years of therapy was observed in patients with
ongoing skeletal disease. Clearly, rigorous analysis of a large cohort of Gaucher patients is
required to establish the value of plasma MIP-1β as biomarker, especially its value as
prognostic marker for skeletal response to therapy. Moreover, since it has become clear
that skeletal disease is more difficult to treat and control by enzyme replacement therapy
(ERT) than other clinical symptoms in Gaucher disease, it is of major importance to
recognize it in its earliest stages and to monitor accurately its progression. An important
future research question is thus whether plasma MIP-1β is suitable for this purpose. If not,
research should proceed to find a marker more closely correlating with skeletal disease, 
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which may be useful in preventing bone complications in the future. As long as a
convenient bone specific biochemical marker is lacking, adequate evaluation of skeletal
disease in Gaucher patients will have to solely rely on radiology. A correlation between the
infiltration of bone marrow by Gaucher cells and skeletal complications has been
documented [9,10]. Unfortunately, the most suitable imaging technique for this purpose,
QCSI (quantitative chemical shift imaging), is only available in few centres and therefore
less sensitive alternatives have to generally employed [9,10]. With regard to skeletal
disease, special attention should be paid to patients that are splenectomized, and
manifested already bone complications, since these appear to be at risk for further osseous
complications. It has to be carefully comparatively established whether a lack or slow
improvement during ERT in the correction of bone marrow as measured by QCSI,
chitotriosidase and MIP-1β or a combination of these offers prognostic information
regarding skeletal disease [11].

Section II: Biomarkers for Fabry disease
Despite the fact that Fabry disease and Gaucher disease are both caused by defects in

lysosomal glycosidases degrading glycosphingolipids, their clinical manifestation is
remarkably different. This difference is usually ascribed to the fact that in Fabry disease
storage of globotriasylceramide (Gb3) occurs in multiple cell types, particularly in
endothelial cells, whereas in Gaucher disease exclusively tissue macrophages develop into
storage cells. In contrast to the situation for Gaucher disease, genuine protein biomarkers
of storage cells in Fabry disease are unfortunately still lacking. So far only modest
abnormalities in plasma chitotriosidase [12] and myeloperoxidase [13] have been
consistently observed, pointing to the involvement of macrophages and leukocytes in the
pathophysiology of Fabry disease. Their application as biomarkers may be however very
limited given the considerable overlap in levels encountered in Fabry patients and normal
subjects.
Accumulating Gb3 has obviously also been considered as a biomarker for Fabry disease.

In chapter 11 [14] we investigated the clinical value of urinary or plasma Gb3 levels as
marker for Fabry disease manifestation. To our disappointment we observed that none of
the Fabry related symptoms correlated well with urinary or plasma Gb3 levels. In addition,
elevated levels of Gb3 in plasma or urine did not correlate with severity of disease (MSSI).
Prominent Gb3 accumulation occurs in hemizygotes at or even before birth, long before
any clinical symptoms develop [15]. 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 [16]. Thus, the clinical value of urinary or plasma Gb3 as biomarker
for manifestation of Fabry disease seems very limited. Other investigators have come to a
similar conclusion [17,18]. The very recent demonstration of dramatically elevated levels
of lysoglobotriaosylsphingosine in plasma and tissue of Fabry patients as well as mice with
a disrupted α-galactosidase A gene, prompts further investigations in its value as
prognostic marker and possible role in pathogenesis [19].

In chapter 12 we used surface-enhanced laser desorption/ionization time-of-flight mass
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spectrometry (SELDI-TOF MS) to investigate whether serum contains proteins
specifically secreted by storage cells themselves (or by stimulated surrounding cells). Our
study failed to detect useful discriminatory differences between Fabry and control SELDI-
TOF MS serum profiles. In retrospect, these negative results are not so surprising since no
single blood biomarker for Fabry disease has been detected so far [20]. In Fabry disease,
storage of Gb3 in arterial walls is thought to underlie the clinical manifestations of the
disease [21]. However, directed searches in plasma or serum of Fabry patients for markers
of coagulation activation, fibrinolysis, platelet activation and endothelial activation have
given negative results. Vedder et al. [22] showed only minimal abnormalities in
coagulation activation, fibrinolysis, platelet activation and endothelial activation in
patients with Fabry disease, except in the more severely affected patients with renal
impairment. Vedder et al. conclude that the reported abnormalities are probably better
explained by the renal insufficiency than by Fabry disease itself. It is of particular interest
to note that no significant abnormalities were detected in Fabry plasma specimens
regarding von Willebrand factor or endothelial cell derived microparticles, phenomena
usually associated with endothelial cell activation. Thus, in contrast to the still common
belief [21], lipid-laden endothelial cells of Fabry patients seem not grossly abnormal in
behavior and function. This may explain our inability to detect abnormal concentrations of
endothelial cell derived proteins during Fabry serum protein profiling with the SELDI-
TOF MS methodology. The question however still remains whether other (analytical)
methods will not be able to detect disease-related abnormalities in body fluids of Fabry
patients such as blood and urine. Further efforts should therefore be undertaken to establish
this (see below).

Limitations of SELDI-TOF MS
A proteomics approach employed in biomarker discovery is SELDI-TOF MS. This

relatively novel application of mass spectrometry combines absorption chromatography
with time-of-flight mass spectrometric detection. The advantage of SELDI-TOF MS over
conventional techniques is the possibility to apply complex biological samples such as
serum or plasma directly because of the specific retention of a certain class of target
proteins only. Given CCL18’s low molecular mass, positive charge, and relatively high
abundance, this chemokine seems a particular attractive protein for SELDI-TOF based
quantification. Therefore, we determined CCL18 levels in plasma using SELDI-TOF MS
and ELISA in parallel, and investigated whether SELDI-TOF MS based quantification of
CCL18 in blood can be used to quickly monitor Gaucher disease. The outcome of this
study, described in chapter 4 [23], was rather disappointing. CCL18 levels in some blood
samples were significantly underestimated. Apparently, limited binding capacity and
sample dependent suppression of CCL18 ionization contribute strongly to the final peak
intensity. SELDI-TOF MS does not seem to offer a reliable procedure to quantitatively
monitor CCL18 levels in blood. It is highly likely that similar problems occur with the
detection of other proteins in blood samples when analyzed by SELDI-TOF MS. Thus, our
study is of more general interest, as it demonstrates that semi-quantitative monitoring of
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disease-specific biomarkers in complex fluids, such as blood, by SELDI-TOF MS still
remains highly problematic.

Despite this, analyzing blood proteins by means of SELDI-TOF MS has become a
popular approach to obtain disease-specific protein profiles. Instead of looking for specific
protein biomarkers in complex protein mixtures like plasma or serum, mass spectra of
samples of diseased and (healthy) control individuals are measured with the objective of
distinguishing between the control and diseased groups. Data analysis methods are used to
compare the protein profiles and create classification models. Since data sets typically
have a low-samples-to-variables-ratio, thorough statistical validation of discrimination
models is crucial. We demonstrated in chapter 9 [24] that principal component
discriminant analysis of SELDI-TOF MS data obtained from serum specimens allowed
classification of Gaucher disease patients. Although this approach was successful for
Gaucher disease, a comparable study failed to detect useful discriminatory differences
between Fabry and control SELDI-TOF MS serum profiles. As mentioned earlier, this is
probably not only due to limitations of the technique, but intrinsic to the pathophysiology
of Fabry disease. Thus, the use of SELDI-TOF MS to distinguish between control and
diseased groups, based on complete protein profiles, remains a promising application of
the technique (bearing in mind the fact that Gaucher disease samples are exceptional in the
levels and variety of protein differences when compared to control samples). However,
although many samples can be prepared for mass spectrometric analysis in only a few
hours, one has to keep in mind that statistical validation of the discrimination models is
indispensable. Besides biochemical and clinical knowledge, expertise with statistical
validation is thus essential to determine the statistical and predictive value of candidate
biomarkers.

Suggestions for future studies
We reported elevated MIP-1α and MIP-1β levels as newly detected plasma abnormalities

in Gaucher patients. In particular insufficient correction in plasma MIP-1β following
therapy seems associated with ongoing skeletal disease. Further research with larger
groups of well-documented Gaucher patients will have to reveal whether plasma MIP-1β
levels can be of additional value in clinical management of Gaucher patients, particularly
for the management and prediction of their skeletal disease. Moreover, additional studies
are clearly necessary to elucidate the pathophysiology of skeletal problems in Gaucher
patients. The development of guidelines to monitor and treat bone complications in
Gaucher patients will remain difficult as long as the pathophysiology of Gaucher skeletal
disease is incompletely understood. Since no clear-cut indications for classical
osteoporosis have been firmly documented [7], it is suggested that special molecular
mechanisms are involved in the skeletal disease in Gaucher patients. An important research
question regarding skeletal disease in Gaucher patients is whether MIP-1β directly
underlies disease processes in the bone marrow. MIP-1α and MIP-1β have already been
implicated in the pathogenesis of skeletal disease in patients suffering from multiple
myeloma [25,26]. It is possible that, amongst other factors, chemokines like MIP-1β play
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an important role in the disturbed balance of bone resorption and formation in Gaucher
patients. The recent availability of suitable Gaucher mouse models should allow such
investigations [27]. Our present study (chapter 5 [8]) did not address the relationship
between plasma MIP-1β levels and localized osteolysis or generalized
osteopenia/osteoporosis. Future investigations should address these possible relationships.
Since most skeletal complications are practically irreversible it is of great importance to be
able to monitor skeletal disease in Gaucher patients in such a way that skeletal
complications can be prevented in the future.

With respect to the evaluation of disease progression and treatment response in Fabry
patients, further efforts should be undertaken to identify biomarkers. This is a challenging
research area because the disease is not well understood. A subgroup of Fabry patients has
benefited little from ERT. It appears that treatment has been started too late in the disease
process. The absence of a biomarker hampers good monitoring of these patients. Presently,
organ function is the best parameter to monitor treatment efficacy. Thus, future (laboratory
and clinical) investigations are required to study the aetiology and course of Fabry disease
and identify possible biomarkers. The recent availability of a suitable Fabry mouse model
in principle should allow rapid progress in such investigations [16]. An approach that also
deserves special attention since it has been recently employed in a search for plasma
biomarkers in a lysosomal storage disorder is a label-free LC-MS/MS quantification
method. This method is based on determining peak-area ratios of the same peptides
between different conditions. It was recently discovered that a this approach allows
accurate estimation of absolute protein concentrations in complex mixtures [28]. Using
LCMSE, a series of plasma specimens from type I Gaucher patients before and after
therapeutic intervention were studied [29]. Marked therapy-induced differences were
found in the Gaucher disease protein plasma profile. Comparison with the normal plasma
profile revealed that many of the protein abnormalities in symptomatic patients were at
least partially corrected by successful therapy [29]. Investigations should be undertaken to
test whether this approach is also successful in the case of Fabry disease.      

In summary, although considerable progress has been made in understanding Gaucher
and Fabry disease, many issues still need to be clarified. In the light of this thesis, the
mechanism underlying the skeletal disease in Gaucher patients as well as the identification
of further 'bone' biomarkers are of particular interest. In addition, a genuine biomarker for
Fabry disease would be of great value for monitoring therapeutic efficacy.
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Samenvatting

Lysosomale stapelingsziekten zijn erfelijke stofwisselingsaandoeningen die hun naam
danken aan het feit dat zich bij al deze ziekten een probleem voordoet in de zogenaamde
lysosomen. Lysosomen zijn kleine celorganellen betrokken bij diverse afbraakprocessen.
In het lysosoom worden met behulp van lysosomale enzymen, binnengekomen grotere
moleculen afgebroken tot kleinere moleculen, die dan weer voor verdere verwerking elders
in de cel geschikt zijn. Als één van de enzymen niet functioneert ontstaan er problemen.
Een verbinding kan niet in het lysosoom afgebroken worden en blijft dus in het lysosoom
achter. Hierdoor ontstaat een stapeling van deze stof, die het functioneren van het
lysosoom bemoeilijkt en op den duur ook het functioneren van de hele cel verstoort.
Aangezien het verband tussen het gendefect en de klinische presentatie zwak is en er dus
veel variatie is tussen patiënten, zelfs binnen families, zijn biomarkers extra belangrijk
voor het klinisch begeleiden van patiënten met een lysosomale stapelingsziekte.
Biomarkers zijn specifieke moleculen die in afwijkende hoeveelheden voorkomen in
lichaamsvloeistoffen of weefsels van patiënten in vergelijking met gezonde mensen. Zij
kunnen gebruikt worden als indicatoren voor de ziekte progressie en de respons op
therapie. Idealiter zijn de biomarkers afkomstig van de stapelingscellen en kunnen ze
aangetoond worden in makkelijk te verkrijgen lichaamsvloeistoffen zoals bloed en urine.
Dit proefschrift behandelt onze zoektocht naar biomarkers voor de ziekte van Gaucher en
de ziekte van Fabry. We beschrijven onderzoeken die aantonen dat biomarkers de artsen
inderdaad van dienst zijn bij het nemen van beslissingen betreffende starten en
optimaliseren van therapie.

De introductie van nieuwe massa spectrometrische methoden, geschikt voor het
detecteren en identificeren van eiwitten, biedt nieuwe onderzoeksmogelijkheden om onze
kennis over eiwitten te vergroten. Recentelijk zijn er verschillende proteomics
('eiwitstudie') technieken ontwikkeld voor het bestuderen van eiwitten aanwezig in bloed.
Het doel van ons onderzoek, beschreven in dit proefschrift, was het identificeren en
karakteriseren van biomarkers voor de ziekte van Gaucher en de ziekte van Fabry met
behulp van één van deze nieuwe technologieën, genaamd surface-enhanced laser
desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS). Deze relatief
nieuwe toepassing van massa spectrometrie combineert absorptie chromatografie met
massa spectrometrische detectie.

Biomarkers voor de ziekte van Gaucher
In hoofdstuk 3 beschrijven we een studie waarin we onderzoeken of CCL18 een goede

biomarker is voor de ziekte van Gaucher. Wij tonen aan dat het chemokine CCL18
gemiddeld ca. 30 keer verhoogd voorkomt in plasma van symptomatische Gaucher
patiënten, zonder overlap tussen waarden van patiënten en controles. De concentratie
CCL18 in plasma neemt af tijdens therapie, net als chitotriosidase. Immunohistochemie
toont aan dat de Gaucher cellen verantwoordelijk zijn voor CCL18 productie. De
concentratie CCL18 in plasma kan gebruikt worden als alternatieve surrogaat marker voor
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de ziekte van Gaucher en is vooral een uitkomst bij het volgen van het ziekteverloop in
geval van patiënten met een chitotriosidase deficiëntie. Verder tonen we aan dat de plasma
CCL18 marker nuttig is voor het bepalen van de doeltreffendheid van therapie.

In hoofdstuk 4 beschrijven we een studie naar de bruikbaarheid van SELDI-TOF MS
voor kwantitatieve metingen van de CCL18 concentratie in bloed om op die manier het
ziekteverloop bij Gaucher patiënten te volgen. Gebaseerd op CCL18's laag moleculaire
massa, positieve lading en relatief hoge concentratie zou CCL18 erg geschikt kunnen zijn
voor het kwantificeren met behulp van SELDI-TOF MS. Daarom hebben we de CCL18
concentratie in plasma tegelijkertijd m.b.v. SELDI-TOF MS en ELISA bepaald. De CCL18
concentratie bleek in sommige monsters aanzienlijk te worden onderschat bij een SELDI-
TOF MS bepaling. Inmengen van recombinant CCL18 wees uit dat de detectie van CCL18
met SELDI-TOF MS sterk beïnvloed wordt door de aard van het monster. Onafhankelijk
van de totale CCL18 concentratie bindt slechts 1-10% van het chemokine aan de
ProteinChip® Array. Zelfs wanneer er vergelijkbare hoeveelheden aan de ProteinChip®

Array zijn gebonden worden er verschillende piek intensiteiten waargenomen. Gebaseerd
hierop suggereren wij dat beperkte bindingscapaciteit en monsterafhankelijke suppressie
van CCL18 ionisatie beide de uiteindelijke piek intensiteit sterk beïnvloeden. Met deze
studie tonen we aan dat SELDI-TOF MS geen betrouwbare procedure is om de CCL18
concentratie in bloed kwantitatief te bepalen en dus niet gebruikt kan worden voor het
evalueren van de status van Gaucher patientenpatiënten.

Hoofdstuk 5 beschrijft onze zoektocht naar een biomarker voor skeletziekte in Gaucher
patiënten. Skeletziekte is een van de meest ingrijpende ziekteverschijnselen voor Gaucher
patiënten. Het volgen van de invloed van therapie op skeletziekte is problematisch omdat
de bestaande verfijnde MRI technieken erg duur en niet overal toegankelijk zijn. De
beschikbaarheid van een simpele bloedtest die ons meer kan vertellen over eventuele
botcomplicaties zou daarom erg waardevol zijn. Wij tonen in dit hoofdstuk aan dat de
chemokines macrophage inflammatory protein (MIP)-1α en MIP-1β, beide betrokken bij
botcomplicaties bij patiënten met multiple myeloma, aanzienlijk verhoogd voorkomen in
plasma van Gaucher patiënten. Er blijkt een verband te bestaan tussen een verhoogde
plasma MIP-1β concentratie en botproblematiek. De concentratie van beide chemokines
neemt af tijdens therapie. Een onvoldoende afname in plasma MIP-1β concentratie
gedurende 5 jaar therapie (>85 pg/mL MIP-1β) werd alleen waargenomen in patiënten met
voortdurende botproblemen tijdens therapie. Samenvattend kunnen wij zeggen dat MIP-
1α en MIP-1β verhoogd voorkomen in plasma van Gaucher patiënten en een aanhoudende
hoge concentratie MIP-1β tijdens therapie een voorspellende waarde heeft betreffende
voortdurende botproblemen.

Hoofdstuk 6 is gewijd aan het effect van een dosisverschil bij enzym vervangende
therapie (ERT) op de respons in plasma MIP-1β concentratie. Er is al geruime tijd
discussie t.a.v. de vraag of een hogere dosis ERT leidt tot een snellere en betere respons in
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de botten. Wij hebben onderzocht of een hogere therapeutische dosis ook leidt tot een
betere plasma MIP-1β respons. Hiertoe hebben we retrospectief gekeken naar de MIP-1β
respons in twee vergelijkbare patiëntengroepen. Eén groep werd behandeld met een
relatief lage dosis enzym terwijl de andere groep een relatief hoge dosis ontving. De
plasma MIP-1β concentratie nam sneller af in de hoog gedoseerde patiëntengroep. Een
soortgelijke respons werd ook waargenomen voor chitotriosidase activiteit (de
belangrijkste marker voor de hoeveelheid stapelingscellen in Gaucher patiënten) en de
mate van beenmerg aandoening.

In hoofdstuk 7 beschrijven we het effect van therapie op klinische en biochemische
parameters van 3 kinderen met Gaucher type III uit één gezin. De kinderen zijn geboren
tussen 1992 en 2004. Door nieuwe inzichten verkregen gedurende deze periode is de
behandeling van patiënten met de ziekte van Gaucher type III aanzienlijk veranderd. De
twee oudste kinderen zijn behandeld met ERT vanaf respectievelijk 24 en 6 maanden oud.
De dosis is vervolgens verhoogd en gecombineerd met substraat reductie therapie (SRT)
vanaf respectievelijk 12 en 8 jaar oud. Het jongste kind is vanaf vijf maanden behandeld
met een hoge dosis ERT en SRT. De twee oudste kinderen zijn vanaf een leeftijd van 1.5
jaar neurologisch aangedaan. De eerste symptomen waren scheelzien en gedeeltelijke
oculomotor apraxia (moeite met het controleren van horizontale oogbewegingen). Later
werden ook cognitieve achteruitgang, problemen met hersenfunctie en gehoor vastgesteld.
Het ziekteverloop van het jongste kind is veel gunstiger. Op een leeftijd van 3 jaar zijn de
cognitieve ontwikkeling, de hersenfunctie en het gehoor normaal te noemen. De
verstoorde oogbewegingen, die snel na de geboorte al optraden, werden gedurende
therapie minder opvallend. Gebaseerd op deze resultaten lijkt de combinatie van een hoge
dosis ERT en SRT een veelbelovende therapie voor het behandelen van Gaucher type III,
mits er al vroeg wordt gestart met de behandeling. Voor het bepalen van de effecten van
deze combinatietherapie op lange termijn is vervolgonderzoek natuurlijk noodzakelijk.

Hoofdstuk 8 beschrijft een proteomics studie waarbij we de ziekte van Gaucher
onderzoeken met behulp van de klassieke 2D gel electroforese methode. Plasma van
Gaucher type I patiënten is vergeleken met plasma van gezonde vrijwilligers. Op de 2D gel
met Gaucher plasma waren in vergelijking met de controles verschillende grote abundante
eiwitten afwezig, terwijl een nieuwe groep van kleine 'eiwitten' verscheen. Deze kleine
polypeptiden zijn geïdentificeerd als proteolytische afbraakproducten. Opvallend genoeg
kon dit verschijnsel volledig voorkomen worden door gebruik te maken van
thioureum/ureum in de rehydratiebuffer in plaats van ureum alleen. Door Gaucher plasma
te mixen met controle plasma konden wij vast stellen dat de afbraak veroorzaakt wordt
door de aanwezigheid van een (of meer) protease(s) in Gaucher plasma. Onze observaties
kunnen verklaard worden door gedeeltelijke eiwit ontvouwing. Terwijl de eiwitten
gevoelig voor afbraak door protease(s) ontvouwen worden in aanwezigheid van ureum
alleen lijken de protease(s) zelf hun actieve conformatie te behouden. Na therapie lijkt de
eiwitafbraak veel minder grootschalig, waarschijnlijk veroorzaakt door een afname van de
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hoeveelheid protease(s). Incubatie met Concanavaline A SepharoseTM resulteerde in een
gedeeltelijke remming van de proteolytische activiteit in Gaucher plasma. Gebaseerd op
deze resultaten suggereren wij dat (sommige van de) verantwoordelijke protease(s)
mogelijk geglycosyleerde eiwitten zijn. Onze experimenten met verschillende protease
remmers geven ons aanwijzingen dat een mengsel van proteases, welke in ruime
hoeveelheid aanwezig zijn in plasma van symptomatische Gaucher patiënten,
verantwoordelijk is voor de intrigerende eiwitafbraak waargenomen met 2DGE.
Samenvattend, bij het gebruik van ureum alleen voor het denatureren van eiwitten
aanwezig in Gaucher plasma vindt grootschalig 'in vitro' geïnduceerde eiwitafbraak plaats.
De mate van eiwitafbraak blijkt te correleren met de ernst van de ziekte.

In hoofdstuk 9 presenteren wij een strategie voor de statistische validatie van
classificatiemodellen in proteomics studies. Voor het vinden van nieuwe biomarkers zijn
verschillende bestaande methoden gecombineerd om zo een solide statistische basis te
verkrijgen alvorens we gaan testen of de biomarker ook biochemisch valide is. Deze
methoden omvatten: een permutatietest en enkele en dubbele kruisvalidatie. Als
classificatiemethode is gebruik gemaakt van Principal Component Discriminant Analysis
(PCDA), maar de methodologie is ook toepasbaar bij andere classificatiemethoden. De
kruisvalidatieresultaten van het PCDA model kunnen prima gecombineerd worden met een
nieuwe selectiemethode van variabelen, genaamd 'rank products'. Deze strategie is met
name geschikt voor experimenten met relatief weinig monsters en veel variabelen (hetgeen
aanleiding geeft tot 'undersampling'), zoals we dat vaak aantreffen bij proteomics en
metabolics studies. De dataset bestaat uit serum monsters van Gaucher patiënten en
gezonde vrijwilligers. Na dubbele kruisvalidatie blijkt de sensitiviteit van het model 89%
en de specificiteit 90%. Mogelijke kandidaat biomarkers zijn geïdentificeerd met de
nieuwe variabelenselectie methode. De resultaten van permutatietests ondersteunen de
keuze voor dubbele kruisvalidatie als methode ter bepaling van de voorspelfout indien
voor het modelleren een parameter ingesteld moet worden. De permutatietoets toont aan
dat een enkele kruisvalidatie geen uitsluiting van statistische fouten garandeert. De
validatie van classificatie modellen door middel van permutatietesten in combinatie met
dubbele kruisvalidatie voorkomt een onjuiste interpretatie van de resultaten, mogelijk
veroorzaakt door undersampling.

In hoofdstuk 10 presenteren we een gevoelige methode voor het detecteren van
puntmutaties in eiwitten aanwezig in complexe monsters. De methode is gebaseerd op
SELDI-TOF MS, maar kan ook worden toegepast met gebruik van andere MS technieken.
Het te onderzoeken eiwit in deze studie is het lysosomale enzym glucocerebrosidase, het
enzym dat bij de ziekte van Gaucher niet (goed) functioneert. Onvoldoende activiteit van
glucocerebrosidase leidt tot stapeling van glucosylceramide in macrofagen (cellen die in
staat zijn materiaal op te nemen en af te breken). De relatie tussen glucocerebrosidase
genotype en het fenotype van de Gaucher patiënt is niet strikt. De mogelijkheid om
glucocerebrosidase eiwit te kunnen meten in klinische monsters zou meer inzicht kunnen

242

Chapter 15

versie 17-04.qxp  17-4-2008  10:52  Pagina 242



geven in de ziekte van Gaucher. Om dit doel te verwezenlijken hebben we
glucocerebrosidase geïsoleerd met een simpele verrijkingsstap door interactie van
glucocerebrosidase met een geïmmobiliseerd antilichaam (8E4). Na isolatie van
glucocerebrosidase werd het antilichaam-antigeen complex op de chip gedigesteerd met
behulp van trypsine. In totaal zijn er 25 peptiden geïdentificeerd (sequentie: ~60% van het
totaal), waarvan er een aantal de gemuteerde aminozuren bevatten. De beschreven
methode biedt de mogelijkheid om een mutatie analyse op eiwitniveau te doen door direct
te meten in complexe biologische monsters zonder dat daar ingewikkelde
zuiveringsmethodes voor nodig zijn.

Biomarkers voor de ziekte van Fabry
In hoofdstuk 11 beschrijven we een uitgebreid onderzoek naar de klinische symptomen

van Nederlandse Fabry patiënten. Klinische en biochemische karakteristieken van 96
Nederlandse Fabry patiënten (waarvan er inmiddels 25 zijn overleden) zijn retrospectief
verzameld voordat therapie gestart is. Na analyse van de karakteristieken van de
Nederlandse Fabry patiënten ontdekten we dat er maar een beperkt verband bestaat tussen
de verschillende symptomen. Verder blijken de individuele symptomen niet te correleren
met de verhoogde Gb3 concentratie in plasma of urine en dus kan Gb3 niet gebruikt
worden als biomarker voor de ziekte van Fabry.

In hoofdstuk 12 beschrijven we onze zoektocht naar een biomarker aantoonbaar in bloed
die de klinische status van de Fabry patiënt goed weerspiegelt. Wij hebben voor deze
studie serum gebruikt van Fabry patiënten en gezonde vrijwilligers en hebben de sera
vergeleken met behulp van SELDI-TOF MS. Recentelijk hebben we al aangetoond dat na
analyse van de SELDI-TOF MS spectra met behulp van PCDA een goed classificatie
model gemaakt kan worden voor het onderscheiden van Gaucher patiënten. Hier evalueren
we de waarde van SELDI-TOF MS plasma profiling voor het discrimineren van
symptomatische Fabry patiënten met behulp van PCDA en support vector machines
(SVM) analyse. Uit ons onderzoek blijkt dat Fabry patiënten veel minder goed te
onderscheiden zijn van gezonde vrijwilligers dan Gaucher patiënten. De verschillen tussen
de Fabry en de controle spectra zijn waarschijnlijk veel kleiner dan de verschillen tussen
de Gaucher en de controle spectra.

In addendum 1 bespreken we tenslotte onze zoektocht naar een biomarker voor delirium.
Voor deze studie is gebruik gemaakt van plasma en serum van patiënten van 65 jaar en
ouder die geopereerd zijn naar aanleiding van een gebroken heup, met en zonder
postoperatief delirium. Er zijn eiwitprofielen gegenereerd met SELDI-TOF MS door
gebruik te maken van CM10 en Q10 ProteinChip® Arrays. Vervolgens is er een
vergelijking gemaakt van de eiwitprofielen. Het grootste verschil werd gevonden wanneer
EDTA plasma werd opgebracht op een CM10 ProteinChip® Array. Deze resultaten werden
bevestigd in de validatiegroep. In deze studie hebben we (wanneer we de testgroep en de
validatiegroep samenvoegen) 3 discriminerende pieken gevonden in de delirieuze
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patiënten. Deze pieken corresponderen hoogstwaarschijnlijk met het eiwit hemoglobine-β.
Onderzoek naar de ziekte van Gaucher type I heeft geleid tot de ontdekking van twee

nieuwe biomarkers, aantoonbaar in plasma van Gaucher patiënten. De eerste nieuwe
biomarker, CCL18, blijkt, net als plasma chitotriosidase, goed te correleren met het aantal
Gaucher cellen en de ernst van de ziekte. Deze biomarker helpt artsen bij het nemen van
beslissingen betreffende de behandeling van patiënten en is vooral een uitkomst voor het
volgen van chitotriosidase deficiënte patiënten. De tweede nieuwe biomarker, het
chemokine MIP-1β, blijkt ook verhoogd in plasma van Gaucher patiënten. In tegenstelling
tot chitotriosidase en CCL18 wordt MIP-1β niet gemaakt door de volwassen Gaucher cel,
maar is dit chemokine afkomstig van de onstekingscellen die de stapelingscellen omgeven.
Het uitblijven van een toereikende respons in plasma MIP-1β bleek te correleren met
voortdurende botproblemen. Correctie van de MIP-1β concentratie in plasma is, net als bij
chitotriosidase en CCL18, in de eerste fase van de enzym vervangende therapie afhankelijk
van de dosis. Hieruit blijkt dat zowel de correctie van de Gaucher cellen als de omliggende
cellen in de eerste fase van therapie dosisafhankelijk is.

Helaas zijn er nog steeds geen echte biomarkers beschikbaar voor de ziekte van Fabry.
Analyse van de klinische en biochemische karakteristieken heeft niet geleid tot de
ontdekking van een (mogelijke) biomarker. We hebben de ziekte van Fabry ook bestudeerd
met behulp van massa spectrometrie. Met behulp van SELDI-TOF MS kon echter geen
goed onderscheid worden gemaakt tussen de eiwit profielen van Fabry patiënten en
gezonde vrijwilligers. Achteraf zijn de resultaten van deze studies niet verrassend omdat
tot dus ver ook door andere onderzoekers geen enkele bloed biomarker is gevonden. In
tegenstelling tot wat eerder algemeen geaccepteerd werd, blijken de met lipiden gevulde
endotheel cellen in Fabry patiënten niet extreem abnormaal te zijn. De kans is groot dat de
stapelingscellen dus geen specifieke eiwitten uitscheiden die wij vervolgens in de
circulatie terug zouden kunnen vinden met behulp van SELDI-TOF MS.
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Dankwoord

Inmiddels ligt mijn concept proefschrift ter beoordeling bij de promotiecommissie. Dus is
het nu tijd voor het allerallerallerlaatste stukje tekst. Het dankwoord. In het Nederlands,
mijn moedertaal. En dus zou het mij makkelijker af moeten gaan dan de rest van mijn
proefschrift. Niets is minder waar. Ik ben bang dat ik mensen vergeet te vermelden die het
wel degelijk mede mogelijk gemaakt hebben gemaakt dat ik daar donderdag 12 juni 2008
mag staan...

Allereerst wil ik de Nederlandse Gaucher patiënten en Fabry patiënten bedanken. Dankzij
jullie bereidwilligheid en inzet zijn wij meer te weten gekomen over deze zeldzame
ziekten.Vanzelfsprekend wil ik het bestuur van de Nederlandse Gaucher vereniging en het
bestuur van de FSIGN, de Nederlandse Fabry patiënten vereniging, bedanken voor hun
steun hierbij.

Prof. dr. J.M.F.G. Aerts. Hans, hoofd van de afdeling Medische Biochemie, mijn promotor
EN mijn directe begeleider. Bedankt voor het aanbieden van de juiste baan op het juiste
moment. Na veel wikken en wegen heb ik dan toch (weer) de beslissing genomen. Ik wil
promoveren! Ik kijk nu terug op een hele plezierige en (relatief) stressvrije periode. Het
samenwerken met jou gaat altijd prima, en wordt vervolgd. Ondanks een ernstig
volgeplande agenda had je altijd een gaatje voor een snel overleg, waardoor ik weer verder
kon met mijn proeven en/of mijn manuscripten. In mijn ogen ben jij een stereotiep
verwarde professor. Juist daardoor heb ik NOG meer bewondering voor alles wat je doet.
Bedankt voor jouw vertrouwen op een goede afloop. Als ik aan mezelf twijfelde wist jij
me er altijd weer van te overtuigen dat ik het best zelf kon.

De leden van mijn promotiecommissie: prof. dr. R.A. Wevers, prof. dr. F.A. Wijburg, prof.
dr. R.J.A. Wanders, dr. B. Bleijlevens en dr. D. Speijer. Bedankt voor het kritisch doorlezen
van mijn proefschrift en de bereidheid om zitting te nemen in de promotiecommissie.
Dear prof. dr. T.M. Cox, I am honored that you are willing to participate in my PhD thesis
committee.

De afdeling Medische Biochemie: verschillende onderzoeksgroepen en gemiddeld zo'n 55
werknemers met uiteenlopende persoonlijkheden. Al met al een heel gezellige boel. Ik heb
genoten van alle koffiepauzes, borrels, labuitjes en kerstlunches. Iedereen bedankt voor de
goede sfeer en behulpzaamheid.

Een aantal mensen wil ik toch bij naam noemen. Allereerst wil ik mijn (ex)kamergenootjes
bedanken:
Boris, bedankt voor jouw hulp bij de eerste experimenten met de SELDI en mijn
allereerste manuscript. Het was wel even wennen toen je net weg was... Verder bedankt
voor het afmatten van mijn vriendje op de squashbaan. Hij was na afloop altijd zo heerlijk
rustig ;-) Wanneer gaan jullie weer? Nick zit al te springen van ongeduld.
Richard, bedankt voor jouw eerste hulp bij computerproblemen, jouw muzikale
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intermezzo's en goede film suggesties. Thanks voor jouw input bij het protease verhaal,
dankzij jou niet alleen een klassiek biochemische aanpak maar ook hightech stuff. :-D
En Dave, waar moet ik beginnen? Wouldn't have made it without you! Allereerst bedankt
voor het 'binnenhalen'. Thanks voor al jouw boeken (op verjaardagen en als het even tegen
zat) en jouw culinaire hoogstandjes (lunch en avondmaaltijd) bij jou thuis. Uiteraard ook
mijn dank voor jouw hulp in het lab en het kritisch doorlezen van mijn manuscripten.
Verder bedankt voor de peptalks, de ijsjes, de feedback na presentaties, de warme
chocomelk, de opbouwende kritiek en het lekkerste brood van A'dam. Fijn ook dat je jouw
humor alleen gebruikt omwille van mij en niet ten koste van mij. Volgens mij ben ik de
enige op de afdeling met 'vrijstelling'.

Van onze afdeling wil ik verder diegene bedanken die mij wegwijs gemaakt hebben op het
lab en met wie ik veel heb samen gewerkt:
Ans en Rolf, bedankt voor jullie hulp bij verscheidene zaken.
Marri en Wilma, bij jullie kan ik altijd terecht met mijn vragen. Bedankt voor jullie hulp.
Saskia, bedankt dat jij samen met mij geregeld de -20°C kamer wilde trotseren op zoek
naar allerlei bloedmonsters. Wanneer gaan we een keer gezellig Wii-en met z'n vieren?
Farhad, bedankt voor onze korte maar krachtige samenwerking.
Nora, dezelfde periode gestudeerd, tegelijk stage gelopen op Biochemie en uiteindelijk
allebei een AIO baan bij Hans... Op 1 vlak loop je echter ruim voor. Jij hebt thuis al klein
stoer ventje zitten. Succes met de laatste promotieloodjes. Het gaat je lukken!
Karen, je was een hele prettige reisgenoot. Samen met jou leek Perugia toch minder ver
weg... Verder check ik nooit meer mijn koffer in voordat ik mijn toiletspullen, een setje
ondergoed en mijn pyama in mijn handbagage heb gedaan, en jij?
Shreyas, net als ik gek op visjes, hardlopen en een dropje op z'n tijd. Verder beide
voorstander van een opgeruimd lab ;-) Jij bracht ons lab tot leven. Bedankt voor jouw
gezelligheid!

Annette, Duco en Romana. Zonder jullie had het allemaal niet zo op rolletjes gelopen.
Bedankt voor al jullie hulp.

Guy, bedankt voor de vrolijke noot op de gang.

De Harries. Meindert, Jacques en Harrie. Bedankt voor de technische ondersteuning en
bovenal voor het opvrolijken van mijn mannetje op momenten dat hij het even helemaal
gehad heeft!

Wie Mariëlle een beetje kent weet hoe belangrijk eten voor haar is. Zie anders haar
noodrantsoen op haar schrijfkamer. ;-) Uiteraard maken wij van een nood een deugd en is
elke lunch en avondmaaltijd een uitstekend moment voor de nodige ontspanning.
Lunchgangers: Alina, Kasia, Chris, Karin, Duco, Annett en Richard -> Bedankt!
Die-hards en lefgozers die ook de avondmaaltijd van het AMC trotseerden: Reinier, Rob,
Joost, Richard, Dave en Thijs -> Thanks!
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Het werk beschreven in dit boekje is mede mogelijk geworden door de goede
samenwerking tussen 'het lab' en 'de kliniek'. In het bijzonder wil ik diegenen bedanken
met wie ik -in meer of mindere mate- heb samen gewerkt: Maaike, Josanne en Anouk ->
Bedankt. Jullie hebben het al geflikt. Nu maar hopen dat ik het er ook zo goed vanaf breng
die dag. Ik heb in ieder geval genoeg goede voorbeelden. Verder wil ik Carla Hollak
bedanken voor het meedenken bij de opzetten van nieuwe onderzoeken en het kritisch
lezen van de manuscripten. Maaike Wiersma en Els Ormel, bedankt voor het verstrekken
van allerlei patiëntengegevens. Mario Maas, bedankt voor het scoren van de MRI's.
Mirjam en Saskia, jullie wens ik heel veel succes tijdens jullie promotietraject.

Een goede herinnering bewaar ik ook aan onze samenwerking met de werkgroep
Biosystems Data Analysis van de UvA, gevestigd op Roeterseiland. Age, Huub en
Suzanne, bedankt voor de fijne samenwerking. En Suzanne, jou wens ik heel veel succes
met jouw onderzoek en het afronden van jouw promotie. En geniet vooral heel veel van je
kleine meid Fiona!

Beste Barbara, door onze samenwerking maakte ik gebruik van proteomics technieken om
meer te leren over (ouderdoms)delirium. Dankzij jou dus wat variatie op het thema. Heel
veel succes met het afronden van de lopende onderzoeken en jouw proefschrift. Ik heb
bewondering voor het feit dat je jouw drukke baan weet te combineren met 3 kleine kids.

Perry, bedankt voor jouw hulp bij het analyseren van de SELDI resultaten in den beginne!

Mijn lieve paranimfjes, Japsman en Geurtsje, allereerst te gek dat jullie mijn steun en
toeverlaat willen zijn tijdens mijn spannendste dag ooit... Een hele uitdaging, al zeg ik het
zelf ;-) Bedankt ook voor alle hulp bij de voorbereidingen. Tevens mijn dank voor alle
gezellige avondjes in het zwembad. Lekker patatjes eten, lummelen en met z'n allen van
de glijbaan. Lekker gek doen, daarna nog even serieus een paar baantjes zwemmen en
tenslotte heerlijk met z'n vieren in één (!!) bubbelbad relaxen. Wanneer gaan we weer?
GOLVEN...

Lieve Mikel, Photoshop-held. Bedankt voor jouw ideeën, inspiratie en vliegensvlugge
photoshop-acties. Dankzij jou heb ik nu een superblitse kaft.

Mijn liefste vriendjes: Sandra, Roy, Brigitte, Jasper, Jeroen, Anne-Karine en Henri.
Bedankt voor alle etentjes, filmavondjes, strand- en sneeuwwandelingen en andere uitjes
(van pretpark tot wintersport). Bedankt voor deze broodnodige ontspanning in drukke
tijden. Voor al die anderen die ik jammer genoeg minder vaak zie: Wanneer spreken we
weer af?

Mijn hardloopmaatjes: Alexandra, Caroline en Ilse. Dankzij jullie kon ik regelmatig mijn
zinnen op iets anders zetten en lekker mijn hoofd leeg maken op de hei en in het bos in het
prachtige Gooi.

De sportschool en mijn sportmaatjes. Op deze plek kon ik mijn frustaties en overtollige
hoeveelheid energie (vooral na een dag schrijven) even flink botvieren op een
spinningfiets, step of kickbag en kon ik er de volgende dag er weer vol tegenaan.
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Lieve mama en papa. Bedankt voor alles. Dankzij jullie ben ik zover gekomen. Ondanks
mijn eigen(wijze) willetje ben ik toch heel goed terecht gekomen. Al was dat voor jullie
misschien (vooral in de puberteit) niet altijd even makkelijk. En dan mijn broer René, mijn
zusje Alieke en mijn kleine grote broertje Elwin. Zo verschillend als wij 4-en zijn vormen
wij een bont gezelschap, hebben lol met en respect voor elkaar. Daar ben ik trots op!
Binnenkort weer lekker een tompouce oppeuzelen bij mij thuis?

Schoonpapa en schoonmama. Het is fijn zo'n hechte schoonfamilie 'erbij te krijgen'.
Jollebol, mijn schoonzussie EN vriendin. Ik ben blij dat het zo goed met je gaat! Je bent
top!

Lieve Nick, de huizen waarin wij opgegroeid zijn stonden al 18 jaar slechts 8,5 km van
elkaar vandaan. Gelukkig zakte jij in 1995 NET voor jouw VWO examen en werd ik
uitgeloot voor de studie Geneeskunde, want daardoor bracht de studie Medische Biologie
ons in 1996 samen. Daar zaten we dan, terwijl ik al jaren riep dat ik chirurg wilde worden
en jij jezelf wel als boswachter zag... Samen met de trein naar college en samen practica
volgen, omdat onze achternamen nou eenmaal allebei begonnen met één van de eerste
letters van het alfabet. Nog nooit heb ik me bij iemand zo goed gevoeld (zelfs toen er 6
pezen en 1 zenuw door waren...). Jij bent de belangrijkste in mijn leven. Jij bent mijn
allessie. 

Hou me nog een keertje lekker stevig vast
Jij alleen bent 't die bij mij past
Jij bleef van 't begin af aan
Als kanjer altijd naast me staan
Jij was toen, jij bent nu, m'n allessie
(Willem Duyn - M'n allessie)
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