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Gaucher disease is the most common of the lysosomal storage disorders, a sub-group 

of the inherited metabolic diseases. The disease is characterized by a deficiency of 

the lysosomal enzyme glucocerebrosidase (glucosylceramidase), which leads to the 

accumulation of glucocerebroside in macrophages1,2. Based upon the presence or absence 

of neurological symptoms, Gaucher disease can be divided into three phenotypes; type 1 

(non-neuronopathic), type 2 (acute neuronopathic) and type 3 (subacute neuronopathic). 

Type 1 Gaucher disease is by far the most common form, accounting for 99% of the 

Gaucher cases. 

In the past two decades, Gaucher disease has received much attention for being the first 

of the lysosomal storage disorders for which safe and effective enzyme therapy has been 

developed, thereby making Gaucher disease a prototype for other intracellular protein 

deficiency diseases. More recent developments include the discovery of specific disease 

markers, the use of a new therapy based on substrate reduction and clinical trials of gene 

therapy. 

This review will provide an overview of the current knowledge and describe the relevant 

recent advances concerning Gaucher type 1 disease.

Epidemiology and Genetics
Type 1 Gaucher disease can be found in all ethnic groups but is especially prevalent in the 

Ashkenazi Jewish population, occurring in about 1:400-865 people3,4. The prevalence in 

the general population has been estimated at about 1:50.0005, with a carrier frequency of 

1:200. These figures could represent an underestimation, since a number of patients may 

well remain undiagnosed because of lack of symptoms or because physicians do not make 

the correct diagnosis. In the Netherlands, between 100 and 150 cases of type 1 Gaucher 

disease are known6.

Gaucher disease is transmitted in an autosomal recessive way. The 7.5 kb gene is located 

on chromosome 1q21 and encodes glucocerebrosidase7. More than 100 mutations have 

been described, of which the majority are point mutations8. 

The most frequent mutations in the Ashkenazi Jewish are the N370S and the 84GG 

mutation8,9. The N370S enzyme is present in normal amounts and shows considerable 

activity at low pH values but not at higher pH values10.  Homozygotes for the N370S 

mutation often have a very mild form of the disease or are discovered as asymptomatic 

family members11. The heteroallelic presence of the N370S mutation is associated with 

non-neuronopathic disease only12. Alleles bearing the 84GG mutation are unable to direct 

synthesis of any protein at all (‘null’ mutation), and as such, this mutation has never been 

found in the homozygous state13. The combination of the N370S and the 84GG mutation 

results in relatively severe disease12. 

The most prevalent mutations in Caucasian patients are the N370S and the L444P. 

Homozygosity for the latter is associated with the neuronopathic forms of the disease14. 

Many of the Dutch patients have the N370S mutation in heteroallelic form15. 
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There is a wide variability in clinical presentations in type 1 Gaucher disease and no strong 

correlations have been found between genotype and clinical expression16. A striking 

example of this is the description of a pair of identical twins, both carrying the N370S/

N370S mutation, in which one subject has serious manifestations of the disease and the 

other has no symptoms at all17.

Pathophysiology
The enzyme glucocerebrosidase catalyzes the cleavage of glucose and ceramide from 

glucocerebroside, an intermediate in the degradation of complex glycosphingolipids, which 

are mainly present in cell membranes. Since macrophages degrade apoptotic and senescent 

blood cells and its precursors that are rich in this glycosphingolipid, it is not surprising 

that the lysosomes of these cells accumulate glucocerebroside when there is a deficiency 

in glucocerebrosidase activity. The lipid laden macrophages are called Gaucher cells and 

are characterized by eccentric nuclei and a typical striated ‘crumpled silk’ cytoplasm18(See 

figure 1). Macrophages are especially found in liver, spleen, bone marrow and, to a lesser 

extent in the lung, and therefore these organs are predilection sites for excessive storage 

of undegraded glycolipid.  

The glucocerebroside concentration in spleens can be ten- to a thousand-fold increased, 

but high levels can also be detected in liver and bone-marrow18,19. The increase in plasma 

concentration of glucocerebroside is far less spectacular, with an average of about two-

fold18,20,21. Other substances than glycolipid have also been found to be elevated in plasma 

and tissue of Gaucher patients, for example tartrate resistant acid phosphatase 5B (TRAP), 

ferritin, angiotensin-converting enzyme (ACE), hexosaminidase and the lysosomal hydrolase 

chitotriosidase22. The latter is by far the most elevated in symptomatic patients, with levels 

at least 100-fold increased and ranging to more than 4000 times the median normal value, 

while asymptomatic Gaucher patients show no or only slight increases23. Extensive studies 

have shown that chitotriosidase originates from the Gaucher cell and that plasma levels 

are closely associated with the total body burden of Gaucher cells. It is therefore a good 

marker to monitor disease progression and response to therapy22. 

Since the presence of large numbers of storage cells by itself can not explain all the 

phenomena observed in Gaucher patients, it has been suggested that the accumulated 

glucocerebroside activates macrophages, which induce inflammatory responses by releasing 

cytokines. Indeed, elevated levels of IL-1β, IL-6, IL-10 and M-CSF in sera from patients with 

Gaucher disease have been found24-27, as well as a trend towards elevated TNF-α mRNA28. 

In addition, glucocerebrosidase deficient mice showed a multi-system inflammatory reaction 

with inflammatory cell infiltration in several organs, lymphadenopathy and elevated TNF-α 

and IL-1β expression. Evidence of B-cell proliferation was also found, as well as elevated 

serum IgG levels29. These findings also support the hypothesis that chronic stimulation 

of B-cells occurs, which may be the cause of the increased incidence of auto-antibodies 
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and the high frequency of gammopathies and multiple myeloma that have been found in 

patients with Gaucher disease30. 

Clinical presentation
Type 1 Gaucher disease is a highly variable non-neuronopathic disease with a clinical 

picture that is dominated by a slowly to rapidly progressive hepato- and splenomegaly, 

bone involvement and a cytopenia. The mean age at diagnosis is 21 years12, but the age of 

onset can range from early childhood to the eight decade. In general, early onset may be 

associated with a poor prognosis, but variability is the rule.

Haematology 
Thrombocytopenia is the most common peripheral blood abnormality in patients with 

Gaucher disease, often leading to spontaneous bruising and bleeding31. Initially, this is 

the result of enhanced clearance of blood cells by the enlarged spleen. In a later stage of 

the disease, or in patients who have undergone a splenectomy, replacement of the bone 

marrow by Gaucher cells adds to the development of cytopenia. Low levels of several 

clotting factors have also been found in patients with Gaucher disease, but the clinical 

expression of this derangement seems to be modest32. Anaemia and neutropenia are 

usually mild, but may result in pallor and palpitations or recurrent bacterial infection33. 

Spleen
Splenomegaly is present in all but the very mildest cases of Gaucher disease and is often a 

presenting symptom34. In severely affected patients the spleen may be huge, sometimes 

weighing more than 10 kilogram, and interfering with normal food intake. Fibrotic areas 

and regions of extramedullary haematopoiesis sometimes present as nodules35,36. Splenic 

infarctions sporadically occur, presenting with local pain and tenderness, fever and 

abdominal guarding34. 

Figure 1. A microscopic view of a typical 
Gaucher cell, with a ‘crumpled silk’ cytoplasm 
and an eccentrically located nucleus, in the 
bone marrow aspirate of a patient with 
Gaucher disease
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Liver
The liver is increased in size in most patients but gross enlargement, in which the liver 

may fill the entire abdomen, is typically found in splenectomized patients. The bulk of the 

liver may cause distress and episodes of pain occur. On physical examination the liver is 

usually hard and smooth. Between 30 and 50% of patients have elevated liver enzymes. 

However, hepatocytes appear not involved in the storage process and liver function is 

usually preserved35. Frank hepatic failure and cirrhosis with portal hypertension and ascites 

are uncommon but do occur sporadically36,37.

Bones
The skeletal involvement probably leads to the most debilitating symptoms38. Bone disease 

in Gaucher is characterized by bone marrow infiltration of Gaucher cells as well as defective 

bone remodeling, leading to osteopenia, osteonecrosis, and avascular infarction. Nearly 

all patients have signs of bone involvement, but the clinical presentation varies widely. 

Some patients experience chronic, ill-defined bone pain that can be debilitating and poorly 

correlated with radiographical findings. Pathologic fractures, avascular necrosis of the 

femoral head, as well as instability of the spine with consequent vertebral compression and 

spinal cord involvement can result in severe mobility impairment38. Deformities of the distal 

femora can lead to the classical Erlenmeyer configuration. A number of patients experience 

one or more bone crises, which can occur spontaneously or follow a febrile syndrome and 

begin with a deep, dull, aching pain in the involved bone. These crises are usually very 

painful, requiring high doses of analgesics, and can last for weeks to months. Bacterial 

osteomyelitis should be excluded by appropriate cultures. 

Lungs
Although relatively uncommon, pulmonary failure is one of the most serious consequences 

of Gaucher disease. It may result from infiltration of the lung by Gaucher cells or from 

left-to-right shunting, probably secondary to liver disease39. Massive visceromegaly or 

kyphoscoliosis following vertebral collapse can cause compression of the lung, which is 

probably a more frequent cause of respiratory disease.

 

Diagnosis
Histologic

The classical method for diagnosis of Gaucher disease was the detection of lipid-laden 

Gaucher cells in bone marrow, in a biopsy of the liver, or in a surgically removed spleen. 

However, the finding of Gaucher cells is not pathognomonic for Gaucher disease and 

should therefore not be used as a diagnostic tool. So called ‘pseudo-Gaucher’ cells can 

be found in several haematological diseases, including chronic granulocytic leukaemia40,41, 

lymphomas42,43 and multiple myeloma44. 

12 CHAPTER  1
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Enzymatic

Glucocerebrosidase activity can be measured in peripheral blood leucocytes45,46, urine 

samples47 or cultured skin fibroblasts48. The typical adult Gaucher patient will have enzyme 

activity that is 10-30% of normal values. The usefulness of this assay in the detection 

of heterozygotes is restricted, since there is a considerable overlap of glucocerebrosidase 

activity between normal and heterozygous individuals 49. The main advantage of this 

method is that it can establish the diagnosis regardless of which of the many disease 

mutations are present. A disadvantage is that glucocerebrosidase is relatively labile and 

therefore rapid transportation of refrigerated samples to a reference laboratory is required 

to obtain valid results. 

DNA-mutation analysis

A major advantage of DNA based diagnosis is that, since DNA is very stable, blood samples 

can be transported at ambient temperature without haste. The DNA can then be extracted 

from the leukocytes and stored for years. A second advantage is its potential to give some 

prognostic information, taking into consideration the limitations mentioned previously. 

However, a major difficulty is that current technology permits routine examination only for 

previously defined mutations, but not for the entire sequence of the gene. As a consequence, 

it is important to realize that the presence of two apparently normal alleles does not rule 

out the diagnosis, and finding only one abnormal allele does not automatically mean that 

the patient is simply a carrier50. 

Therapy 
Symptomatic treatment

Before enzyme supplementation therapy became available, treatment of Gaucher disease 

was only symptomatic. Splenectomy was the customary treatment in cases in which massive 

splenomegaly caused severe cytopenia or mechanical discomfort51,52. After removal of the 

spleen, a reversal of the cytopenia occurs almost invariably and the wellbeing of the patient 

usually improves considerably51,53. Splenectomy is now only indicated in the very severe 

cases in which life-threatening complications, such as bleeding, make rapid intervention 

necessary. For treatment of bone crisis, analgesics and bed rest are usually needed. Bacterial 

osteomyelitis may occur and requires extensive treatment with intravenous antibiotics. 

Orthopaedic procedures, such as hip and knee joint replacement or stabilization of the 

spine, are often performed. 

Bone marrow transplantation

Since macrophages are derived from haematopoietic stem cells, bone marrow transplantation 

is expected to cure Gaucher disease. Indeed, allogenic bone-marrow transplantation in a 
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number of patients with type 1 and 3 Gaucher disease showed good haematological and 

visceral responses54,55. However, bone marrow transplantation is a high-risk procedure with 

severe complications, and therefore this treatment is usually not recommended for patients 

with type 1 disease. 

Gene therapy

The idea that Gaucher disease will also benefit from gene therapy is based on the 

positive results of bone marrow transplantation, the lack of need for strict regulation of 

glucocerebrosidase secretion and the fact that Gaucher disease is a monogenic disorder. 

However, clinical trials of retroviral transfer of the normal glucocerebrosidase gene into 

CD34+ cells from patients with Gaucher disease showed gene containing cells in peripheral 

blood only transiently and at very low levels56,57. Methods of more efficient gene transfer 

need to be developed to improve these results.

Enzyme supplementation therapy

Gaucher disease was the first of the lysosomal storage disorders that could be treated using 

enzyme supplementation therapy, and has been available in the Netherlands since 199158. 

Clinical trials using modified enzyme from placental tissue (Ceredase, alglucerase,) and later 

enzyme produced by recombinant techniques (Cerezyme, imiglucerase, both manufactured 

by Genzyme Corp., Mass., USA) showed a dramatic clinical response to regular intravenous 

administration59-62.  In general, patients report striking improvements in well-being, energy 

level and quality of life63,64. Improvement in cytopenia and decreases in splenic and hepatic 

size are apparent after 3 to 12 months of treatment. Splenic size decreases by approximately 

20% and liver size by approximately 10% after 6 months of treatment59,61,62. Liver volume 

usually normalizes while the spleen continues to show some enlargement, even after a 

long period of treatment. Bone marrow and mineral skeleton usually respond slower and 

a maximal response may take years to achieve. The most sensitive method for measuring 

bone marrow infiltration is Quantative chemical shift imaging (QCSI). QCSI determines the 

ratio between triglyceride and water content of the bone marrow, which is greatly reduced 

in type 1 Gaucher disease65,66, probably due to displacement of normal triglyceride-rich 

adipocytes by Gaucher cells67.

 There are no serious side-effects associated with enzyme supplementation therapy. About 

13% of patients develop IgG antibodies to enzyme replacement therapy with alglucerase, 

but anaphylactic reactions are very rare68. 

There is still controversy about the most effective dosing regimen, one that results in an 

optimal therapeutic effect, while decreasing the infusion rate and the cost of care (€100.000-

300.000 per patient per year in the Netherlands). In the Netherlands, an individualized 

dosage regimen is used, starting with a low dosage, which is adjusted according to the 

response to treatment61. 
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Substrate reduction

The orally administered compound OGT 918 (ZavescaTM, Oxford Glycosciences, UK) is an 

inhibitor of glucosylceramide synthase, the enzyme which catalyzes the first step in the 

synthesis of most glycosphingolipids. Studies in untreated patients showed improvements 

in all key clinical features and biochemical markers, although less impressive as compared to 

enzyme supplementation therapy. The most common adverse effect was diarrhoea69,70. In 

practice, enzyme replacement therapy remains the first choice for patients with moderate 

to severe disease. For patients with a mild or minimal residual disease, the disadvantages of 

the side effects should be balanced against the advantages of oral administration. Further 

studies will be needed to identify those patients that will benefit most from OGT 918. 

In summary, tremendous progress has been made in the treatment of lysosomal storage 

disorders in general and Gaucher disease in particular. After the favorable results with 

enzyme therapy and subsequently substrate reduction therapy, treatment has been 

developed for Fabry disease, Pompe disease, Mucopolysaccharidoses type I, II and VI 

and enzyme therapy is under development for several other lysosomal storage disorders. 

Gaucher disease has been the frontrunner for the development of these therapies. Also, 

Gaucher disease provides a good example of how fundamental research can contribute 

to the development and monitoring of effective therapeutic strategies. Despite these 

successes, open questions have remained and new questions have risen. The aim of this 

thesis has been to address these issues, as outlined below.

Outline of this thesis
The first question that will be addressed is how enzyme therapy can be optimized. For 

that purpose, the long term outcome as well as the effect of different doses of enzyme 

therapy should be studied on all manifestations of the disease including bone disease. 

Secondly, biomarkers have been shown to play an important role in the monitoring of 

therapeutic effects as well as the understanding of the pathophysiology of the disease. 

Further development of biomarkers in relation to dose and clinical outcome will be sought 

for. Thirdly, enzyme therapy clearly does not cure the patient with Gaucher disease. Residual 

disease burden will remain in most patients, and associated morbidities that were of less 

importance before enzyme therapy was available may become more apparent. Ultimately, 

the goals of treatment could be altered when effects of enzyme therapy on co-occurring 

diseases are better characterized. 

Section I. Enzyme replacement therapy 
In the majority of patients, Gaucher disease type I can be effectively treated by enzyme 

replacement therapy. Several therapy related issues remain. First, the enzyme has to be 

administered intravenously, a burdensome procedure for patients. In chapter 2 we describe 

a randomized controlled trial comparing the efficacy of low frequency enzyme replacement 

therapy to the classical dosing regimen. Second, the issue of dosing, a much debated topic 
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because of the high costs and unknown long term safety profile, is addressed in chapter 3. 

We retrospectively compared the response of the main clinical parameters in patients using 

a high dose versus patients using a low dose in a Dutch and German cohort. Finally, in some 

patients, enzyme therapy does not reverse bone disease, a cause of severe morbidity. We 

studied whether non responders can be identified at an early stage and whether increasing 

the dose is useful (chapter 4).

Section II. Biomarkers
Biomarkers, in particular chitrotriosidase, a hydrolase produced by Gaucher cells, are used in 

daily clinical practice to assess Gaucher cell burden. However, 6% of patients are deficient 

for this enzyme, not producing any chitotriosidase at all. Therefore, new markers such as 

CCL18 (chapter 5) and sCD163 (chapter 6) were sought and there role in clinical practice 

and in disease mechanisms was studied. In chapter 7 and 8 we studied MIP-1β, a possible 

marker for bone disease, the most difficult disease compartment to assess.

Section III. Associated morbidities
In addition to the main clinical features, hepatosplenomegaly, cytopenia and bone disease, it 

has been suggested that Gaucher disease patients have a higher risk of certain co-occurring 

diseases. For instance, the disturbed cholesterol profiles in Gaucher patients could result 

in an increased risk of cardiovascular disease. This was studied in chapter 9.  The incidence 

and mortality of cancer, in particular haematological malignancies, is described in chapter 

10. In chapter 11, we report on the prevalence, risk factors, pathogenesis and the effect 

of enzyme replacement therapy on benign, pre-malignant and malignant gammopathies in 

our cohort as well as from previous literature. 

An overview of the results as well as critical appraisal and goals for future studies are 

described in the summary and discussion. 
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Abstract

Background and Objectives. Gaucher disease type I can be successfully treated with 

enzyme replacement therapy (ERT). In order to reduce the burden of the intravenously 

administered enzyme, low frequency of administration was prospectively studied in patients 

with stable and minor disease following ERT. 

Design and Methods. Eleven patients were randomly assigned to either continue their 

original regimen in a once every week or fortnightly schedule (five patients) or to lower 

the frequency of administration to once every four weeks, at the same cumulative dose 

(six patients). Primary endpoint was change in liver ratio (ml/kg body weight). Secondary 

endpoints were spleen volume, haemoglobin level, platelet count, lumbar bone marrow 

fat content measured with quantitative chemical shift imaging (QCSI), white cell count, 

and plasma levels of ferritin, chitotriosidase, liver enzymes and angiotensin converting 

enzyme (ACE). 

Results. There were no significant mean differences between both treatment arms for 

liver ratio or any of the other endpoints. However, there were two treatment failures in 

the low frequency group.  These patients showed progression of disease as evidenced by a 

reduction of QCSI in one patient and an increase in liver ratio as well as a slow decrease in 

QCSI in the other. Both patients already had relatively low baseline QCSI values. One patient 

switched back to the original regimen at 6 months because of subjective complaints.

Interpretation and Conclusions. Low frequency ERT in adult Gaucher type I patients 

maintains stable disease in most, but not all patients with stable and minimal disease. Close 

monitoring of all disease parameters remains mandatory.
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Introduction

Gaucher disease type I is the most common lysosomal storage disorder. Deficiency of the 

lysosomal enzyme glucocerebrosidase (OMIM #230800) leads to the accumulation of 

glucocerebroside in spleen, liver and bone marrow (1;2). In the early nineties, Gaucher 

disease was the first of the lysosomal storage disorders that could be treated successfully 

with enzyme replacement therapy (ERT), using intravenous mannose-terminated enzyme 

from placental tissue (alglucerase) or recombinant enzyme (imiglucerase, both manufactured 

by Genzyme Corp., Mass. USA). Most  patients respond to treatment, with normalisation 

of blood counts, a reduction in liver and spleen size and improvement in bone symptoms 

(3-10). Dosing schedules may vary with frequencies of administration of three times a week 

up to once every two weeks.

At some point after starting ERT, many patients are stable with minimal residual symptoms. 

Reducing the frequency of treatment to once every four weeks might improve their quality 

of life. In one study, low frequency maintenance therapy was considered unsuccessful, but 

the patients  exhibited significant residual disease at the time of switching to low frequency 

and the maintenance regimen was given at a reduced cumulative dose (11). No randomized 

controlled prospective trials aimed at lengthening the dose interval have been reported.  

The aim of the present study was to evaluate whether stable disease could be maintained 

at a less burdensome schedule of ERT of once every four weeks at an equal cumulative 

dose, in patients with stable and minimal residual Gaucher disease after a minimum of two 

years of ERT.

Design and Methods

The protocol was approved by the AMC institutional review board. All patients gave written 

informed consent. 

Eligibility criteria
-Patients, older than 18 years, with proven Gaucher type I disease, as evidenced by physical 

and neurological evaluation and documentation of deficient glucocerebrosidase activity in 

leukocytes (12) and genotyping (13).

-Enzyme therapy according to our national protocol (6) for at least two years prior to study 

enrolment.

-Mild, stable Gaucher disease, defined by having all of the following throughout the 24 

months prior to screening: 

-haemoglobin levels within normal limits (male >12.8 g/dL, female >12.0 g/dL)

-platelet count >100 x 109/L

-no or asymptomatic organomegaly
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-no significant bone complications, such as avascular necrosis, pathologic fractures, 

orthopedic replacement or bone-crises 

-lumbar marrow fat content measured by QCSI (quantative chemical shift imaging) > 23%

-a maximum variability of 30% in plasma chitotriosidase levels 

Randomisation
Block randomisation was used to assign patients to receive infusions either once every four 

weeks (low frequency group) or to continue their original schedule (once every one or two 

weeks, control group). The total monthly dose remained unchanged. Duration of the study 

was twelve months or until study withdrawal. 

Data collection
Baseline data on sex, age, bodyweight, splenectomy, severity score index (SSI (14)), dosing 

and genotype were recorded. Interviews, physical examination and investigations at the 

outpatient clinic took place at month 0, 2, 4, 6, 9 and 12. Follow-up parameters included 

white cell count, haemoglobin, platelet count, ferritin, alkaline phosphatase, alanine 

transaminase (ALAT), aspartate transaminase (ASAT), gammaglutamyl transferase (γ-

GT), lactate dehydrogenase (LDH), angiotensin converting enzyme (ACE), chitotriosidase 

(performed by standard enzyme activity assay with 4-MU-chitotriose (Sigma, St. Louis, 

MO) as a substrate at pH 5.2 (15)) and hexosaminidase (using 4-methylumbelliferyl-N-

acetylglucosamine, Sigma, St Louis, MO, as a substrate in citrate/phosphate buffer (0.1/0.2 

M) at pH 4.0) at month 0, 2, 4, 6, 9 and 12. Chitotriosidase values of patients who were 

heterozygous for the chitotriosidase mutation were multiplied by 2 (16;17). At month 0, 

6 and 12 liver and spleen volume were measured by spiral computed axial tomography, 

with a reported accuracy of 3-5% (18-20). To correct for changes in bodyweight, liver 

ratio was calculated (liver volume/bodyweight (mL/kg)). Spleen ratio was not calculated, 

since in adults spleen volume is not influenced by changes in bodyweight. Bone marrow 

involvement was assessed by measurement of the bone marrow fat fraction using Dixon 

quantative chemical shift imaging (QCSI) of the lumbar spine (21;22) and clinical bone 

disease was assessed at each study visit. 

Analysis of efficacy (2 methods):

Overall outcome
Stabilization of liver ratio was the primary endpoint. Secondary endpoints were stabilization 

of chitotriosidase, haemoglobin, platelet count, hexosaminidase, spleen volume, QCSI, 

ASAT, ALAT, y-GT, LDH, alkaline phosphatase, ACE and ferritin. 
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Sample size was determined using a power of 90% and an alpha of 10%. It was estimated 

that a difference in liver ratio of 9% in one year between the two treatment arms could be 

excluded using six patients in each group. 

Differences in baseline characteristics between the low frequency group and the control 

group and between patients in the low frequency group with stable disease versus treatment 

failures were evaluated by Mann-Whitney U test or Chi-square test. Relative changes as 

compared to baseline of follow up parameters were analyzed by Mann-Whitney U test. 

Correlations between the relative changes of the follow up parameters were determined 

using Spearman rho test. 

Individual patient outcomes
These were assessed using criteria for disease progression, based on prior data of variability 

in 18 patients with clinically stable disease, defined as an unchanged maintenance dose of 

Cerezyme for at least two years.  In these patients the standard deviation for percentage 

variability of chitotriosidase activity, liver ratio, spleen volume and QCSI was 12.5%, 3.9%, 

4.4% and 4.1% respectively. Disease progression was defined as follows:

One of:

- an increase in liver ratio of > 10% from baseline of an enlarged liver (>25 mL/kg)

- an increase in chitotriosidase level by ≥ 30% from baseline for two consecutive laboratory 

evaluations (extra monitoring was performed within one month in case of a >15% 

increase.) 

- a decrease in QCSI to ≤ 23%. 

 the occurrence of avascular necrosis, pathologic fractures or bone-crises. 

OR two of:

- an increase from baseline in spleen volume of > 10% 

- a reduction in haemoglobin level to < 12.8 g/dL (male) or 12.0 g/dL (female) for two 

consecutive laboratory evaluations (performed within 1 month after each other)

- a reduction in platelet count to < 100 x 109/L for two consecutive laboratory evaluations 

(performed within 1 month after each other.)

- a relative decrease in QCSI for two consecutive evaluations of ≥ 20% from baseline. 

Patients that showed progression of disease manifestations according to these criteria 

were considered treatment failures. Treatment failures from the low frequency group were 

reverted to their original dosing frequency and followed closely for improvement. 
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Results

Of the 53 patients in our institution who were treated with ERT, 12 fulfilled the entry criteria. 

One patient was not willing to participate in the study. Baseline characteristics of a total of 

eleven patients that were enrolled in the study are shown in table I. They were randomly 

assigned to continue their original high frequency dosing schedule (once every week, no 

1, 3, 4 and 5, or once every two weeks, no 2) or to receive the same monthly dose at a 

frequency of once every four weeks (no 6-11). Both groups were genetically identical; one 

patient in the low frequency group was homozygous for the N370S mutation and all others 

were compound heterozygotes for N370S and L444P or another mutation. The control 

group had slightly milder disease as indicated by the presence of smaller spleens (p=0.02), 

absence of patients with splenectomies, a slightly lower SSI (p=0.05) and lower liver ratio’s 

(p=0.05) as compared to the low frequency group. Also, monthly dose was approximately 

50% lower in the control group (p=0.03). Total cumulative dose and the number of years 

1 H M 53 0 N370S/L444P 15,4 160 19 440 56 4175 1244 15 4 9 1575 4 24415

2 H F 66 1 N370S/L444P 13,3 137 21 230 53 2173 1183 15 2 11 2070 4 9262

3 H F 55 4 N370S/R120W 14,1 151 20 446 32 5184 854 18 4 12 4152 6 30583

4 H F 58 1 N370S/L444P 13,1 161 26 231 52 9068 1222 15 4 10 1800 7 23084

5 H M 48 2 N370S/L444P 15,5 192 18 303 50 133 1038 15 4 9 1695 4 7387

6 L M 39 4 N370S/N370S 14,9 307 21 Sx 65 5744 1223 30 4 3 1170 6 40184

7 L M 43 3 N370S/IVS2+1 14,6 122 25 1093 29 6229 926 50 2 12 6835 7 26082

8 L M 56 3 N370S/L444P 13,8 180 32 613 43 5082 1233 30 4 9 3120 5 25706

9 L F 34 5 N370S/L444P 13,8 261 31 Sx 33 3056 1382 30 4 3 1110 8 19363

10 L F 75 4 N370S/RECNCIL 14,8 129 23 862 55 3410 1288 15 2 10 3540 8 16703

11 L M 38 3 N370S/L444P 15,5 99 24 1111 38 8338 1236 40 4 8 3540 5 45211
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Table I: Patient characteristics of the eleven patients included in the study.

Chitotriosidase levels of patients who were heterozygous for the chitotriosidase mutation (patient no 6 and 
8), were multiplied by two. Abbreviations: H, high frequency (1x/1-2weeks); L, low frequency (1x/4weeks); M, 
male; F, female; SSI, Severity Score Index (21); Sx, splenectomy; QCSI, Quantative chemical shift imaging.

26 CHAPTER  2

proefschrift.indb   26 13-12-2007   13:47:36



27

receiving ERT were comparable (p=0.247 and p=0.792, respectively).  Two patients (no 6 

and 8) were heterozygous for the chitotriosidase mutation, their chitotriosidase levels were 

multiplied by two. None was chitotriosidase deficient. 

Overall outcome
There were no differences in the mean percentage change from baseline at 12 months in 

liver ratio between the low frequency group and the control group (mean percentage ± 

SD: 102.0 ± 5.0 in the control group vs 98.1 ± 10.1 in the low frequency group, p=0.329, 

see figure 1a). Also the mean change of the secondary parameters (spleen volume, 

haemoglobin level, platelet count, chitotriosidase, QCSI, white cell count, ferritin, liver 

enzymes and angiotensin converting enzyme (ACE)) did not show a significant difference 

between low frequency patients and controls. No bone complications occurred during the 

study period in both groups.   

Figure 1a-f: Percentage changes in liver ratio (a) and spleen volume (b), absolute changes in 
Haemoglobin (c) and platelet count (d), and percentage changes in chitotriosidase (e), and QCSI 
(quantative chemical shift imaging) (f). Patients from the high frequency group (1x/1-2weeks) are depicted 
in red; patients from the low frequency group (1x/4weeks) are depicted in black. 
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No strong correlations (i.e. rho>0.6) were found between the relative changes of the 

different parameters, except for change in liver and spleen volume (rho=0.632, p=0.004). 

Individual outcomes
None of the patients from the control group were considered treatment failures. Two 

patients (no 7 and 9) from the low frequency group met the protocol criteria for treatment 

failure. Prior to randomisation to low frequency treatment, these patients differed from 

the others in this group only with respect to a baseline fat fraction of < 35%. Patient no 10 

withdrew from the study at 6 months because of persisting subjective complaints. The three 

patients that continued the once every four weeks schedule considered the new regimen 

an important improvement that made them feel less restricted in their free time, although 

one patient was dissatisfied with the longer dose related duration of the infusion. 

Control group
Patients no 1, 4 and 5 remained stable. 

Patient no 2 showed an increase in spleen volume of >10% at 6 months. Also an increase 

in chitotriosidase of >30% at a single measurement, which was not confirmed by a second 

analysis, was established. Although there was a relative increase of 11%, liver ratio remained 

within the normal range (<25 mL/kg). Thus, the criteria for treatment failure were not met. 

No explanation was found for the temporary deterioration (i.e. infection, non-compliance). 

Patient no 3 showed an increase in chitotriosidase including one value of >30%, which was 

again not confirmed in a second analysis. Other parameters remained stable. Also in this 

patient, there was no indication of non-compliance. 

Low frequency group
Disease parameters of patient no 6 remained stable. After completion of the study the low 

frequency regimen was continued.

Patient no 7 showed a decrease in QCSI of 29% at baseline to 24% at twelve months 

(relative decrease of 17%), without clinical bone problems. Liver ratio increased by 12% 

and the patient complained of fatigue and feelings of abdominal discomfort. The criteria 

for treatment failure were met and at 12 months the patient returned to his original dosing 

regimen of once every two weeks. Six months after the switch QCSI had increased to 26%; 

tiredness persisted. 

Patient no 8 showed an increase in spleen volume of >10% with a single haemoglobin value 

below the normal range. There was a trend towards increase in chitotriosidase levels, but 

less than 30% (maximum 22% at 12 months). QCSI remained stable. Possibly this patient 

suffered from an intercurrent infection. Serology and PCR gave no indication for a recent 

EBV or CMV infection. He continued the low frequency regimen. Chitotriosidase, spleen 

volume and Hb recovered quickly. 
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Patient no 9 had a decrease in QCSI from 33% to 23% in 12 months time, without bone 

complications or complaints. Other parameters did not change significantly. Following 

protocol she returned to her previous high frequency regimen, after which QCSI increased 

to 27% (18 months). 

Patient no 10 showed an increase in splenomegaly of 11% from baseline after 6 months. 

Before start of the study she suffered from chronic bone- and muscle pain which continued 

throughout the study. MRI of the upper leg indicated a possible myositis. Biopsy was 

refused and the diagnosis could not be confirmed. The patient chose to reinstate the high 

frequency regimen after month 6 because of uncertainty of the cause of the pain in the 

legs as well as the increase in spleen size. According to protocol this was not mandatory. 

Spleen volume returned to baseline value, the pain in the legs persisted. 

After 12 months of low frequency therapy, patient no 11 had a 14% increase in spleen 

volume compared to baseline and an increase in liver ratio of 9%. Interestingly, neither 

chitotriosidase nor QCSI values changed significantly within this period of time. During the 

study, the patient had skipped at least one infusion because of problems with intravenous 

access, which may have caused the deterioration. Criteria for treatment failure were not 

fulfilled and the study-regimen was continued. Six months later liver ratio and spleen 

volume had almost returned to baseline values, again without changes in chitotriosidase 

and QCSI values. 

Discussion

Despite the tremendous success of ERT for Gaucher disease type I, lifelong intravenous 

administration is burdensome for most patients. Several strategies for achieving higher 

convenience for the patients have been considered. Home treatment with ERT has proven 

to be safe and feasible, specifically by creating more flexibility (23). Substrate reduction 

(miglustat, Zavesca®, Actelion, Basel, Switzerland) offers an oral alternative, although its use 

is limited to patients who have mild to moderate disease and who are unsuitable to receive 

ERT (24;25). Its value as maintenance therapy after stabilisation on ERT is currently studied. 

Decreasing the frequency of administration of ERT was proposed more then a decade ago 

for patients with minimal disease symptoms after initial therapy (26). In a recent consensus 

statement from the International Collaborative Gaucher Group, it is recommended that 

dose adjustments for maintenance therapy should be made on an individual basis, but no 

monthly administration schedules are included (27). In an uncontrolled study, signs and 

symptoms of disease worsened on a monthly schedule, but patients had unstable and 

significant residual disease at the time treatment was changed and a reduced cumulative 

dose was given (11). Drug holidays to alleviate the burden of intravenous therapy do not 

seem very successful. Grinzaid et al withdrew four patients from ERT for 1-7 years. All 

showed deterioration in haematological and visceral parameters, and in three patients ERT 
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had to be reinstituted (28). Elstein suggested that adult patients with stable disease could 

be withdrawn from ERT for circumscribed periods. However, of the fifteen patients that 

had withdrawn from ERT for an average of 26 months (range 8-47), six had to restart 

therapy because of deterioration of clinical features (29). 

Our study, in patients with stable and minimal residual disease following ERT, is the first 

prospective randomised trial of a maintenance regimen where total dosage is unchanged 

but frequency of administration is reduced to once every four weeks. Although there were 

no significant mean differences between the control and test arms for any of the endpoints, 

there were 2 treatment failures in the low frequency group, whereas all patients in the 

control group remained stable. One patient from the low frequency group did not want to 

continue the study regimen because of subjective complaints, although she did not meet 

the criteria of treatment failure. The patients randomised to low frequency maintenance 

ERT had more severe disease at baseline, evidenced by a trend towards a higher SSI and 

liver ratio, and significant larger spleens and a higher treatment dose compared to the 

control group. This may have influenced the number of failures in this group. 

When taking a closer look at the patients in the low frequency group that showed disease 

progression, patient no 7 had a slow decrease in QCSI as well as an increase in liver ratio, 

and patient no 9 had a decrease in QCSI, with other parameters remaining stable. For 

both patients, the deterioration in these parameters represents an increase in Gaucher cell 

mass (30-32). After reinstitution of the original treatment regimen, both patients showed a 

subsequent improvement. Although the two patients in whom treatment failure occurred 

did not have the worst composite disease severity either before the initiation of ERT or at 

start of the study, or the lowest cumulative dose, it is important to note that both patients 

had the lowest baseline QCSI of all patients in the low frequency group. 

Of interest is the fact that deterioration was not always reflected in all parameters at the 

same time or to the same extent. Only liver and spleen volume changes showed a strong 

correlation to each other. These observations emphasize the importance of adequate 

follow-up of all parameters, including assessment of bone marrow infiltration, because 

deterioration in this compartment is not always reflected by concomitant changes in 

other parameters. The sensitivity of disease markers as predictors of deterioration and the 

correlation between the different parameters needs more study.

It should be noted that in many patients world wide, the average monthly ERT maintenance 

dose is usually higher than that used in our study. Whether this higher dose results in better 

maintenance of disease manifestations needs further study.

In conclusion, maintenance therapy, using a once every four weeks schedule of ERT in 

adult Gaucher type I patients, is feasible for some patients with stable and minimal residual 

disease. It is likely that patients with a relatively low baseline lumbar fat fraction may be at 

risk for disease progression with less frequently administered ERT. It is important to closely 

monitor all disease parameters for early detection of disease progression and adequate 

frequency adjustment. 
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Abstract

Dosing of enzyme replacement therapy (ERT) for Gaucher disease type 1 is still a subject 

of debate and varies from 15-130 U/kg/month, making a huge economic difference of 

55.000 up to 300.000 Euro per patient per year. To investigate whether this difference 

in dosing ultimately translates into a different response, we retrospectively compared 

long term outcome of ERT at two large European treatment centers, Amsterdam (AMC, 

N=49, median dose 15-30 U/kg/4 weeks) and Duesseldorf (HHU, N=57, median dose 

80 U/kg/4 weeks). These adult cohorts had a similar genetic background. All follow-up 

parameters were matched separately at baseline, to avoid bias with respect to disease 

severity. Improvement in hemoglobin, platelet count and hepatosplenomegaly was not 

significantly different between both cohorts, whereas plasma chitotriosidase and bone 

marrow involvement by MRI improved faster and more pronounced in the higher-dosed 

group. Major bone complications rarely occurred in both groups. In conclusion, different 

dosing regimens of ERT do not affect outcome of hematological and visceral parameters, 

but higher dosing leads to accelerated decrease of chitotriosidase and better objective 

bone response in adult type 1 Gaucher disease.
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Introduction

Gaucher disease type I is the most common lysosomal storage disorder. Deficiency of the 

lysosomal enzyme glucocerebrosidase leads to the accumulation of glucocerebroside in 

spleen, liver and bone marrow1,2. In the early nineties, Gaucher disease was the first of the 

lysosomal storage disorders that could be treated successfully with enzyme replacement 

therapy (ERT), using mannose-terminated enzyme from placental tissue (alglucerase) or 

recombinant enzyme (imiglucerase, both manufactured by Genzyme Corp., Mass. USA). 

Most patients show a remarkable clinical response to treatment, with normalization of 

blood counts, a reduction in liver and spleen size and improvement in bone symptoms3-11. 

Even after more than 13 years of experience, the most effective dosing regimen of ERT is 

still a subject of debate. Advocates of low dosing regimens call attention to the extremely 

high costs of the enzyme, € 55.000-300.000 per patient per year depending on dose and 

weight, in the absence of convincing evidence for superiority of high dosages12. Others 

argue that high dosages are required for optimal effect in severe disease, especially bone 

disease or in children13-15. Guidelines for dosing protocols are based on consensus rather 

than on scientific evidence16-18. Prospective studies that compare different dosing regimens 

are limited. Altarescu found inferior responses using 10 U/kg per two weeks compared 

to 60 U/kg per two weeks, but the two groups where not matched for baseline disease 

severity and biochemical and bone marrow assessments were not included13. Beutler 

showed in a meta-analysis that no relationship between dose and reduction in liver size 

could be established19. He argued that fractionation may be important when small doses 

are given20, although Zimran did not find a significant difference in response between a 

once fortnightly and a three times weekly schedule of 30 U/kg/4 weeks of Cerezyme21.

Currently, large differences exist in dosing regimens between treatment centers, even in 

the same area. An example of this situation is found in Western Europe, where patients 

at the Academic Medical Center (AMC) in the Netherlands are treated with an initial low 

dose (15-50 U/kg/4 weeks, divided in once to three times weekly doses), while patients 

treated at the Heinrich Heine University (HHU) in Germany, less then 225 km away, use 

initial dosages between 60-120 U/kg/4 weeks. The aim of the study was to compare long 

term outcome on hematological, visceral, biochemical and skeletal parameters in relation 

to these different dosing schedules. 

Methods

Setting and patients
We conducted a retrospective comparative cohort study at two centers. A total of 106 

adult Gaucher type I patients who started treatment between 1991 and 2002 in the referral 

centers for Gaucher disease in the Academic Medical Center (AMC), Amsterdam, the 
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Netherlands and in the Heinrich Heine University Hospital (HHU), Duesseldorf, Germany, 

and who received ERT with an initial dose of ≤50 U/kg/4 weeks (AMC) or ≥60 U/kg/4 

weeks (HHU), were included in the study. A diagnosis of Gaucher disease was confirmed by 

measurement of deficient glucocerebrosidase activity in leukocytes22 and genotyping. 

Patients at the AMC are treated according to an individualized low dose protocol5, which 

consists of an initial dose of 15 up to 50 U/kg/4 weeks, given initially at a three times (36/49 

patients) or once a week schedule (13/49 patients), which is individually adjusted based on 

the response of hematological and visceral parameters, chitotriosidase and clinical bone 

disease. The patients who started on a three times a week schedule switched to a once a 

week schedule after 2-4 years of ERT for reasons of convenience. Patients treated in the 

HHU start with a dose of 60-120 U/kg/4 weeks, given every other week, with the higher 

initial doses in more severe disease, such as extensive organomegaly or bone disease. The 

dose is slowly decreased in some patients, who reach stable disease.

Data analysis and definition of therapeutic goals
Baseline data on sex, age, splenectomy, severity score index (SSI, as described by 

Zimran23), use of bisphosphonates for >2 years, dosing and genotype were recorded. 

Follow-up parameters included hemoglobin, platelet count, plasma chitotriosidase levels, 

liver and spleen dimensions, clinical records on bone disease and scoring of bone marrow 

involvement by MRI of the femora. To account for differences in extent of disease between 

both cohorts, baseline characteristics were analyzed by Mann-Whitney U test or by Chi-

square test. Since the AMC cohort included patients with more extensive disease, all 

parameters were analyzed separately and matched at baseline. Each parameter, except for 

bone disease, was analyzed in two separate ways. First, baseline values (range 12 months 

before up to 2 months after start of ERT for organ volumes and BMB; baseline or within 

12 months before start of ERT for hemoglobin, platelet count and chitotriosidase) and 

values after one year (range 8-16 months after start of ERT) were determined. Differences 

between both cohorts after one year were assessed by Mann-Whitney-U test. Second, for 

each parameter, therapeutic goals were defined and analyzed by life table analysis (Kaplan 

Meier). The results were expressed as share of patients reaching the therapeutic goal vs. 

duration of ERT, reflected as median. Differences between the cohorts were determined 

by the log rank test. 

1. Hemoglobin and platelet count
Matched pairs were made according to baseline values and spleen status, since hematological 

response is much faster in splenectomized patients with cytopenia as compared to non-

splenectomized patients 5,9. Patients with a baseline hemoglobin level of <12.0 g/dL 

(=7.5 mmol/L) were selected and matched pairs were made according to baseline values 

(maximum difference of 0.5 g/dL) and spleen status. Similar matching was performed for 

patients with a platelet count of <100 x 109/L at baseline (maximum difference of 10 x 
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109/L). The time to reach a hemoglobin level of >12.0 g/dL or to reach a platelet count of 

>100 x 109/L was determined. 

2. Liver and spleen size
Liver and spleen volumes at the AMC were measured by spiral computed axial tomography, 

with a reported accuracy of 3-5%24-26. At the HHU, using ultrasound, the maximum 

midclavicular cranio-caudal (CC) diameter and antero-posterior (AP) diameter of the liver 

were determined. For determination of spleen size, the diameter at the hilus (width), as 

seen on the horizontal view, and the distance between both poles (length), as seen on the 

frontal view, were determined. To allow comparison of the visceral data created by two 

different methods, the above described liver and spleen dimensions were determined on 

CT images in a group of 55 AMC patients (a total of 103 spiral CT’s) and compared to organ 

volumes, as determined by CT. The best correlation was found for both liver and spleen 

index, which is calculated by multiplying the respective diameters, yielding a correlation of 

0,862 and 0,958, respectively (P<0.0001). Formulas were deducted to calculate liver and 

spleen volume from the respective indices (de Fost, unpublished results). Baseline values 

between the two groups did differ significantly (table 1), since the AMC cohort included 

20 patients with liver volumes above 3000 mL (11 splenectomized) whereas these were 

not found in the HHU cohort. Therefore patients with a liver volume of >1750 mL or spleen 

volume of >250 mL were selected and matched pairs were made according to baseline 

organ volumes (maximum baseline difference of 200 mL for liver volume and 300 mL 

for spleen volume) and spleen status. Baseline values vs values after twelve months of 

ERT were compared. The time to reach a 20% decrease from baseline in liver volume or 

40% decrease in spleen volume was determined by Kaplan Meier analysis in patients with 

a baseline liver volume in the range of 1750-3000 mL or spleen volume in the range of 

400-2300 mL. No correction for change in body weight was performed, since in this adult 

population, body weight did not change significantly. 

3. Chitotriosidase
Chitotriosidase activity in plasma samples from both centers were measured in one central 

laboratory at the AMC. The standard enzyme activity assay with 4-MU-chitotriose (Sigma, 

St. Louis, MO; normal range 7-124 nmol/mL.hr) as a substrate was performed at pH 5.2, as 

described previously27. Genotyping for the chitotriosidase null mutation28 was performed 

and chitotriosidase values of patients who were heterozygous for the chitotriosidase null 

mutation were multiplied by 229. For comparison of baseline values vs values after twelve 

months of ERT, patients with a chitotriosidase activity of >5000 nmol/mL/hr were selected 

and matched pairs were made according to baseline values (maximum baseline difference 

of 2500 nmol/mL/hr). The time to reach a chitotriosidase activity of <5000 nmol/mL/hr 

was determined in patients with baseline chitotriosidase activity in the range of 6000-

25000 nmol/mL/hr. 
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4. Bone disease
For assessment of bone involvement, T1 and T2 weighted MRI images of the femora 

were used. Scoring of the severity of involvement of the bone marrow was adapted from 

the earlier described Bone Marrow Burden Score (BMB)30. This scoring system correlates 

significantly to bone marrow fat fractions obtained with Quantative Chemical Shift Imaging 

(QCSI), which has been shown to be closely related to clinical bone disease31. The BMB score 

incorporates both the visual interpretation of signal intensity and the geographic location of 

the disease on conventional MR images of the spine and femur. Since images of the spine 

were not obtained at the HHU, the scoring was limited to the femurs. All available MRI’s of 

the femora were scored by a radiologist, experienced in the evaluation of Gaucher patients, 

who was blinded for patient identity, treatment dosage and time of assessment. The BMB 

score for the femur ranges from 0 (no abnormalities) to 8 points (severe disease). A change 

in BMB score adequately reflects reappearance of fatty marrow, indicating clearance of 

Gaucher cells. The time to reach a decrease of 2 BMB points from baseline was determined 

by life table analysis in all patients with a baseline BMB in the range of 2-8, and in a 

separate analysis for patients with severe bone disease. Severe bone disease was defined as 

a baseline BMB of ≥ 6, which is comparable to a QCSI <23%, a risk factor for serious bone 

complications31. Results were presented as the share of patients who had reached the 

therapeutic goal after 24 months of ERT. The occurrence of skeletal complications, defined 

as new bone crisis, avascular necrosis or pathological fracture, during the 10 years prior to 

start of ERT or during the study period, was recorded from the patient files. 

Results

Patient characteristics
Patient characteristics are presented in Table 1. Patients did not differ with respect to age, 

gender and number of splenectomies but some disease parameters were more severe in 

the AMC cohort. This was explained by the presence of several patients within the AMC 

cohort with very extensive disease, especially patients with severe hepatomegaly after 

splenectomy (20 patients, 11 splenectomized, had liver volumes >3000 mL), who were 

not found in the HHU cohort. This was also reflected in slightly lower hemoglobin levels 

and the presence of some patients with extremely high chitotriosidase levels in the AMC 

cohort. Oral bisphosphonates were used in none of the Duesseldorf patients and in 10% of 

the Dutch cohort, for a variable length of time.

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. 

Genotyping revealed that the most frequent mutation in both centers, AMC and HHU, was 

N370S/L444P (37% and 32%). Homozygosity for N370S was found in 10% of Dutch and 
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9% of German patients and absence of the N370S allele was found in none and in 3,5% 

respectively.  

The median time of treatment at the AMC was 9 years (range 1-12) and 7 years (3-11) at 

HHU (P=0,03). Adjustment of the dose, as described in the methods section, occurred 

especially at the AMC; from 2 years onwards the median dose at the AMC had increased to 

30 U/kg/4 weeks (range 15-120 U/kg/4 weeks) while the dose at the HHU remained largely 

stable (median 80 U/kg/4 weeks, range 60-120 U/kg/4 weeks). At all time points, the dose 

remained significantly different (P<0.001). 

Disease parameters 
There were no significant differences in age, gender, number of splenectomies and SSI in 

any of the matched populations (data not shown).

1. Hemoglobin and platelet count
Only 31% of the HHU cohort and 53% of the AMC cohort had anemia (Hb <12.0 g/dL) at 

baseline. Matching for baseline-hemoglobin of <12.0 g/dL and splenectomy status resulted 

in 2 groups of 11 patients. There was no significant difference in the increase of hemoglobin 

after 12 months of ERT (Fig. 1a, P=0,37). In 16 patients, follow-up data were available for 

life table analysis. The time to normalization was not significantly different between both 

Table I: Patient characteristics of 106 adult Gaucher type I patients. 

AMC HHU P

No of patients 49 57 -

Age in 2003 47.0 (21-74) 49.0 (21-82) NS

Gender (% males) 27 (55%) 25 (43%) NS

No of splenectomies 19 (39%) 19 (33%) NS

SSI 8 (3-18) 7.0 (2-16) NS

Hb (g/dL) 12.0 (8.0-15.8) 12.6 (7.7-16.5) P=0,028

Platelet count (x 109/L) 93 (17-726) 73 (9-463) NS

Liver volume (mL) 3095 (1504-6542) 1741 (1048-2821) P<0,0001

Spleen volume (mL) 1400 (470-4821) 1597 (365-4195) NS

BMB 6,5 (0-8) 7 (3-8) NS

Chitotriosidase (nmol/L.hr) 16703 (5316-102324) 11869 (592-39791) p=0.056

No of patients (%) with a serious bone complication 
in the 10 years prior to start of ERT

21 (43%) 25 (44%) NS

Start dose (U/kg/4 weeks) 15 (15-50) 80 (60-120) <0.0001

Average annual ERT costs for a 70 kg patient at start 
dose

€ 55.165 € 294.221 -

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 
Index21; BMB, Bone Marrow Burden31; ERT, Enzyme Replacement Therapy; NS, not significant.
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cohorts (median time to normalization: 10 months for AMC, 8 for HHU, Fig. 1b, P=0,60). 

For all but one patient, hemoglobin normalized during ERT within 2 years.

In both cohorts, 58% of patients had thrombocytopenia. Matching for baseline-platelet 

count <100 x 109/L and splenectomy status resulted in 2 groups of 19 patients. There were 

no significant differences in the increase in platelet count after 12 months of ERT (Fig. 1c, 

P=0,58). In two times 18 patients follow-up data were available for life table analysis. The 

time to reach a value of >100 x 109/L was not significantly different between both cohorts 

(median time to >100 x 109/L: 16 months for AMC, 16 for HHU, Fig. 1d, P=0,50). 

Figure 1: Impact of ERT on changes in hemoglobin and platelet count. a) Hemoglobin at baseline and after 
12 months, b) time to reach a hemoglobin >12 g/dL, c) platelet count at baseline and after 12 months, d) time 
to reach a platelet count of >100 x 109/l. Abbreviations: AMC, Academic Medical Center, Amsterdam; HHU, 
hospital of the Heinrich-Heine-University, Duesseldorf; ERT, Enzyme Replacement Therapy.

A C

B D
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2. Liver and spleen volume 
A total of 24 patients with hepatomegaly, defined as a liver volume of >1750 mL, were 

selected and matched according to baseline values and splenectomy status. Decrease in liver 

volume was not different in the two cohorts after 12 months of ERT (Fig. 2a, P=0,59).

Sixteen patients from the AMC and 18 from the HHU with a baseline liver volume of 1750-

3000 mL were included in the life table analysis. There were no significant differences in 

the time to reach a decrease of 20% from baseline values (median time to decrease 20% 

from baseline: AMC 24 months and HHU 20 months, Fig. 2b, P=0,32). 

A total of 28 patients with a spleen volume of >250 mL were selected and matched 

according to baseline values. There were no significant differences in the decrease of spleen 

volume after 12 months of ERT (Fig. 2c, P=0,84).

Figure 2: Impact of ERT on changes in liver and spleen volume. a) Liver volume at baseline and after 12 
months, b) time to reach a 20% decrease of liver volume from baseline, c) spleen volume at baseline and after 
12 months, d) time to reach a 40% decrease of spleen volume from baseline. Abbreviations: AMC, Academic 
Medical Center, Amsterdam; HHU, hospital of the Heinrich-Heine-University, Duesseldorf; ERT, Enzyme 
Replacement Therapy.
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Nineteen patients from the AMC and 27 from the HHU with a baseline spleen volume of 

400-2300 mL, were included in the life table analysis. There was no significant difference 

in time to reach a decrease of 40% from baseline (median time to decrease 40% from 

baseline: AMC 18 months and HHU 19 months, Fig. 2d, P=0,69). 

3. Chitotriosidase
Four patients were excluded because of homozygosity for the chitotriosidase null mutation. 

Twenty-seven patients were carriers of the chitotriosidase null mutation and had their levels 

multiplied by two 29. Matching of patients with a chitotriosidase activity of >5000 nmol/

mL/hr resulted in two groups of 13 patients. The decrease in chitotriosidase activity after 

12 months of ERT was significantly stronger in the HHU cohort than in the AMC cohort 

(Fig. 3a, P=0,001). Twenty-three patients from the AMC and 18 patients from the HHU 

with a baseline chitotriosidase level of 6000-25000 nmol/mL/hr were included in the life 

table analysis. There was a significant difference between both cohorts in time to reach 

a value of <5000 nmol/mL/hr (median time to <5000 nmol/mL/hr: AMC 48 months and 

HHU 16 months, Fig. 3b, P=0,015). All patients from the HHU reached a chitotriosidase 

level <5000 nmol/mL/hr, while 15% of the AMC cohort did not.

4. Bone disease
Comparison of the time to reach a decrease of 2 points in BMB score from baseline, for 

patients with a baseline BMB of 2-8, showed a trend towards a quicker response in the 

HHU cohort, with 12% of patients from AMC (N=19) reaching the therapeutic goal after 24 

months of ERT vs 33% of patients from HHU (N=23, Fig. 4a, P=0,11). 

Figure 3: Impact of ERT on changes on plasma chitotriosidase activity. a) Plasma chitotriosidase at baseline 
and after 12 months; b) Time to reach a chitotriosidase of <5000 nmol/mL/hr. Chitotriosidase levels of carriers 
of the chitotriosidase null mutation were multiplied by two29. Abbreviations: AMC, Academic Medical Center, 
Amsterdam; HHU, hospital of the Heinrich-Heine-University, Duesseldorf; ERT, Enzyme Replacement Therapy. 
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Sub-analysis of patients with more severe bone disease (BMB ≥6) resulted in a significant 

difference (Fig. 4b, P=0,04). After 24 months of ERT 10% of patients from the AMC cohort 

(N=13) reached a decrease of 2 points BMB from baseline, vs 33% of the HHU cohort (N=22). 

Analysis of the clinical records showed that, during the ten years before start of ERT, the 

number of patients with a serious bone complication was comparable (43% in AMC; 44% 

in HHU). During ERT skeletal complications occurred in two patients from the AMC (a mild 

bone crisis after trauma and an avascular necrosis of the left head of the femur without 

any clinical symptoms, detected by routine MRI) and one patient from HHU (pathological 

fracture of the left toe V)(P=0.47). Atypical bone pain persisted in some patients from both 

groups, but was not analyzed systematically. 

Discussion 

Because ERT for type 1 Gaucher disease is extremely expensive, the long-standing 

controversy about relative efficacy of high dose versus low dose treatment regimens 

has great socioeconomic as well as medical significance. Comparative studies have been 

limited. Beutler performed a meta-analysis on several disease parameters from published 

cohorts, and showed no difference in response19. However, parameters on bone disease 

and biochemical markers were not available for analysis. One prospective trial compared 

doses of 10 U/kg/2 weeks to the śtandard´ dose of 60 U/kg/2 weeks13. Although it was 

shown that the low dose was less effective with respect to improvement in hemoglobin 

values and liver and spleen volumes, the patient populations were not matched for disease 

Figure 4: Impact of ERT on changes in bone marrow burden score. a) Time to reach a decrease of 2 points 
in BMB score, as measured by MRI, from baseline of patients with a baseline BMB of 2-8, b) time to reach a 
decrease of 2 points in BMB score 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 MRI27; ERT, Enzyme Replacement Therapy.
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severity, and skeletal parameters as well as biochemical parameters were lacking. In this 

retrospective study, we compared the response of all major disease parameters, including 

bone disease parameters and chitotriosidase values, in a large number of adult Gaucher 

type 1 patients from the AMC (Netherlands) and HHU (Germany) that were treated for 

up to 12 years with a relatively low (AMC) and relatively high dosage (HHU) of ERT. Both 

populations were similar with respect to age, gender, genotypes and splenectomy status. 

However, because several very severely affected patients in the AMC cohort had no 

counterparts in the HHU cohort, patients were matched for baseline values of the separate 

parameters. This resulted in a reduction of the size of the parameter-specific cohorts, but 

allowed a more accurate analysis.

We found that improvement of hemoglobin, platelet count, and liver- and spleen volume is 

not dose-dependent. However, chitotriosidase does respond better to a relatively high initial 

dose. Improvement in BMB, a MRI based scoring system of bone marrow involvement, 

shows a strong trend towards a better response to higher doses, particularly in patients with 

more extensive bone marrow disease in whom the difference is statistically significant. 

For all parameters, except for bone disease, two separate statistical methods were used 

to assess dose responsiveness. Life table analysis is good for depicting long term changes, 

but is influenced by the length of the interval between consecutive samples. This is relevant 

because the HHU cohort was followed at less frequent intervals than the AMC cohort, 

possibly leading to an underestimation of the responses in the patients treated with higher 

dose ERT. However, this is unlikely, because of the alternate analysis, in which baseline 

values were compared to values after one year of therapy, which is independent of the 

interval between samples. Both methods showed similar outcomes: dose independence for 

anemia, thrombocytopenia and organomegaly and dose dependence for chitotriosidase 

and bone marrow burden. 

Whether the higher initial frequency at the AMC could have beneficially influenced the 

outcome is unknown. Zimran showed no difference in a three times a week schedule 

compared to a fortnightly administration of imiglucerase21, but Altarescu applied a low 

dose of 20 U/kg/4 weeks in a fortnightly schedule with inferior responses13, compared 

in retrospect to data obtained from the literature with even lower doses given at high 

frequency12,20. The current study cannot give an answer to this issue, but it is very likely 

that, should there be an effect at all, the differences between the cohorts with respect to 

response in chitotriosidase and BMB would have been even more pronounced if the low 

dose was given at low frequency. 

Chitotriosidase is a lysosomal enzyme which originates from Gaucher cells and is closely 

associated with total body burden of Gaucher cells27. It is increased 100- to more than 

4000-fold in symptomatic patients while it is not or only slightly increased in asymptomatic 

patients. Several studies have also shown a relationship between parameters of disease 

burden such as SSI and organ volumes and chitotriosidase levels32,33. Its utility as a biomarker 

is limited by the observation that 6% of the population lack activity and 30% carry a 
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mutation that results in lower activities34. In heterozygote patients, chitotriosidase levels 

may be multiplied by two to allow adequate comparison with Gaucher patients with normal 

chitotriosidase genotypes29. The clinical usefulness of chitotriosidase has been the subject 

of a limited number of studies. First of all it was documented that in patients after cessation 

of treatment, chitotriosidase impressively precedes deterioration of clinical symptoms35. It 

was also established that patients who did not reach a decrease in chitotriosidase of 15% 

from baseline within the first 12 months also had a lack of clinical response36. These data 

provide an indication that the persistence of high chitotriosidase levels reflect the presence 

of a high burden of Gaucher cells. Whether this can be translated into an increased risk for 

Gaucher related morbidity, remains to be determined.

Of all disease parameters, bone disease is the most difficult to evaluate. MR imaging is 

the preferred modality, due to its sensitivity for the detection of both focal and diffuse 

disease37-39. Ideally, quantification is done by fat fraction measurements of the lumbar 

spine obtained through the use of Dixon QCSI40,41, which shows a close correlation with 

the occurrence of clinical complications31. However, since QCSI is not widely available, and 

vertebral MRI was not performed in the HHU cohort, in this study, we resorted to use the 

bone marrow burden score of the femora (BMB30), a semi-quantitative scoring system that 

is significantly correlated to QCSI. 

The decision to use the modified BMB score may have affected our results, because in 

contrast to the BMB score of the axial skeleton, small changes in bone disease are difficult to 

recognize in the femora due to irreversible changes such as marrow infarction or avascular 

necrosis that are more common in the lower extremities than in the spine. A potential bias 

lies in the larger number of MRI examinations in the HHU (high dose) patients relative to 

the AMC (low dose) patients, which may exaggerate the difference in response between 

relatively low and high dosing. However, the median time interval between examinations, 

was not very different (12.2 months for the AMC and 14.9 months for the HHU group) and 

analysis of the data at a fixed time interval, between baseline and 12 months, showed the 

same results: a trend toward better response to high dosing for the whole group, which was 

significant in patients with a BMB ≥ 6 (P=0,03). The restriction of MRI examinations to the 

femora may also explain why, aside from any purported dose effect, favorable hematologic 

and organ responses do not necessarily correlate with a good bone marrow response. 

In fact, although most patients achieved hematologic and organ therapeutic goals, even 

among the HHU (high dose) patients a significant proportion failed to achieve the BMB 

therapeutic goal. Whether failing to reach the therapeutic goal for BMB is associated with 

a higher risk of severe bone complications cannot be answered with this study, since the 

number of events during ERT was low in both groups (two for AMC, one for HHU). Whether 

the groups differed with respect to chronic bone complaints is uncertain, since these data 

were not collected systematically. Nevertheless, the clearly established identification of low 

fat in the bone marrow as a risk factor for skeletal complications31 points towards a clinically 

relevant difference in favor of high dosing in patients with severe bone disease, at least 
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in the initial treatment period. This conclusion is supported by the observation that both 

patients from the AMC who developed post-treatment skeletal complications had no history 

of prior skeletal events, but did have persistently high BMB scores while on low dose ERT. 

Based on the results of this study the following recommendations can be made. First, 

as improvement of hemoglobin, platelet count and liver and spleen volume is not dose-

dependent, extensive organomegaly and cytopenia do not justify a high initial dose. Severe 

bone marrow involvement on the other hand may carry a risk for bone complications and 

is an important criterion to start a higher dose of enzyme. Nevertheless, because the 

number of major bone complications was low in both groups, this hypothesis merits further 

investigation. The determination of the most cost-effective dosing regimen should be made 

individually and on the basis of a complete disease profile, including proper assessment 

of bone marrow involvement in addition to hematological, visceral and biochemical 

parameters. This should be done not only for initiation and monitoring of ERT, but also 

in future studies on ERT as well as alternative treatments for Gaucher disease such as 

chaperone based therapies or substrate reduction. Chitotriosidase proves to be a sensitive 

indicator of dose effects and may be used in that respect to monitor response. Subsequent 

follow-up of all disease parameters is mandatory to allow adequate dosing and appropriate 

dose adjustment.
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Summary

Gaucher disease type 1 (GD) is characterized by progressive hepatosplenomegaly, cytopenia 

and bone disease. Enzyme Replacement Therapy (ERT) can ameliorate bone disease, but 

not in all patients. Whether increasing doses of ERT are beneficial to treat pre-existing 

bone disease is unknown. We followed a large cohort of adult GD patients for 5-16 years 

during ERT. The majority of patients without pre-existing bone disease do not develop 

bone complications, whereas a subset of patients with bone disease has persistent bone 

symptoms despite increasing dosages of ERT. Pathological evidence for sanctuary sites in 

the bone marrow probably attribute to this phenomenon. 
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Introduction

In Gaucher disease type I (GD, OMIM #230800), a lysosomal storage disorder, deficient 

activity of the enzyme glucocerebrosidase results in accumulation of glucocerebroside in 

macrophages. These Gaucher cells are mainly found in liver, spleen and bone marrow, 

leading to hepatosplenomegaly, cytopenia and skeletal disease1,2. 

Skeletal disease is the most debilitating feature, often leading to chronic bone pain and 

sometimes to severe complications such as pathologic fractures, avascular necrosis and 

bone crises. Enzyme Replacement Therapy (ERT, Cerezyme, Genzyme, MA, USA) reverses 

many symptoms of the disease. Different dosing regimens, ranging between 15 and 120 

U/kg/4weeks (for a review see3), have been proposed. Recently, it has been shown that 

high dose ERT results in a more robust response in Gaucher associated markers, such as 

chitotriosidase and the bone marrow burden score5 (BMB, a MRI based scoring system4). 

Thus, symptomatic bone disease is usually treated with a relatively high dose (60-120 U/

kg/4wks). However, even after 5 years of ERT, >30% of patients on a high dose do not show 

a clear improvement in bone marrow involvement5. Whether it is useful to continue high 

dose treatment, or in case of progressive bone disease, to increase the dose, is currently 

unknown. 

In this study, the subsets of GD patients with and without persistent bone disease are 

compared with respect to disease markers and the effect of dose increase is evaluated. 

One illustrative case showing persistant skeletal complications is discussed in more detail. 

Illustrative case history
A male patient was diagnosed with GD at the age of 19 following bone marrow examination 

because of persistent splenomegaly during an EBV infection. His first bone crisis occurred 

at the age of 22 followed by recurrent crises in the femurs, bilateral avascular necrosis of 

the femoral heads, septic arthritis of his right knee and lower lumbar vertebral collapse. 

Splenectomy was performed at age 25 because of mechanical complaints and severe 

pancytopenia. ERT was started in 1991 (40U/kg/4weeks, at a frequency of 3x/week). 

There was no cytopenia. During follow up, normalization of liver volume and a modest 

decrease in chitotriosidase was observed. No new bone complications occurred, although 

bone pain persisted. The dose of ERT was increased step by step to 120 U/kg/4weeks. 

After 14 years of ERT, chitotriosidase had diminished with 60%, still remaining high (8018 

nmol/ml.hr). QCSI (Quantative chemical shift imaging4,6) measurement was repeatedly very 

low, but the distorted bone architecture made the interpretation difficult. The BMB score 

remained 16 (maximum severity). In 2007 he underwent hip replacement. Pathology of the 

femoral head showed minimal hematopoietic tissue, large necrotic areas in the centre and 

extensive fields of Gaucher cells (fig 1). 
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Figure 1 Cross section of left femur head (centre). The microscopic pictures above and below highlight (a) 
the yellowish areas consisting of vital bone and marrow filled with confluent sheets of Gaucher cells (100x 
magnification), (b) the conspicuous demarcation zone with non-specific chronic inflammation with fibrosis (50x), 
(c) a central area of necrotic cells surrounded by avital bone devoid of osteocytes (100x), (d) small reddish 
islands of pre-existent bone marrow with normal haematopoietic tissue (100x).
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Patients and methods

The files of all adult patients at the Academic Medical Centre (AMC, Amsterdam, the 

Netherlands), receiving ERT for >5 years (individualized-dosing protocol7, N=40), were 

reviewed. Data on age, sex, splenectomy, severity score index (SSI8), weight, haemoglobin, 

platelet count, liver and spleen volume, QCSI, BMB9, chitotriosidase, dose and bone 

complications were collected. 

Bone response was defined by the occurrence, after start of ERT, of complications (avascular 

necrosis, bone crisis or pathological fractures) or persistent chronic bone pain, defined as 

pain requiring analgesics and which was, in the opinion of the physician, attributable to 

Gaucher disease. Two groups were defined: 

Group 1: absence of bone complications and chronic bone pain during ERT.

Group 2: occurrence of bone complications or chronic bone pain during ERT. 

Group 1 was regarded to have an adequate skeletal response to ERT, while patients from 

group 2 were considered treatment failures. Due to small patient numbers we did not 

differentiate patients with or without pre-ERT skeletal complications in group 1. 

Chitotriosidase activity was measured as described previously10. Genotyping for the 

chitotriosidase null mutation11 was performed. Chitotriosidase values of patients who were 

heterozygous for the chitotriosidase mutation were multiplied by 210. Two patients from 

group 1 and one patient from group 2 were deficient for chitotriosidase. 

Levels of MIP-1β were measured in plasma by ELISA as described by the manufacturer 

(DuoSet Developmental kit, R&D Systems Inc. Minneapolis, MI). 

Liver and spleen volumes were measured by spiral computed axial tomography12-14. To 

correct for changes in bodyweight, liver ratio was calculated (liver volume/bodyweight 

(mL/kg)).

Bone marrow involvement was assessed using Dixon QCSI of the lumbar spine4,6. Since 

this method was introduced in 1993, when most patients with severe disease were already 

being treated, baseline QCSI’s were available in 15 patients from group 1 and one patient 

from group 2. Follow-up QCSI data were available in 13 patients from group 1 and 6 from 

group 2. 

Statistics
Differences in baseline characteristics were analyzed by Mann-Whitney U test or by Chi-

square test. The time to reach a 80% decrease in chitotriosidase levels and the time to reach 

a QCSI of more than 23%, for patients with a baseline QCSI of <23%, were analyzed by life 

table analysis (Kaplan Meier). Analysis of longitudinal QCSI data of our patients has shown 

that QCSI does not decrease during therapy (data not shown). Therefore, follow up QCSI’s 

of patients without baseline data could be used for Kaplan Meier analysis. A threshold 

of 23% was chosen because bone complications occur primarily below this cuttoff4. The 
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results were expressed as the median time to reach the therapeutic goal. Differences were 

determined by the log rank test. 

Results 

At baseline, patients from group 2 had more severe disease, as evidenced by a higher 

SSI and liver ratio and more splenectomies than those from group 1 (table 1). Patients 

from group 2 also had a lower body weight. In group 2, 10/12 patients (83%) had bone 

complications prior to ERT, compared to 7/28 (25%) from group 1 (P<0.0001). 

In Group 1, dose was increased in 10/28 of patients (36%), primarily because of suboptimal 

platelet or visceral response. In 3 of these, chitotriosidase and/or fat fractions showed an 

accelerated improvement after a dose increase (data not shown), while no uniform change 

was seen in the other seven. 

In group 2, 10/12 patients (83%) had a dose increase; two patients refused dose 

adjustments. Chitotriosidase showed a considerably better response after a dose increase 

Table 1. Baseline characteristics of patients with (group 2) and without (group 1) severe bone disease after start 
of ERT. NS: not significant

Group 1 Group 2 P

N 28 12

age 48 (21-68) 51 (37-77) NS

Sex (male/female) 14/14 9/3 NS

Weight (kg) 74 (50-104) 66 (47-72) 0.026

Splenectomy 6 (21%) 8 (67%) 0.011

Severity Score Index 6 (3-18) 14 (7-19) <0.0001

Haemoglobin (mmol/L) 7.6 (6.4-9.0) 7.3 (6.5-9.1) NS

Platelet count (x10x9/L) 77 (41-240) 126 (16-473) NS

Chitotriosidase (nmol/mL/hr) 35134 (12430-143758) 44973 (29703-151400) NS

MIP-1β (pg/mL) 199 (72-472) 250 (113-671) NS

Liverratio (mL/kg) 37 (22-93) 63 (30-130) 0.014

Spleenvolume (mL) 1131 (470-4526) 1400 (501-4821) NS

Patients with pre-ERT bone complications 7 (25%) 10 (83%) <0.0001

Start dose (U/kg/4weeks) 15 (15-60) 15 (15-50) NS

Highest dose (U/kg/4weeks) 30 (15-120) 60 (25-120) 0.007

in only two patients; in none of the patients an accelerated improvement in QCSI was 

seen. In 4 patients dosing was increased to 120 U/kg/4weeks. In none of these patients 

this resulted in further improvement in chitotriosidase or QCSI; at 10 years of ERT, absolute 

QCSI was 14%, 6%, 21% and 15%, compared to a median (range) of 48,5% (25-65%) in 

group 1 patients. The relative decrease in chitotriosidase at that moment was 48%, 57%, 

80% and 52%, compared to a median (range) of 85% (64-88%) in group 1.
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Comparison of the time to reach a QCSI of > 23% showed a significantly slower response 

in group 2 (N=6, median time 132 months) compared to group 1 (N=13, median time 24 

months, P=0.001). At 5 years of ERT, all patients from group 1 had reached the therapeutic 

goal, compared to 1 patient (17%) from group 2 (fig 2a). 

The time to reach a decrease in chitotriosidase levels of >80% was significantly shorter in 

group 1 (N=26, median time 70 months), as compared to group 2 (N=11, median time172 

months, P=0.0076) (fig 2b). 

Figure 2: Changes in QCSI and plasma 
chitotriosidase activity Time to reach a 
QCSI > 23% (fig 3a) and time to reach a 
decrease in chitotriosidase level of > 80% 
(fig 3b). Chitotriosidase levels of carriers 
of the chitotriosidase null mutation were 
multiplied by two.  

Discussion

In this study we show that a subset of Gaucher type I patients experience ongoing bone 

disease despite increasing doses of ERT. The selected case illustrates that areas of Gaucher 

cells can remain in the bone marrow, contributing to persisting bone disease and probably 

to the high levels of biomarkers. The low fat fraction and high BMB score can be attributed 

to Gaucher cells and possibly also to fibrosis, both displacing adipocytes.

Possibly, the remaining Gaucher cells escape the effects of ERT due to altered vascularization 

and fibrosis, although no pathological evidence for this was found. Alternatively, different 

sub-populations of Gaucher cells may exist, that differ in their ability to take up the 

exogenous enzyme. For example, in splenic tissue of a patient with longstanding Gaucher 

disease, Gaucher cells showed little immunoreactivity for the mannose receptor15. 
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We identified 12/40 patients who still experienced bone disease despite >5 years ERT 

with increasing doses of enzyme. In 5 patients this consisted primarily of chronic pain 

that could not be explained by pre-existing deformities or other causes. We have recently 

described that these patients have generally higher MIP-1β levels and lower bone marrow 

fat fractions as compared to the responders4,16.  In patients with advanced bone disease 

a combined assessment of baseline characteristics and response parameters may provide 

a risk indication for failure of skeletal response. Risk factors are longstanding and severe 

pretreatment disease manifestations, exemplified by previous bone complications, 

hepatomegaly, low bodyweight and splenectomy at baseline, as well as slow improvement 

in QCSI, chitotriosidase and MIP-1β16 during ERT.  In these patients, further dose increases 

are probably not effective. Thus, alternative strategies should be considered such as 

preventive and supportive measures, the addition of bisphosphonates and combination 

with substrate reduction therapy. Meanwhile, the goals for ERT in this subgroup may 

change to maintaining adequate control of visceral disease. Tapering of the dose can then 

be considered.
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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, median Gaucher plasma level is 948 ng/

ml; range: 237-2285). 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 macrophages1. 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 1 Gaucher disease) includes anemia and thrombocytopenia, 

hepatosplenomegaly and skeletal deterioration1. A frequent sign is the development of 

mono- or oligoclonal gammopathies2. 

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 disease3. Even among monozygotic twins with abnormal 

glucocerebrosidase genotypes, a remarkable variability in disease manifestations can 

occur4. 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 avarage several hundred fold. For example 

in the initial chitotriosidase study, plasma activity activity was found to be elevated on 

avarage 641 fold (median control plasma 20 nmol/ml.hr; range 4-76, median Gaucher 

plasma 12824 nmol/ml.hr; range 3122-65349).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 efficacy5-8. Plasma 

chitotriosidase levels do not reflect one particular clinical symptom, but rather are a 

reflection of the total body burden of Gaucher cells9. The use of plasma chitotriosidase as a 

Gaucher cell marker is hampered by the fact that about 5-6% of the population, including 

Gaucher patients, is deficient in chitotriosidase activity due to a 24 bp duplication in the 

chitotriosidase gene. Obviously these individuals can not be monitored by the measurement 

of plasma chitotriosidase activity5,10.

In order to identify novel Gaucher cell derived factors, we analyzed plasma samples of 

Gaucher patients before therapeutic intervention and compared that with control plasma 

using surface-enhanced laser desorption/ionization (SELDI) mass spectrometry. In plasma 

of a symptomatic patient a peptide of 7856 Da was found to be markedly increased in 
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relation to Gaucher disease manifestation. Subtractive hybridization studies previously 

revealed that RNA encoding for a protein with identical mass is upregulated in Gaucher 

spleen11. This protein named “pulmonary and activation-regulated chemokine” (PARC, 

systematic name CCL18) is a member of the C-C chemokine family12,13. 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 disulphide bonds. 

CXC and CC chemokines are distinguished according to the position of the first two 

cysteines14,15. 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 chemokine14,15.

We here report on CCL18 plasma levels in symptomatic adult type 1 Gaucher patients. To 

test its value as surrogate disease marker, plasma CCL18 levels were analysed in relation 

to disease severity parameters, 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 Gaucher disease patients (type 1) 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 1 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 al16. 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 (SELDI) time of flight (TOF) mass spectrometry (MS). Plasma samples were 
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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, pH 8.0, 0.1% Triton 

X100) and added to a WCX 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 antiCCL18 or antiTNFα 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/PARC 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 described5.

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 al18,19. 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.

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, 
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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 method20. 

Hybridization conditions were exactly as described before10.

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 previously21. In brief, frozen sections of 6 µm 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-CCL-18 antibody (AB60, mouse 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.

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

U-test. Correlations were tested by the rank correlation test (Spearman coefficient, ρ). A 

p-value of < 0.05 was 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 (SELDI) mass spectrometry. For this 

purpose Gaucher plasma was applied on a weak cation exchanger ProteinChip 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 figure 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 
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in the spleen of a Gaucher patient11. Immuno-capture experiments revealed that in serum of 

symptomatic Gaucher patients elevated levels of CCL18 occur (see figure 1B).

In order to accurately quantify the levels of CCL18/PARC 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 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). The levels of 

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 patientbefore (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: antiCCL18 (d-h) and (as a control) antiTNFα (i). 
Recombinant CCL18 (d), sera of Gaucher patients (e&f), control sera (g&h) and a pool of patient samples (i) 
were exposed to the antibody-coated arrays. Mass range 7000-8500 m/z.

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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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 

1 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) vs. median: 974 ng/ml (range: 

303-2285) respectively, although not statistically significant. Similar relationships between 

plasma chitotriosidase activity and other Gaucher disease parameters were demonstrated 

previously9. Analysis of the present cohort of type 1 Gaucher patients showed that plasma 

chitotriosidase, β-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.hr 

(range 4939-13358) vs. (SSI ≥5) median 18773 nmol/ml.hr (range 2393-80074); plasma 

β-hexosaminidase: (SSI < 5) median: 1477 nmol/ml.hr (range 756-2678) vs. (SSI ≥5) median 

2580 nmol/ml.hr (range 1072-7486); plasma ACE: (SSI < 5) median 140 U/l (range 100-

148) vs. (SSI ≥5) median 202 U/l (range 116-324)). 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.hr (range 768-2307) vs. (SSI ≥5) median 2418 nmol/

ml.hr (range 616-14539)). 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 
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sustained reduction in plasma CCL18 (see figure 3B). A decline in plasma CCL18 was also 

observed for patients treated with substrate reduction therapy (see figure 3C). In sharp 

contrast, patients that did not receive enzyme replacement therapy showed a gradual 

increase of CCL18 plasma levels in time (figure 3D). 

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. Figure 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 figure 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 (figure 5). All the 

findings suggest that reductions in CCL18 reflect corrections in the presence of Gaucher 

cells. 

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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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 figure 

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 

figure 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).

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, n=9) vs. mean: 932 ng/ml 

(range: 101-2285, n=46) respectively. However, the plasma concentration of CCL18 (1878 

ng/ml) was relatively high in the case of one Gaucher patient who had developed multiple 

Figure 4. Relationship between decrease in 
CCL18 plasma levels and chitotriosidase plasma 
activity.  Left panel A & B: Decrease in plasma 
CCL18 (l) levels and plasma chitotriosidase activity 
(l) in individual patients upon enzyme replacement 
therapy. Right Panel A & B: relation between the 
fractional change in markers. Panel C: Relation 
between fractional changes in markers following 
enzyme replacement therapy for at least1 year.  
Excess activity at t=0 was set at 100 %. Depicted 
are results for 47 individual Gaucher patients
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Figure 5. Relationship between decrease in CCL18 plasma levels and lumbar spine bone marrow fat 
fraction. Panel A, B and C: Inverse relationship between the decrease in plasma CCL18 levels and increase in 
lumbar spine marrow fat fraction upon enzyme replacement therapy. Patient A: Spearman ρ -0.952; p = 0.0011, 
patient B: Spearman ρ -0.802; p = 0.0218, patient C: Spearman ρ -0.815; p = 0.0108. (l = CCL18, l = bone 
marrow fat fraction). Right hand side, changes in the bone marrow fat fraction of the lumbar spine during 
enzyme replacement therapy as visualized by quantitative chemical shift imaging.

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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myeloma, a malignant B-cell disorder characterized by the uncontrolled proliferation of 

monoclonal plasma cells in the bone marrow.

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 responses12,13,22,23. 

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 unidentified12. 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, septic as well as rheumatoid 

arthritis and ovarian carcinoma24-30. 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 hybridization24,25,27,29,30 and in other studies ELISA’s were used to 

measure CCL18 protein in synovial or ascitic fluid26,28. 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.

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). 
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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 CCL 18 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 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 mono- 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 

receptor31,32. CCR3 is expressed by eosinophils, Th2 cell subsets, basophils, mast cells, neural 

tissue, some epithelia and CD34+ progenitor cells33,34. 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 nM31,32. 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 disease35,36.

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.
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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

Recently, soluble CD163 (sCD163) has been identified as a macrophage/monocyte specific 

plasma protein and increased concentrations have been measured in patients with infection 

and myeloid leukaemia. In the present study we investigated the levels of sCD163 in patients 

with Gaucher disease, an inherited lysosomal storage disorder characterized by hepato- and 

splenomegaly due to excessive accumulation of macrophages. The sCD163 plasma levels, 

median (25-75 percentiles), were far above the levels in normal subjects (7.1 mg/l (4.8 

– 10.3) vs. 1.9 mg/l (1.5 – 2.4), p< 0.0001). After initiation of enzyme supplementation 

therapy, the sCD163 levels were significantly reduced (4.7 mg/l (3.2 – 6.6), p=0.0004). 

sCD163 correlated with disease severity (rho=0.43, p<0.0061) and Chitotriosidase activity 

(rho=0.71, p>0.0001). This study further establishes that sCD163 may be a valuable 

laboratory parameter in monitoring disease with increased macrophage activity.
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Introduction

The recently identified macrophage haemoglobin-scavenger receptor CD163 is restricted 

exclusively to cells of the monocyte-macrophage lineage1,2. CD163 is a member of the 

group B scavenger receptor cysteine-rich (SRCR) family and consists of nine extra-cellular 

SRCR-domains, a transmembrane segment and a short cytoplasmic tail3,4. The expression 

of CD163 is down-regulated by proinflammatory mediators (lipopolysaccharide, interferon-γ, 

tumour necrosis factor-α), whereas interleukin-6, dexamethasone and the anti-inflammatory 

interleukin-10 strongly upregulate CD1635-7. We have recently shown that a soluble form of 

CD163 (sCD163) is present in plasma, and that subgroups of haematological patients have 

highly elevated levels as compared to normal subjects8. The protein is probably shed from 

the cell surface by metallo-proteinase activity9,10, and the lineage specific nature of CD163 

suggests that sCD163 may be an excellent clinical marker molecule for macrophage activity 

and proliferation.

Gaucher disease is one of the most frequently encountered inherited lysosomal storage 

disorders and is characterized by an excessive accumulation of macrophages throughout the 

body. Resulting from a deficiency in lysosomal glucocerebrosidase activity, glucocerebroside 

(glucosylceramide) accumulate in so-called Gaucher cells in spleen, liver and bone marrow 

(characteristic lipid-laden macrophages), leading to pronounced hepatomegaly, splenomegaly, 

pancytopenia and skeletal deterioration11,12. Gaucher patients can be treated successfully – 

however extremely costly – by chronic intravenous administration of glucocerebrosidase, and 

early biochemical indicators of response to treatment are therefore of great interest13. In the 

present study, we have measured the concentrations of sCD163 in Gaucher disease in order 

to evaluate the use of this new marker in monitoring of diseases with excessive macrophage 

activity.

Materials and Methods

Patient samples
A total of 25 Gaucher patients, diagnosed on the basis of clinical signs, demonstration of 

deficient glucocerebrosidase activity and genotyping, were examined. Twenty-two of the 

patients were also studied 2-9 years after initiation of therapy with intravenous enzyme 

supplementation therapy (recombinant glucocerebrosidase (Cerezyme, imiglucerase injection, 

Genzyme, MA)), and two patients were studied for three years after start of oral substrate 

deprivation therapy (Zavesca, OGT918, Oxford Glycosciences, UK). Patients had type 1 or 

3 Gaucher disease as classified according to the criteria described11 and classification was 

confirmed by determining the glucocerebrosidase genotype14. The clinical manifestations of 

the patients were classified using the modified severity scoring index (SSI), which is based 

on an assessment of the extent of liver, spleen and bone involvement and the severity of 
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pancytopenia15. None of the patients received either glucocorticoids and/or chemotherapy 

or other immuno-modulating drugs. A control population of 130 blood donors were formerly 

used for establishment of a sCD163 reference interval16. In addition, 5 healthy volunteers, 

all of whom were found to have normal glucocerebrosidase activity and genotype, were 

also included.

Determination of the concentration of sCD163 in serum
sCD163 was measured in ELISA as described in detail17. In brief, rabbit anti-CD163, 4 mg/l  

was coated onto micro-titer wells. After wash, 100 µl of sample (diluted 1:50 in PBS with 

albumin, pH 7.2) was added and incubated for 1 h. The wells were washed and 100 µl of 

monoclonal anti-CD163 (GHI/61, diluted 1:500) was added and incubated for 1 h. After 

wash, 100 µl of peroxidase-labeled antibody (goat anti-mouse immunoglobulins, DAKO 

P447, diluted 1:4000) was added and incubated for 1 h. The wells were washed, and 100 

µl of a H2O2/1,2-phenylenediamine dihydrochloride substrate solution was added. After 15 

min 50 µL of 1 mol/l H2SO4 was added, and the plates were read at 492/620 nm. Control-

samples and standards of purified CD163 were co-analysed in each run. 

Precipitation and identification of CD163 in solubilised spleen tissue 
Five samples of spleen tissue (3 Gaucher, 2 controls) were obtained after surgery and 

immediately frozen. Control spleens were from patients with immune thrombocytopenia 

who were splenectomized because they were refractory to medication. These patients 

did not use glucocortocoids but were pre-treated before splenectomy with intravenous 

immunoglobulins. Tissues were homogenized and solubilised in 50 mM potassium 

phosphate buffer (pH 6.5) containing 0.25 % v/v Triton X-100.  CD163 protein was detected 

by non-reducing immunoblotting8.

Enzyme assays 
Chitotriosidase activity was measured as described before18. The assay mixture contained 

0.027 mM 4-methylumbelliferyl-tri-N-acetylglucosaminide (Sigma, St. Louis, MO), 0.1% 

BSA and 0.1/0.2 M citrate/phosphate buffer (pH 5.2). β-Hexosaminidase activity was 

measured with 1.6 mM 4-methylumbelliferyl-β-N-acetylglucosaminide (Sigma, St. Louis, 

MO) as substrate in 0.05/0.1 M citrate/phosphate buffer (pH 4.0). Tartrate-resistant acid 

phosphatase activity was measured using 4-methyl-umbelliferyl phosphate as substrate in 

the presence of 3 M mercaptoethanol as described by Chambers et al18,19. Angiotensin-

converting enzyme activity was measured using hippuryl-L-histidyl-L-leucine as substrate.

Stastitics 
Mann-Whitney test and Wilcoxon signed rank test was used to compare Gaucher 

patients with normal controls and to compare Gaucher patients before and after 
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enzyme supplementation therapy respectively. Spearman’s correlation (rho) was used for 

determination of the relationship between sCD163 and other biochemical markers. 

Results

Sera from 25 patients with Gaucher disease were analysed for sCD163 before initiation 

of enzyme supplementation therapy. The levels in the Gaucher group, median (25-75 

percentiles), were far above the levels as measured in the control population (7.1 mg/l 

(4.8 – 10.3) vs. 1.9 mg/l (1.5 – 2.4), p<0.0001. The median level of sCD163 in 5 healthy 

subjects, all of whom were found to have normal glucocerebrosidase activity and genotype, 

was 1.4 mg/l with a range from 1.2 – 2.9 mg/l (figure 1) [16]. sCD163 correlated with 

the modified severity scoring index (rho=0.43, p<0.0061) (figure 2), and there was a 

significant correlation between sCD163 and other biochemical markers for Gaucher disease 

(chitotriosidase, β-Hexosaminidase, and ACE (see table 1). 

Figure 1. Determination of sCD163 in 
serum by sandwich ELISA in patients 
with Gaucher disease (n=25), subjects 
with normal glucocerebrosidase activity 
(n=5), and blood donors (n=130).

Figure 2. Correlation between modified 
severity scoring index (SSI) and sCD163 
in patients with Gaucher disease (n=39).
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In 24 of the patients, sCD163 was also measured after initiation of enzyme supplementation 

therapy, and sCD163 levels were significantly reduced (median 4.7 mg/l (3.2 – 6.6), 

p=0.0004) (Figure 3). There was no correlation between sCD163 and peripheral blood 

leucocyte or monocyte counts (see table 1) or with C-reactive protein (not shown). 

CD163 was easily detectable in homogenized spleen biopsies solubilised for measurement of 

membrane bound CD163 by western blotting. However, the staining intensity in the Gaucher 

patients was only slightly more pronounced as compared to the controls (Figure 4). 

Table 1. Correlation between sCD163 and biochemical parameters. Abbreviations: TRAP, tartrate–resistant acid 
phosphatase; ACE, Angiotensin-converting enzyme.

Rho P

Chitotriosidase 0.71 <0.0001

β-hexosaminidase 0.47 0.0006

TRAP 0.07 0.81

ACE 0.56 0.0004

Blood-WBC -0.05 0.71

Blood-monocytes 0.16 0.29

Figure 3. Levels of sCD163 in serum from patients with Gaucher 
disease before (n=25) and after (n=24) initiation of therapy with 
intravenous enzyme supplementation therapy.

Figure 4. Western blotting of CD163 in 20 µl homogenized spleen 
tissue from three Gaucher patients and two controls.
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Discussion

CD163 is expressed exclusively in monocytes and macrophages, and a soluble fragment 

of CD163 has been detected in sera of healthy individuals8. Due to the high macrophage 

load in Gaucher patients, we intended to evaluate if the levels of sCD163 might reflect the 

non-inflammatory proliferation of macrophages in this well characterized patient group. 

sCD163 was highly increased in the Gaucher-patients, with almost complete separation 

between (untreated) patients and controls, and the sCD163 level correlated with the clinical 

manifestations as determined using the modified severity scoring index. sCD163 might 

therefore be used for assessment of the disease course. The sCD163 levels were reduced in 

21 of 24 patients after medical treatment, but did not reach normal levels in all, which is in 

parallel with observations for chitotriosidase. 

The diagnosis of Gaucher disease is established on the basis of the demonstration of 

deficient glucocerebrosidase activity. Biochemical markers, however, are valuable in a first 

screening for disease, for confirmation, and for monitoring the disease course and effect 

of medical therapy. Of the markers often employed, chitotriosidase shows by far the most 

pronounced increase, whereas increases in ß-hexosaminidase, TRAP and ACE are neither 

universal nor pronounced20. Six % of all Gaucher patients, however, completely lack serum 

chitotriosidase activity as a result of a defect in the chitotriosidase gene21, and sCD163 

might therefore add supplementary diagnostic information, because a normal level of 

sCD163 seems to rule out disease with a high certainty. 

There was no correlation between plasma sCD163 and peripheral blood leucocyte 

or monocyte counts which indicated that the soluble CD163 in the Gaucher patients 

originated from accumulated macrophages in the tissues. CD163 was easily detectable in 

homogenized spleen biopsies, however, the CD163 band in the Gaucher patients had only 

an about 1.5-2 fold higher intensity as compared to the healthy controls, and the level of 

sCD163 in splenectomised patients were generally not lower than in non-splenectomised 

patients (not shown). Therefore, the vast increase in lipid-laden macrophages in various 

body locations other than spleen most likely is the dominating source of sCD163. The levels 

of sCD163 in plasma, however, most likely do not simply reflect the number of Gaucher 

celles in the tissues. In vitro, sCD163 is known to be shed from the surface of monocytes/

macrophages by metalloproteinase activity after an inflammatory stimulus, and LPS induces 

a steep increase in sCD163 in vivo9,10. A general high degree of proteinase activity in 

Gaucher serum22 might therefore contribute to the shedding of sCD163, thereby leading 

to increased plasma levels. Furtermore, there is increasing evidence for the presence of a 

sustained inflammatory reaction in Gaucher disease, with release of inflammatory cytokines 

that can potentially modulate the expression of CD163 in Gaucher cells23,24. 

In conclusion, the present data show sCD163 as a novel supplementary parameter for 

diagnosing and monitoring patients with Gaucher disease and support that sCD163 might 

be a valuable marker for the clinical assessment of macrophage proliferation and activity. 
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Future clinical studies may further evaluate the usefulness of sCD163 in monitoring Gaucher 

disease.
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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 1 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 macrophages1. The characteristic 

lipid-laden macrophages, so-called Gaucher cells, secrete various factors involved in local 

tissue damage and further formation of storage cells2. 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 present1. Several plasma abnormalities have been noted in Gaucher patients (see 

Aerts et al2). The most striking plasma marker reflecting the presence of Gaucher cells was 

discovered a decade ago3. 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 values5. CCL18, also known as PARC (pulmonary and activation-regulated 

chemokine), was already known to be up-regulated in Gaucher spleen5. Chitotriosidase and 

CCL18 both stem from Gaucher cells4. The measurement of plasma CCL18, next to TRAP 

and ACE2, is a useful alternative to monitor Gaucher patients4,6-8, especially when dealing 

with chitotriosidase deficient individuals9. 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 patients10,11. 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 therapy12,13.

Two costly therapies are registered for the treatment of type 1 Gaucher disease. First 

developed was enzyme replacement therapy (ERT), a treatment based on chronic 

intravenous administration of human placental glucocerebrosidase14, nowadays recombinant 

enzyme15. ERT results in spectacular improvement of the visceral and hematological 

problems in Gaucher patients. Another registered therapeutic intervention for type 1 

Gaucher disease is substrate reduction therapy (SRT), based on oral administration of N-

butyldeoxynojirimycin (Zavesca), an inhibitor of glucosylceramide biosynthesis16. SRT results 

in clinical improvements in mildly to moderately affected type 1 Gaucher patients17. The 
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efficacy of both ERT and SRT regarding skeletal disease has been, and still remains, topic of 

debate (see for example Weinreb et al18). Successful treatment is predicated on monitoring 

response and making appropriate adjustments based on achievement of defined therapeutic 

goals19. 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 fractures11. 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 imaging20. A low fat 

fraction, reflecting massive Gaucher cell infiltration, is associated with a high risk for skeletal 

complications20,21. 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 1 Gaucher patients, their 

relationship with bone complications and their association with ongoing skeletal disease 

during therapeutic intervention.

Patients, materials, and 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 1 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 dosing24) 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 used25,26. 

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 
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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 using Dixon quantitative shift 

imaging (QCSI) of the lumbar spine20,21. Only a single patient with ongoing skeletal disease 

received during the entire period of analysis co-medication with bisphoshonates. 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 described3. Chitotriosidase values of 

patients who were heterozygous for the chitotriosidase mutation were multiplied by 23,27.
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Immunohistochemistry
Immunohistochemistry was performed on frozen sections of Gaucher spleen to detect MIP-

1β expression patterns. The methodology of immunocytochemical procedures has been 

described in detail previously28. 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-1α and MIP-1β 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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Fig. 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-1α, MIP-1β 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).
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Fig. 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.

Origin of MIP-1β
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-
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1β (Fig. 3). This sharply contrasts with the earlier histochemical finding that chitotriosidase 

and CCL18 are produced by mature storage cells4. Thus, MIP-1β seems not to be produced 

by Gaucher cells but by other cells in the direct environment of the Gaucher cells.

A B C

Fig. 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 × 100. 
(B) Magnification of the same (Gaucher spleen) section. Original magnification × 400. 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 × 100.

Effect of treatment on plasma levels of MIP-1α, MIP-1β, 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.hr before therapy 

(range 7917-110754 nmol/ml.hr, n=15) and 5589 nmol/ml.hr after therapy (range 428-

65244 nmol/ml.hr, 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-1α and MIP-1β 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, 
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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 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/
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Fig. 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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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-1β 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 

Fig. 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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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). 

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.

Effect of treatment on the fat fraction of the lumbar spine and plasma 
MIP-1β 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 fractures20. Normal values of fat 

fraction in healthy volunteers have been determined at 37% ± 829. During therapy, an 

increase of fat fraction occurs21, 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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Fig. 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 resorption11. 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 al22 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 activity30. The local RANKL/OPG ratio 

is therefore thought to determine the level of osteoclast mediated bone resorption30-32. 

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 al33. 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 
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literature reports on MIP-1α levels in 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 al34).

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 markers35. 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 cells36. 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 investigations37. 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 complications20. 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. 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.
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Introduction

Type 1 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 

crises1. 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 MIP-1β2. 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 glucocerebrosidase3;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 disease2. 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 al5 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 response5. 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, and methods

Patients and dosing regimens
A total of 58 adult Gaucher type 1 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. 

proefschrift.indb   105 13-12-2007   13:47:50



Patients at AMC (12 males (mean age 55 years, range 37-71) and 3 females (mean age 

54 years, range 44-61)) were treated according to an individualized low-dose protocol as 

described earlier6, 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-1β
MIP-1β levels in EDTA plasma samples from both centers were measured centrally, exactly 

as described earlier2.

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 previously7 Genotyping 

for the chitotriosidase null mutation8 was performed, and chitotriosidase values of patients 

who were heterozygous for the chitotriosidase null mutation were multiplied by 29. 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.
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Bone marrow burden
Scoring of the severity of involvement of the bone marrow was performed as described 

earlier10. Life table analysis was performed for all patients with a baseline BMB in the range 

of 2 to 8, and separately for patients with severe bone disease (BMB ≥6). 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.

MIP-1β
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 

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

AMC HHU P

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

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 11; BMB, Bone Marrow Burden10; ERT, Enzyme Replacement Therapy; NS, not significant.
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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).

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).

Figure 1. Plasma MIP-1β levels at baseline. 
Abbreviations: AMC, Academic Medical 
Center, Amsterdam; HHU, hospital of the 
Heinrich-Heine-University, Duesseldorf.

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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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 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).

Figure 4: Impact of ERT on changes in bone marrow burden score. (A) Time to reach a decrease of 2 points 
in BMB score, as measured by MRI, from baseline of patients with a baseline BMB of 2-8 (B) Time to reach a 
decrease of 2 points in BMB score 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 10; ERT, Enzyme Replacement Therapy.

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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Discussion

We previously reported 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 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 al5 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 1 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

Patients as well as carriers of the lysosomal storage disorder Gaucher disease type I are 

known to show abnormally low HDL, and to a lesser extend, LDL cholesterol levels. Whether 

this results in an increased risk of cardiovascular disease is unknown. Therefore, lipid 

profiles, apolipoproteins, and carotid artery intima-media thickness (cIMT), a biomarker for 

atherosclerosis and cardiovascular disease risk, were assessed in 42 Gaucher disease type I 

patients, 34 carriers and 41 family and non-family controls. Compared to controls, patients 

showed decreased HDL (1.6 ± 0,4 vs 1.1 ± 0.3 mmol/L) as well as mildly decreased LDL 

cholesterol levels  (3.2 ± 1.1 vs 2.8 ± 0.7 mmol/L), with low levels of the major apolipoproteins 

related to these particles, apoA1 and apoB. In carriers, low LDL-cholesterol and apoB levels 

were found. Mean cIMT measurements did not differ among patients, carriers and controls 

(0.66 ± 0.12, 0.65 ± 0.13 and 0.64 ± 0.12mm, respectively). In conclusion, our data show 

that although lipid profiles in patients and carriers of Gaucher disease are altered, this 

does not result in an increased risk of cardiovascular disease. Increased reverse cholesterol 

transport may be involved, but further investigations are needed to fully elucidate this. 
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Introduction

Gaucher disease (GD) is the most common lysosomal storage disorder, with a prevalence of 

1:50.000 in most countries1. The disorder is characterized by a deficiency of the lysosomal 

enzyme glucocerebrosidase (OMIM #230800), resulting in accumulation of glucocerebroside 

in macrophages, so called Gaucher cells. Type 1 GD is the most prevalent non-neuronopathic 

form and can manifest itself at any age2. Clinically, the storage of Gaucher cells in liver, 

spleen and bone marrow results in hepatosplenomegaly, skeletal disease and cytopenia. In 

addition to these classical symptoms, a number of co-morbidities is known to be associated 

with GD; increased prevalence of malignancies, hypergammaglobulinemias, pulmonary 

hypertension, polyneuropathies and abnormal cholesterol profiles have all been reported3-7. 

Low levels of total plasma cholesterol (TC), low-density lipoprotein cholesterol (LDL-c) and 

high-density lipoprotein cholesterol (HDL-c) in patients with GD have been described3;8. The 

reductions of LDL-c and HDL-c are associated with reduced levels of their respective major 

protein components apolipoprotein B100 (apoB) and apolipoprotein A1 (apoA-I), indicating 

a reduced level of these particles, while apolipoprotein E (apoE) levels are reported to be 

high3. The levels of LDL-c and HDL-c are inversely correlated with parameters for disease 

severity and splenectomy is associated with a subsequent increase of LDL-c and HDL-c3. 

It is hypothesized that enhanced fractional catabolism of LDL and HDL is induced by the 

Gaucher macrophages, possibly resulting in enhanced reverse cholesterol transport8. 

Interestingly, although carriers of a glucocerebrosidase mutation (carriers) do not exhibit 

any Gaucher symptomatology, significantly lower HDL-c levels have been found in these 

subjects9. Enzyme replacement therapy (ERT) with recombinant glucocerebrosidase for 1,5 

years causes an increase in HDL-c and apo-A1 concentrations, but no normalization, while 

LDL-c and apoB levels remain unchanged10. 

In several epidemiologic studies it has been shown that low plasma HDL-c levels are associated 

with increased risk for coronary artery disease (CAD)11;12. As a consequence, GD patients as 

well as carriers could be considered at risk for premature atherosclerosis.  A non-invasive 

validated biomarker for the status of atherosclerosis and present and future cardiovascular 

disease risk is ultrasonographically measured carotid intima-media thickness (cIMT)13;14. 

In order to evaluate whether the abnormal lipid profile in GD patients and carriers is 

associated with atherosclerosis and, potentially, an increased risk of cardiovascular disease, 

a cross sectional study was performed in GD patients, carriers and controls.  

Methods

Study population
Subjects were recruited from the Dutch outpatient clinic for inherited metabolic diseases 

(Academic Medical Center, Amsterdam). In all patients, a diagnosis of GD was confirmed 
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by enzymatic assay as well as by mutation analysis. Patients that consented to the protocol 

were asked to recruit family members as well as non-related persons that shared the same 

environment and life style. Subjects with a known familiar dyslipidemia were excluded.  

In order to identify carriers and non carriers, glucocerebrosidase mutation analysis was 

performed in all subjects. 

A thorough investigation of present and/or past CAD as well as a family history of CAD 

was performed in all subjects as follows; personal and family medical history of myocardial 

infarction, stroke, intermittent claudication, as well as the presence of cardiovascular risk 

factors (age, sex, smoking, diabetes, hypertension, chronic inflammation as assessed by C-

reactive protein (CRP) and the presence of rheumatoid artritis, vasculitis or systemic lupus 

erythematosus) and use of medication were assessed by questionnaires. Blood pressure, 

length and weight were measured. Body mass index (BMI) was calculated. Hypertension 

was defined as a blood pressure >140/90 mmHg. In addition, in GD patients, spleen status, 

severity score index (SSI, as described by Zimran15), use of substrate deprivation or enzyme 

replacement therapy and genotype was recorded from patient files. 

The study was approved by the institutional review board and all participants provided 

written informed consent to participate in the study. 

Laboratory analysis
In all subjects, blood samples were drawn after an overnight fast. Leukocyte count, 

erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) were determined. TC, 

HDL-c and triglycerides (TG) were measured by enzymatic colorimetric procedure. LDL-c 

was calculated by means of the Friedewald formula. ApoA1 and ApoB were determined 

by immunonephelometry. Normal values were as follows; TC: 3.9-6.5 mmol/L; LDL: <4,49 

mmol/L; HDL: male >1.1 mmol/L, female > 1.2 mmol/L; TG: 0.5-2.0 mmol/L; apoA-I: male 

1.1-1.8 g/L, female 1.1-2.1 g/L; apoB: male 0.55-1.4 g/L, female 0.55-1.25 g/L.

DNA was extracted from peripheral blood leukocytes. In non-Gaucher patients, the Gaucher 

mutations present in their family, as well as the six most prevalent Gaucher mutations in 

the Dutch population (N370S, L444P, R120W, 84GG, RecNciI, L324P) were determined. 

Together, these mutations are responsible for >82% of the abnormal alleles in the Dutch 

GD population16.

Carotid intima-media thickness (cIMT)
B-mode ultrasound images were acquired using an Acuson Aspen  (Siemens/Acuson 

Corporation, Erlangen, Germany and Mountainview, CA, USA) using an L7 5-12MHz 

broadband transducer. Bilaterally, DICOM still images of a total of six predefined arterial 

segments of the right and left common carotid artery, the carotid bulb and the internal 

carotid artery were acquired. cIMT of far arterial walls was measured by one image analyst, 

116 CHAPTER  9

proefschrift.indb   116 13-12-2007   13:47:51



117

blinded for the clinical and genetic status of patients. Carotid IMT was defined as the per 

subject average of the six far wall IMT measurements. 

Statistical analysis 
Descriptive statistics were used for exploration of the data. Differences in variables with a 

continuous or a dichotomous distribution between GD patients, carriers and controls were 

evaluated using linear or logistic regression analyses, respectively. These analyses were 

performed using the generalized estimating equations (GEE)-method in the SAS procedure 

GENMOD to account for correlations within families. The exchangeable correlation structure 

was used for these models. For differences in cIMT between the three groups, a stepwise 

backward multivariate regression analysis was used to adjust for potential confounders. 

Variables with a skewed distribution were log-transformed before statistical analyses. 

P-values < 0.05 were considered to indicate statistical significance. The analyses were 

performed with the SAS package version 9.1 (SAS Institute Inc, Cary, NC, USA).

Indirect standardisation
Indirect standardisation was used to compare the number of cerebrovascular events to that 

of the Dutch population. The files of all patients with GD type I followed at the national 

referral centre for GD at the Academic Medical Centre (AMC), Amsterdam, the Netherlands, 

(n=71) during the years 1991-2007, were reviewed. All patients had visited the clinic at least 

twice. Incidence of myocardial infarction (MI) and cerebral stroke in the GD cohort were 

compared to the age- and sex-specific incidence rates in the Dutch population as a whole 

in 200017;18 using indirect standardisation for five-year intervals. Patients were considered 

at risk for MI or stroke starting at the date of the first visit to the clinic, making it possible 

to verify the presence or absence of these diseases in the medical files of the patients, 

thereby excluding the risk of overlooking a previous event. The period at risk ended at the 

closing date of the study (1-1-2007), the date of death or the date of the last hospital visit, 

whichever came first. For each of the five-year intervals, the expected number of events 

was calculated as the product of person years at risk and incidence rates. An event was 

included as an observed case only in patients who were diagnosed with stroke or MI during 

the period at risk. Standardized Rate Ratios (SRR) were calculated as the ratio of observed 

cases to expected numbers. 95% confidence intervals (95% CI) for the SRR presuming a 

Poisson distribution for the observed numbers were determined. 

Results

General characteristics
A total of 117 subjects (42 patients, 34 carriers and 41 controls) were studied. Age, gender, 

BMI, cigarette and alcohol use, CRP and the prevalence of hypertension and diabetes were 
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comparable in the three study groups (table 1). The presence of a history of cardiovascular 

events was also similar. Thirty-four of the patients had received enzyme replacement therapy 

(Cerezyme, imiglucerase, Genzyme Corp., Mass., USA) for a median of 13 years (range 

2-16). Two patients used substrate deprivation therapy (Miglustat, ZavescaTM, Actelion 

Pharmaceuticals, Switzerland), both for 9 years.

Lipids and lipoproteins
Levels of HDL-c and apoA-I were significantly lower, and TG levels significantly higher, in 

patients as compared to controls and carriers (figure 1). In patients compared to controls 

TC levels were significantly lower, while LDL-c, but not apoB levels showed a trend towards 

lower levels. In carriers, no differences in HDL-c and apoA-I levels were detected versus 

controls, while the trend towards a lower TC was explained by significantly decreased LDL-c 

levels, with a slighter decrease in apoB levels (p=0.07). In fact the decrease in LDL-c was 

more pronounced in carriers than in the GD patients.

controls carriers patients p-value
controls 
versus 
carriers

p-value
controls 
versus 
patients

p-value
carriers 
versus 
patients

N 41 34 42 - - -

Age (years)(mean+/-SD) 47.7 +/- 16.6 48 +/- 16.5 51.4 +/- 11.4 0.93 0.22 0.37

Sex (m/f) 19/22 dec-22 24/18 0.24 0.65 0.07

BMI (kg/m2)(mean+/-SD) 25.1 +/- 3.5 25 +/- 2.6 24.4 +/- 3.0 0.88 0.30 0.33

Hypertension (y/n) 15/26 13/21 13/29 0.91 0.60 0.46

CRP (mg/L)(mean+/-SD) 2.3 +/-2.6 2.1 +/- 1.7 2.2  +/- 2.2 0.77 0.93 0.78

Alcohol (U/wk)(mean+/-SD) 7.6 +/- 7.7 5.8 +/- 7.1 5.0 +/- 6.3 0.31 0.06 0.47

Smoking(y/n) 12/29 9/25 6/36 0.96 0.11 0.17

History of MI (y/n) 0/41 3/31 0/42 0.09 - 0.09

History of stroke (y/n) 0/41 0/34 0/42 - - -

Plasma lipoprotein

TC (mmol/L)(mean+/-SD) 5.2 ± 1.2 4.7 ± 0.9 4.5 ± 0.9 0.07 0.003 0.30

LDL (mmol/L)(mean+/-SD) 3.2± 1.1 2.7± 0.8 2.8 ± 0.7 0.03 0.06 0.54

HDL-c (mmol/L)(mean+/-SD) 1.6 ± 0.4 1.6 ± 0.4 1.1 ± 0.3 0.90 <0.0001 <0.0001

TG (mmo/L)(median 
(25th-75th percentile))

0.8 (0.5-1.1) 0.7 (0.6-1.8) 1.0 (0.7-1.5) 0.79 0.01 0.01

Plasma apolipoprotein

ApoA-I (g/L)(mean+/-SD) 1.6 ± 0.3 1.6 ± 0.3 1.3 ± 0.2 0.40 <0.0001 <0.0001

ApoB (g/L)(mean+/-SD) 0.9 ± 0.2 0.8 ± 0.2 0.9 ± 1.2 0.07 0.64 0.12

Table 1. Characteristics and levels of cholesterol, triglycerides, apolipoproteins and c-IMT measurements 
of Gaucher disease patients, carriers of a glucocerebrosidase mutation and controls. Abbreviations: m, 
male; f, female; BMI, body mass index;, y, yes; n, no; CRP, C-reactive protein; MI, myocardial infarction; TC, total 
cholesterol; LDL, low density lipoprotein; HDL-c, high density lipoprotein cholesterol; TG, triglycerides.
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Figure 1. Levels of cholesterol, triglycerides, 
apolipoproteins and c-IMT measurements 
of Gaucher disease patients, carriers of a 
glucocerebrosidase mutation and controls. 
Abbreviations: TC, total cholesterol; LDL, 
low density lipoprotein; HDL-c, high density 
lipoprotein cholesterol; TG, triglycerides; c-IMT, 
carotid intima media thickness.
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Intima media thickness
The mean cIMT was 0.66 ± 0.12mm in GD patients, compared to 0.65 ± 0.13mm and 

0.64 ± 0.12mm in the carrier and control group, respectively. Univariate analyses revealed 

no differences in cIMT between the three groups. Also by multivariate analysis, after 

adjustment for gender and age, no significant difference between the three groups could 

be detected.  

Indirect standardisation
The number of observed and expected cases of MI were 1 and 1.05 respectively, with a 

SRR of 0.95 (95% CI: 0.024-5.3). During the observation period, no strokes were reported. 

The expected number was 0.74. No evidence for an increased risk of MI or cerebral stroke 

was thus found in GD patients. 

Discussion

In this study we have established that low levels of HDL-c and apoA-I, as seen in GD type I, 

do not confer an additional risk of CAD. The importance of HDL-c levels as a risk factor for 

the development of cardiovascular disease is supported by many studies. In the Framingham 

Heart Study, HDL-c was a more potent risk factor for subsequent CAD than was LDL-c, TC, 

or plasma TG. In this study, the risk for myocardial infarction has been reported to increase 

by about 25% for every 5 mg/dL (0.13 mmol/l) decrease in serum HDL below median values 

for men and women11. Carotid IMT measurement is widely accepted as a modality that can 

reliably predict the risk for cardiovascular disease and as such is used as a non-invasive 

surrogate marker in lipid-lowering drug trials19. In the current study, as demonstrated in 

previous studies3;8, low levels of HDL-c cholesterol and apoA-I protein were demonstrated 

in GD patients, even after years of ERT, as compared to healthy controls and carriers of 

a glucocerebrosidase mutation. Using cIMT measurements and calculating the risk for 

cardiovascular disease by indirect standardization of historic data, we established that there 

is no indication that the low levels of HDL-c in GD are associated with an increased risk of 

cardiovascular disease. 

Our results are in line with an earlier study, showing no increase in coronary artery disease 

in 67 GD patients as compared to132 carriers for a glucocerebrosidase mutation and 59 

controls20. The reason why GD patients seem protected from the atherogenic effects of 

low HDL-c is unclear. In other genetic disorders that lead to low HDL-c levels, different 

risks for the development of atherosclerosis, as assessed by cIMT, have been established. 

For example, heterozygosity for an apoA-I mutation resulting in 50% loss of apoA-I 

concentration and a concomitant decrease in HDL-c levels, yields a more pronounced effect 

on atherosclerosis progression than similar reductions in HDL-c due to loss of either ABCA1 
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or LCAT activity (for review see21). As a consequence, HDL-c levels per se do not necessarily 

reflect the atheroprotective potential of HDL. 

In Gaucher disease, several mechanisms may play a role in the protection from the 

development of atherosclerosis. Firstly, it has been suggested that the presence of loads 

of macrophages results in increased clearance of LDL-c and HDL-c particles from the 

circulation. Indeed, in a study using radio-isotope labelled particles, enhanced catabolism 

was established, pointing towards the macrophages as the responsible cells8. As has 

been suggested in previous studies, a concurrent increase in apoE may be responsible 

for a macrophage induced counter-reaction to enhance reverse cholesterol transport, 

leading eventually to increased clearance and lower HDL-c levels 8. Evidence for enhanced 

cholesterol efflux by macrophage-derived apoE-containing lipoproteins comes from 

experiments showing that lipid loading of macrophages stimulates synthesis and secretion 

of apoE, subsequently facilitating cholesterol release from these cells (For review see22). 

Although earlier studies have shown elevated apoE levels in untreated GD patients9,10 no 

investigations so far have shown that the Gaucher macrophage is capable of producing 

and secreting excessive amounts of apoE.  Secondly, a natural anticoagulant status in 

Gaucher disease, caused by either thrombocytopenia, thrombocytopathy and/or clotting 

factor deficiencies, may have a protective effect on the occurrence of cardiovascular events 

(for review see23). Thirdly, subfractions of HDL may have different properties with respect 

to their ability for reverse cholesterol transport. The apoA-I HDL particles are strongly 

associated with the cholesterol efflux-promoting effects of HDL, while particles containing 

both apoA-1 and A-II (HDL-2) are less effective at mobilizing cholesterol from peripheral 

stores24. It is therefore suggested that the plasma apoA-I or the apoA-I associated HDL 

subfraction may serve as a better predictor of coronary atherosclerosis than total HDL25. 

Although the HDL sub-fractions have not been determined in GD in the current study, the 

decreased concentration of apoA-I points does not suggest that the low levels are mainly 

caused by a decrease in HDL-2. Fourthly, the increased concentration of glucosylceramide 

and GM3 in plasma may have an as yet unknown effect on lipoprotein metabolism31;32.

In the context of the current study, it is of interest to emphasize the association between 

low HDL-c levels and insulin resistance26;27. Low plasma concentrations of HDL-c, in 

combination with qualitative changes in LDL as well as hypertriglyceridemia comprise the 

typical dyslipidemia of insulin resistant states28. In addition, significant negative correlations 

between fasting and postprandial plasma TG levels and HDL-c and apoA-I concentrations26 

suggest a close link between TG and HDL metabolism. Interestingly, we recently established 

that untreated Gaucher patients are relatively insulin resistant29, which might be related 

to increased levels of glycosphingolipids, for which glucocerebroside, the stored substrate 

in GD, is the precursor. Since we also established in the current study that triglyceride 

concentrations were higher in GD patients as compared to controls, insulin resistance may 

contribute to the observed lipid abnormalities.  
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It is worth mentioning that although we found significant decreased LDL-c levels in carriers 

of a glucocerebrosidase mutation, this was not the case for HDL-c. This is in contrast to an 

earlier publication9, showing decreases in HDL-c, but not in LDL-c. It may be no surprise that 

we found that cIMT measurements were normal and no increased risk for cardiovascular 

disease was established. In fact, the cholesterol profile seen in our study may point towards 

a protective effect, reviving an old discussion as to why the prevalence of Gaucher disease 

carriers is so high. Suggestions that carriership may protect against infectious diseases have 

been made in the past30, but it could be that a survival advantage is also created by the 

favourable lipid profile in these patients.  

Some limitations of our study warrant further discussion. For example, the study sample 

was relatively small, although the earlier mentioned studies using cIMT in rare genetic 

diseases did show significant differences in even smaller cohorts (see21). Furthermore, most 

patients had received ERT for several years, which may have influenced the levels of HDL. 

However, this explanation is unlikely, since in the period prior to the initiation of ERT also 

no increase in the occurrence of cardiovascular disease was established. In addition, 27 of 

42 patients (64%) still had a HDL level below the lower limit of normal, consistent with a 

previous study showing only a partial correction of the low HDL levels10. 

In conclusion, the results from our study show that in Gaucher disease type I the low HDL-c 

and apoA-I levels are not associated with an increased risk for cardiovascular disease. The 

mechanisms involved deserve further study. 
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Abstract

The adult form of Gaucher disease (type I GD) is associated with a high prevalence of 

hypergammaglobulinemia and monoclonal gammopathy of undetermined significance 

(MGUS). A significantly increased risk of cancer, especially of haematological types, has 

been found in Ashkenazi-Jewish GD type 1 patients. 

In this study, incidence and mortality of cancer were assessed in a total of 131 GD patients 

of mixed ancestry in a population from Western Europe, i.e.  2 Gaucher referral centres in 

Germany (Düsseldorf) and the Netherlands (Amsterdam). Standardized rate ratios were 

determined by indirect standardisation, using age- and sex- specific incidence and mortality 

rates of the Dutch population. A total of 14 GD patients of non-Ashkenazi Jewish descent 

were identified of whom 5 had a hematologic malignancy. These numbers correspond to an 

increased risk of cancer of 2.5 (95% CI 1.1-4.7) and an increased risk of hematologic cancer 

of 12.7 (95% CI 2.6-37.0) among GD patients compared to the general population. In 

particular, the incidences of multiple myeloma and hepatocellular carcinoma in absence of 

pre-existing cirrhosis were highly elevated, with standardized rate ratios of 51.1 and 141.3, 

respectively. These strongly increased risks on developing cancer suggest that measures for 

early detection and prevention of hematological and hepatic malignancies in patients with 

Gaucher type I disease are mandatory. 
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Introduction

Gaucher disease (GD) is the most common of the lysosomal storage disorders and characterized 

by a deficiency of the lysosomal enzyme glucocerebrosidase (glucosylceramidase), which 

leads to the accumulation of glucocerebroside in macrophages1,2. Based upon the presence 

or absence of neurological symptoms, GD can be divided into three phenotypes; type 1 

(non-neuronopathic), type 2 (acute neuronopathic) and type 3 (subacute neuronopathic). 

Type 1 GD is by far the most common form, accounting for 99% of the Gaucher cases. 

Numerous case reports have documented the occurrence of malignancies in GD. Particularly 

B-cell or plasma cell malignancies, such as multiple myeloma, leukaemia and lymphoma 

have been described. Also AL amyloidosis, a disorder arising from B-cell proliferation, has 

been reported in association with GD3-19. In relation to B-cell malignancies, a remarkably 

high prevalence of immunoglobulin abnormalities is associated with type I GD. The 

most common finding is hypergammaglobulinemia, but monoclonal gammopathy of 

undetermined significance (MGUS), a premalignant disorder that occasionally progresses to 

a multiple myeloma, lymphoma or CLL, is clearly more prevalent in GD20-24. 

Thus far, there has been only one publication on the risk of developing cancer for GD 

patients25. A significantly increased risk of cancer, especially of haematological type, was 

found for Ashkenazi Jewish GD type 1 patients.  However, it has not been investigated 

whether cancer morbidity or mortality is also increased in GD patients of mixed ancestry, 

being mainly of non-Ashkenazi Jewish descent, a group of patients that encompasses a 

large part of the Gaucher population in Western Europe. Therefore, the type, incidence and 

mortality of cancer in 131 GD type 1 patients, a combined cohort from two Gaucher-referral 

centres in Germany and the Netherlands were investigated. In addition, the prevalence of 

the pre-malignant disorder MGUS was studied. The data show an increased incidence of 

cancer, especially of multiple myeloma and hepatocellular carcinoma (HCC). HCC-associated 

mortality was also significantly elevated. 

Methods

Patients
The files of all patients with GD type I followed at the national referral centre for GD at the 

Academic Medical Centre (AMC), Amsterdam, the Netherlands, (n=63) or at the Heinrich 

Heine University Hospital (HHU), Düsseldorf, Germany, (n=80) during the years 1991-2003, 

were reviewed. Only patients, who had visited the clinic at least twice were included (n=63 

for AMC, n=68 for HHU). The diagnosis of GD was based on the measurement of deficient 

glucocerebrosidase activity in leukocytes and genotyping26,27. 

Data on age, sex, splenectomy, genotype, occurrence and types of cancer since birth, age 

at diagnosis of GD and cancer, and date and cause of death were collected (Table I). The 
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Severity Score Index (SSI) at start of therapy or at the first hospital visit was determined as 

described by Zimran28. The presence and immunoglobulin-class of MGUS was determined 

in all Dutch patients and in 56 of 68 German patients, of whom these data were available. 

MGUS was defined as the presence of a serum monoclonal component (as determined 

by serum protein electrophoresis and immunofixation) at a concentration of < 30 g/L for 

IgG or < 20 g/L for IgA, < 1 g/24 h Bence Jones protein in urine, normal serum calcium 

and albumin and the absence of osteolytic lesions. No bone marrow examinations were 

performed.

Indirect standardisation
As Düsseldorf is located only 40 km from the Dutch border and no systematic German 

cancer rates are accessible, the Dutch national statistics were also applied to the German 

data. Incidence and mortality of cancer in the GD cohort were compared to the age- and sex-

specific incidence and mortality rates of cancer, both overall and cause-specific, in the Dutch 

population as a whole in 199829, using indirect standardisation for five-year intervals. 

Patients were considered at risk for cancer starting at the date of the first visit to the 

respective hospitals, making it possible to verify the presence or absence of cancer in 

the medical files of the patients, thereby excluding the risk of overlooking a previously 

diagnosed cancer. The period at risk ended at the closing date of the study (1-1-2003), the 

date of death or the date of the last hospital visit, whichever came first. This also applied 

to patients with a diagnosis of cancer, who were considered to be at risk for developing 

another malignancy, and were not excluded from the period at risk unless they died or 

otherwise reached the end of the study period. For each of the five-year intervals, the 

expected number of malignancies and cancer-related deaths was calculated as the product 

of person years at risk and incidence or mortality rates, respectively. A malignancy was 

included as an observed case only in patients who were diagnosed with cancer during 

the period at risk (Table 2: # 1-6, 11-13). Standardized (morbidity-) Rate Ratios (SRR) and 

Standardized Mortality Ratio’s (SMR) were calculated as the ratio of observed cases to 

expected numbers. 95% confidence intervals (95% CI) for the SRR or SMR presuming a 

Poisson distribution for the observed numbers were determined. 

Statistics
Characteristics of the Dutch and German patient population are presented as median and 

range. Differences between both study groups and between patients with and without 

cancer were tested either by Mann-Whitney test, Chi-squared test or Fisher’s exact test. 
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Results

Patients
The characteristics of the patients with Gaucher disease type I are presented in Table I. There 

were no significant differences in age, gender, number of splenectomies, SSI, genotype, 

number of cancer cases or cancer-related deaths between both centres. Less than 10 % of 

the patients were known to be of Ashkenazi-Jewish ancestry. Patients in the Dutch patient 

group accounted for a total of 468 person years, the German patients for 181 person years 

The lower number of patient years in the German subpopulation as compared to the Dutch 

population is based on two facts; first, a high number of new patients in the years 2000-

2003 and second, the fact that referral of individual Gaucher patients in Germany to a 

centre, in contrast to the Netherlands, is not strictly regulated, resulting in significantly less 

follow-up visits in this population. 

Subanalysis showed that 10/63 of the Dutch patients (16%) and 5 of the 56 (9%) German 

patients, met the criteria of MGUS. Eleven patients had a monoclonal protein, 3 had a 

biclonal protein and 1 had a triclonal protein. 

AMC HHU P

No of patients 63 68

Age in 2003 or at death (median, range) 48 (21-79) 49 (22-82) NS

No of male patients (%) 32 (51) 33 (49) NS

No of splenectomies (%) 23 (37) 19 (28) NS

SSI (median, range) 8 (3-19) 7 (2-16) NS 

No of patients with cancer (%) 9 (14) 5 (7) NS 

No of cancer-related deaths (%) 3 (5) 2 (3) NS

No of patients with MGUS (%) 10 (16%) 5 (9%) NS

Table I. Characteristics of the study populations from Amsterdam (AMC) and Düsseldorf (HHU). Data 
reflect absolute numbers (and percentage) or median (and range) of the data from the respective cohorts. 
Abbreviations: AMC, Academic Medical Centre, Amsterdam; HHU, hospital of the Heinrich-Heine-University, 
Düsseldorf; SSI. Severity score index; NS, not significant; ND, not determined.

The characteristics of the 14 Gaucher patients from both centres who were diagnosed with 

a malignancy are listed in Table II. Five of the 14 cases of cancer were of haematological 

type (2 multiple myelomas, one acute myeloid leukaemia, one B-cell lymphoma and one 

MALT lymphoma). Two patients (#3 and #5) were diagnosed with hepatocellular carcinoma 

(HCC). Both of these patients had no evidence of preexisting cirrhosis, either by chronic 

hepatitis, alcohol or nonalcoholic steatohepatitis (NASH). Patient #3 has been described 

previously in more detail 30. The median age at which cancer was diagnosed was 52 years 

(range 10-76). Seven of the fourteen patients with cancer died, in five of these cancer was 

identified as the cause of death (#1, #3, #5, #10 and #12).
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There were no significant differences in gender, number of splenectomies, SSI, or genotype 

between the 14 patients with cancer and the 117 patients without cancer. The patients 

with cancer (both alive and dead) had a median age of 63 (range 38-80), which was 

significantly higher than the ones without (median 48, range 21-82, P=0.018). The median 

age at death of the patients with cancer was 72 (40-80). 

Incidence of cancer is increased in GD 
Table III shows the observed and expected number of new cases of cancer and cancer-

related deaths and the respective SRR’s and SMR’s. A significantly increased risk was found 

in the study population for all types of cancer (2.5; 95% CI 1.1-4.7), for haematological 

cancers as a whole (12.7; 95% CI 2.6-37.0), for multiple myeloma (51.1; 95% CI 6.2-184), 

and for hepatocellular carcinoma (141.3; 95% CI 17.1-510.5). Cancer-related mortality 

rates for all malignancies, as well as for haematological malignancies in general or multiple 

myeloma in particular, were increased but did not reach statistical significance. The SMR of 

dying from hepatocellular carcinoma was calculated to be 101.4, which was, despite the 

low number of cases, statistically significant. 

No Centre Gender Age at Sx Age at 
diagnosis 
GD

Therapy Age at 
diagnosis 
cancer

Cancer type Outcome 
(age at 
death)

1 AMC M No 53 EST 55/46 MM/melanoma 56

2 AMC M 58 58 EST 61 MM alive

3 AMC M 53 36 EST 62 HCC 63

4 AMC F 20 20 EST 68 Colonic carcinoma 72

5 AMC F 18 18 EST 39 HCC 39

6 AMC F No 18 - 58 Grawitz carcinoma alive

7 AMC M 11 11 EST 10 AML alive

8 AMC M 6 3 EST 30 Testicular carcinoma alive

9 AMC F No 30 EST 46 Haemangio-
endotheliosarcoma

alive

10 HHU M No 67 EST 66 Prostate carcinoma 74

11 HHU F No 25 EST 34 B-cell lymphoma alive

12 HHU F No 45 EST 76 Colonic carcinoma 79

13 HHU F No 62 EST 72 Basal cell carcinoma 72

14 HHU M No 59 EST 52 Gastric MALT lymphoma alive

Table II. Characteristics of patients with Gaucher disease type I and cancer. Patient-specific descriptive 
parameters are listed. Abbreviations: AMC, Academic Medical Centre, Amsterdam; HHU, hospital of the Heinrich-
Heine-University, Düsseldorf; Sx, splenectomy; EST, enzyme supplementation therapy; HCC, hepatocellular 
carcinoma; MM, multiple myeloma; AML, acute myeloid leukemia
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Parameter Type Observed Expected SRR/SMR 95% CI of SRR/SMR

Incidence All cancers 9 3.63 2.5 1.1-4.7*

Incidence Haematological cancers 3 0.24 12.7 2.6-37.0*

Incidence Multiple Myeloma 2 0.04 51.1 6.2-184*

Incidence Hepatocellular carcinoma 2 0.01 141.3 17.1-510.5*

Mortality All cancers 5 1.69 3.0 0.96-6.9

Mortality Haematological cancers 1 0.13 7.6 0.2-42.6

Mortality Multiple Myeloma 1 0.03 36.3 0.9-202.0

Mortality Hepatocellular carcinoma 2 0.02 101.4 12.3-366.1*

Table III. Incidence and mortality of cancer in GD patients. Incidence rates and mortality rates were obtained 
by comparison of the GD cohort with data from a representative non-GD Western-European population. Data 
were stratified into incidence and mortality and given as absolute numbers, Standardized Rate Ratio (SRR) or 
Standardized Mortality Ratio (SMR) and their respective 95 % confidence intervals (95% CI). * signifies p< 0.05

Discussion

Using pooled data of 131 Gaucher type I patients from both the Netherlands and Germany, 

it was found that GD patients of non-Ashkenazi Jewish descent had a significantly increased 

risk of 2.5 for developing cancer. The risk of developing a hepatocellular carcinoma or a 

haematological malignancy, in particular multiple myeloma, was especially high (SRR 141.3, 

12.7 and 51.1, respectively). This high risk for multiple myeloma is supported by the increased 

prevalence of MGUS (9% and 16% in the respective populations) The prevalence of MGUS 

in a population of similar age is estimated to be 1-2%31-33.. There was no significant increase 

in total cancer-related mortality, with the exception of mortality caused by hepatocellular 

carcinoma, which was strongly elevated (SMR 101.4). 

The standardized rate ratios for developing cancer found in this study were comparable 

to the ones from a previous study in which 48 Ashkenazi-Jewish Gaucher patients were 

compared to 511 control subjects from the same community25. Standardized rate ratios 

of 3.6 for developing cancer and of 14.7 for cancers of haematological type were found. 

With the present study it was established that the increased risk of cancer does not only 

apply to Gaucher patients of this specific ethnical origin, but also to the mixed population 

that is seen in Gaucher clinics in Western Europe. In addition, it was found that the risks of 

developing multiple myeloma or hepatocellular carcinoma are high. 

In this study cancer-related mortality in GD patients was calculated. A strong increase in 

mortality due to hepatocellular carcinoma was found, but no significant increase in mortality 

due to cancer in general, to haematological malignancies, or to multiple myeloma could be 

shown. It should be noted however that for the combined cases and for multiple myeloma, 

the CI came close to a significant level (95% CI: 0.96-6.9 and 0.92-202.0, respectively) and 

that all the patients in our cohort who died, suffered from cancer, even if this was not the 

direct cause of death. Nevertheless, it is remarkable that the increased cancer morbidity 

we found is not associated with increased cancer mortality. One possible explanation could 
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be that the regular visits to a doctor lead to a greater chance of diagnosing cancer in an 

early stage, giving better opportunities for treatment. The results we found are in contrast 

with the previously mentioned study in which a statistically significant relative risk of 4.9 

was found25. However, in this study, mortality in patients with GD and cancer was studied, 

irrespective of the exact cause of death, taking into account also those patients with cancer 

who died of a different cause. 

When studying the occurrence or mortality of a certain disease in a specific population, the 

type of control group is crucial. For the Netherlands, detailed age and sex specific incidence 

rates of all types of malignancies are available29. By using these statistics in our comparison, 

the Dutch population as a whole served as a control group. Since there is currently no 

complete and detailed cancer registry for Germany, the Dutch national statistics were also 

applied to the German patients. The geographical proximity and the similarity of the Dutch 

and the German study population led us to believe these numbers would also provide the 

best possible control data for the German patients. The method of indirect standardisation 

precludes a selection bias of the control group, and corrects for age, sex and follow-up 

time, yielding an accurate risk estimate for this kind of survey. Moreover, we defined the 

number of years at risk as the time period during which patients visited our clinics on a 

regular basis, making it possible to verify the presence or absence of cancer in the medical 

files of the patients, ruling out the risk of overlooking a malignancy that was diagnosed in 

the past. 

Although the population from Germany and the Netherlands were comparable with 

respect to age and overall severity as indicated by SSI, there was a higher number of cancer 

patients in the Dutch population. However, this difference disappears when correcting for 

the higher number of person years of the Dutch population. 

The median age at which cancer was acquired was 52. This relatively young age could be 

attributed to the age distribution of our cohort, considering that 75% of the patients were 

younger than 60. The Gaucher patients with a history of cancer were relatively older than 

the ones without. Since no difference in disease severity or spleen status was apparent, 

the increased incidence in older patients is probably reflecting the expected course during 

ageing rather than referring to the severity of GD itself. We found no difference in GD 

genotype in patients with or without cancer. This makes a genotypic difference unlikely. 

Of the 14 cases of cancer, 5 were of haematological type. In accordance with this high 

frequency, we found a particularly elevated SRR of developing a haematological malignancy 

and of developing multiple myeloma. Nine and 16% of the German and Dutch GD patients 

had an MGUS, a disorder that has the potential to progress to a multiple myeloma, 

lymphoma or CLL. Although national statistics on incidence of MGUS lack, studies have 

shown the prevalence of MGUS in a population of similar age to be 1-2%31-33, which is 

considerably lower than what we found in our GD cohort.

The pathogenesis of these disorders in relation to GD remains obscure. Hypotheses 

have mainly concentrated on the presence of chronic antigenic stimulation of the B-cell 
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repertoire, resulting in hypergammaglobulinemia which may eventually transform into a 

B-cell malignancy21-23. This antigenic stimulation is suggested to be due to accumulated 

lipid. Elevated levels of IL-6 and IL-10, cytokines that influence growth and differentiation of 

B-cells, as well as elevated levels of IL-8, which is chemotactic to B-cells, have been found 

in sera from patients with Gaucher disease34-36. A recently developed glucocerebrosidase-

deficient mouse showed evidence of B-cell proliferation, as well as elevated serum IgG 

levels37. Immunological dysfunction has also been demonstrated in other parts of the 

immune system. Defective T-cell function was found in five patients with Gaucher disease, 

as shown by a reduction of E-rosetting capacity, probably resulting from elevated levels of 

ferritin released from Gaucher cells38. Pollack et al suggested that serum from GD patients 

inhibits T-cell proliferation and B-cell immunoglobulin M secretion, probably through a 

factor released from monocytes39.  

Two of the patients with cancer had a hepatocellular carcinoma (HCC). One of these 

(patient #3) has been described previously30. This patient had no risk factors for HCC 

(such as chronic hepatitis B or C) and no evidence of preexisting cirrhosis and had received 

enzyme supplementation therapy with alglucerase for the 9 months prior to diagnosis. A 

second report has described HCC in a Gaucher disease patient, who also had liver cirrhosis 

and hepatitis B40. Both diseases were suggested as possible causative factors for the 

malignancy. Patient #5 from our study, who also had a HCC, had received radiotherapy 

on the liver and spleen as an obsolete therapy for GD, at the age of 20. She did not have 

hepatitis B or C and had used alglucerase during 5 years. All patients were splenectomized 

and had gross hepatomegaly. It is likely that GD with advanced hepatic involvement after 

splenectomy, including fibrosis, is related to the occurrence of HCC. 

The data from this study show that Gaucher patients of mixed ancestry, mostly non-

Ashkenazi-Jewish, have a significantly increased risk for developing cancer, in particular of 

multiple myeloma and hepatocellular carcinoma. Physicians taking care of Gaucher patients 

should be aware of these risks and simple diagnostic tests that can be used to detect a 

multiple myeloma or hepatocellular carcinoma, such as quantification of immunoglobulins, 

serum electrophoresis and immunofixation and serum -fetoprotein respectively. We 

recommend to perform these tests on a yearly basis, in line with recommendations for 

patients with MGUS or hepatitis B carriers41. 
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Summary

Gaucher disease type I, the most common lysosomal storage disorder, is associated with 

immunoglobulin abnormalities. We studied the prevalence, risk factors, pathogenesis and 

effect of enzyme relation therapy (ERT) on gammopathies in an adult Gaucher disease 

type I cohort (N=63) and related the results to a review of the currently available literature. 

Polyclonal gammopathies and monoclonal gammopathy of undetermined significance 

(MGUS) in our adult GD I cohort were found in 41% and 19% of patients. These results 

are similar to data from the literature and correspond to the increased risk of MM that has 

been described. The prevalence of MGUS in our cohort increased with age but was not 

associated with disease severity or exposure time. The serum levels of free light chains of 

immunoglobulins were measured and were not found predictive for the development of 

MGUS or MM. Levels of pro- as well as anti-inflammatory cytokines, growth factors and 

chemokines, especially those involved in inflammation and B cell function, are disturbed in 

GD I, with the most impressive and consisting elevations for interleukin-10 and pulmonary 

and activation-regulated chemokine (PARC). A beneficial effect of ERT on the occurrence 

and progression of gammopathies was suggested from longitudinal data. 
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Introduction

Gaucher disease type I (GD I, OMIM #230800) is the most common lysosomal 

storage disorder. The disease is characterized by a deficiency of the lysosomal 

enzyme glucocerebrosidase (glucosylceramidase), which leads to the accumulation of 

glucocerebroside in macrophages. The lipid laden macrophages are called Gaucher cells 

and are mainly found in liver, spleen and bone marrow, resulting in the most important 

clinical features hepatosplenomegaly, skeletal disease and cytopenia1,2. Since 1991 GD I 

can be effectively treated with recombinant glucocerebrosidase (enzyme replacement 

therapy, ERT, imiglucerase, Genzyme, Cambridge, MA). More recently, substrate reduction 

therapy (miglustat, Actelion Pharmaceuticals, Basel, Switzerland) has been registered for 

more attenuated disease.

An associated feature of GD I is the high frequency of polyclonal and monoclonal 

gammopathies3-22. In the general population, polyclonal hypergammaglobulinemia is a 

common clinical finding, especially in the setting of chronic inflammation 23, resulting from 

an overproduction of immunoglobulins by plasma cells or B-lymphocytes. An abnormal 

increase of monoclonal immunoglobulins or fragments thereof (M-protein) can be found 

in pre-malignant conditions such as MGUS (monoclonal gammopathy of undetermined 

significance) and malignancies of the B cell lineage such as multiple myeloma (MM), primary 

amyloidosis, Waldenström macroglobulinemia, chronic lymphocytic leukaemia and B cell 

lymphoma. MGUS is found in approximately 3.2% of adults over the age of 50, increasing 

to 7.5% at the age of 8524. Of these individuals 1% per year shows progression to MM or 

a related malignancy. Accordingly, in GD I the risk of MM is strongly increased, as has been 

reported in recent studies25-29. The risk increases with advancing age19,26, but whether 

disease severity is a risk factor is currently unknown. 

The mechanism explaining the relationship between GD and immunoglobulin abnormalities 

is far from understood. Studies have mainly focussed on cytokines as the mediators 

between Gaucher cells, surrounding macrophages and B cells. Plasma levels of several 

pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1 and 

IL-6, as well as the anti-inflammatory IL-10, were found to be increased in GD to variable 

extents 4,30-33. IL-6 and IL-10, as well as hepatocyte growth factor (HGF), are also involved 

in the pathogenesis of MM34. Other interesting factors, known to be highly elevated in GD 

patients, are pulmonary and activation-regulated chemokine (PARC)35, which is involved in 

initiating the adaptive immune response. Two studies have reported on the effect of ERT, 

with some decrease in polyclonal gammopathies6 and a decline in monoclonal M-protein 

level in a single case36.

A relatively new method to identify and monitor monoclonal gammopathies is by quantifying 

immunoglobulin free light chains (FLC), circulating κ and λ chains that are not bound to 

the immunoglobulin heavy chains, using a highly sensitive automated immunoassay37-39. 

An abnormal FLC ratio is an important independent risk factor for progression of MGUS to 
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MM or a related disorder40,41. In addition, measuring FLC is a sensitive additional tool to 

identify monoclonal gammopathies42. In GD I, in which the incidence of MGUS and MM 

is highly increased26, the FLC assay may provide a useful diagnostic tool for early detection 

of MGUS and MM.  

In this study we present new data on the prevalence of polyclonal and monoclonal 

gammopathies from a large adult GD I cohort and review the currently available literature. 

Second, we studied whether age, disease severity and exposure time are risk factors for 

the development of monoclonal gammopathies, and if this risk is subsequently decreased 

by the administration of ERT. In addition, for the first time, we investigated the role of 

FLC as a predictor of the development of monoclonal gammopathies in GD I. Finally, the 

pathogenesis of immunoglobulin abnormalities in GD patients was studied by means of 

pro- and anti-inflammatory cytokine, chemokine and growth factor levels and is discussed 

in relation to previous literature. 

Methods

Patients and study design.
The files were reviewed and archived serum samples were collected of all adult GD type 

I patients that were known from the outpatient clinic for inherited metabolic disorders at 

the Academic Medical Centre (AMC), Amsterdam, the Netherlands (N=63). The diagnosis 

GD was based on measurement of deficient glucocerebrosidase activity in leukocytes and 

genotyping43. Of the 63 patients, 50 received ERT according to an individualized dosing 

protocol44 and two patients received substrate reduction therapy. Data on age, sex, 

splenectomy, genotype, severity score index (SSI45), creatinine, urea, chitotriosidase, and 

the presence and type of immunoglobulin-class of monoclonal proteins were collected. In 

patients with a mononclonal gammopathy, exposure time was defined as the number of 

years between the diagnosis GD I and the diagnosis mononclonal gammopathy or start of 

ERT, whichever came first. In patients without a mononclonal gammopathy, exposure time 

was calculated as the number of years between the diagnosis GD I and start of therapy, or, 

in patients not receiving therapy, the first visit to our clinic.

MGUS was defined as the presence of a monoclonal immunoglobulin component in the 

serum (as determined by protein electrophoresis in agar/agarose gels and immunofixation) 

at a concentration of less than 30 g/L (IgG, IgA or IgM) and normal serum calcium and 

creatinin 46. Although histology is required to distinguish osteolytic lesions caused by MM 

from those caused by GD, we decided to classify long-existing lesions as being GD related. 

Bone marrow examinations were only performed when a previously unknown M-protein 

was discovered or in case of a sharp rise in the levels of immunoglobulins or FLC. In case 

of MM, stage was determined according to the Durie-Salmon47 and International Staging 

System (ISS) criteria 48. 

140 CHAPTER  11

proefschrift.indb   140 13-12-2007   13:47:54



141

We investigated whether levels of FLC could be predictive for the development of MGUS 

and whether these levels were related to disease severity. Therefore we measured FLC 

levels in serum before start of enzyme replacement therapy in 10 patients with mild GD 

(SSI≤8) and 10 patients with severe GD (SSI≥9), all without a mononclonal gammopathy.

In addition, we studied whether changes in cytokine levels and in FLC and immunoglobulins 

at baseline and during ERT were related to the presence or absence of a mononclonal 

gammopathy. Therefore, the group of patients with a mononclonal gammopathy was 

matched for age, sex, spleen status, SSI and the use of ERT to a control group of GD 

patients without a mononclonal gammopathy. Serial measurements of levels of IL-6, IL-10 

and PARC at baseline and after 12, 24 and a median of 114 months of ERT (range 40-143, 

whatever was the last determination) were performed. These were related to changes in 

immunoglobulins and free light chains. Hepatocyte growth factor (HGF) was measured only 

at baseline. One patient did not receive therapy; the first hospital visit was used as T0. 

 

Assays
The standard enzyme activity assay for chitotriosidase with 4-MU-chitotriose (Sigma, 

St. Louis, MO) as a substrate was performed at pH 5.249. Serum κ and λ FLC were 

measured using FREELITE reagents (The Binding Site Ltd, Birmingham, England) on a BNII 

nephelometer (Dade-Behring, Deerfield, IL, USA)37-39. Monoclonal FLC were identified as 

values for κ or λ that exceeded the reference ranges (κ 6.2-30.2 mg/L, λ 9.1-40 mg/L) and 

produced an abnormal κ/λ-ratio (<0.3 or >1.57). Elevated concentrations of FLC without 

an abnormal κ/λ-ratio indicate a polyclonal or oligoclonal increase of FLC. Levels of IgG, 

IgA and IgM were measured by immunoturbidimetric assay (Roche Tina-quant). IL-6, IL-10, 

HGF and PARC were measured by specific enzyme-linked immunosorbent assays (ELISA’s), 

according to the instructions of the manufacturer (IL-6 and IL-10: Sanquin, Amsterdam, 

the Netherlands, HGF: R&D systems, Minneapolis, Minnesota, USA, PARC: Biosource 

International, Camarillo, California, USA). 

Statistics
Values in patients are given as medians and ranges. Differences between patient groups 

were analyzed by the Mann-Whitney U test or by χ-square test. Linear mixed models were 

used to assess longitudinal changes. Correlations were tested by the rank-correlation test 

(Spearman coefficient, ρ). P<0.05 was considered to represent a statistical difference.

Search strategy
In order to compare the prevalence of poly- and monoclonal gammopathies in our cohort 

with earlier case series, and to study the relative risk of MM, we performed a MEDLINE 

search combining the MESH terms Gaucher disease with either hypergammaglobulinemia, 

paraproteinemias and/or multiple myeloma. Literature on cytokines, chemokines and 
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growth factors in relation to the development of immunoglobulin abnormalities in 

GD, were searched combining the MESH terms Gaucher disease with cytokines and/or 

chemokines. Case reports were excluded and only studies that included at least 10 patients 

were selected. 

Results 

Patients
The 63 patients had a median age of 53 years (range 25-83). Thirty-two of patients (51%) 

were male, and 23 (37%) were splenectomized. At baseline, median SSI was 8 (range 3-

19). The majority of patients had a genotype containing N370S (95%), with N370S/L444P 

being the most common combination (40%). All patients had creatinine and urea values 

within the normal range. 

At the first assessment 24 (38%) patients had normal immunoglobulin levels, 26 (41%) 

patients had a polyclonal gammopathy, 12 (19%) patients had MGUS and one patient 

had MM (table I, #2). During follow up (range 5-16 years), none of the patients with 

normal immunoglobulin levels or a polyclonal gammopathy developed a monoclonal 

gammopathy. 

Table I. Characteristics of Gaucher disease type I patients with a monoclonal gammopathy.

Patient No Sex Sx Age in 2007 
or at death

Therapy MG-type Ig type

1 M N 55 ERT MGUS, progression to amyloidosis 
and MM

Free κ

2 M Y 71 ERT MM IgGκ

3 F N 46 ERT MGUS, progression to amyloidosis IgGλ

4 M Y 60 ERT MGUS IgGκ

5 M Y 67 ERT MGUS IgGλ

6 M Y 59 ERT MGUS IgAλ, IgGκ

7 F N 67 ERT MGUS IgAκ

8 M N 56 ERT MGUS IgGλ

9 M Y 65 ERT MGUS IgGκ, IgGλ, IgAκ

10 M N 56 ERT MGUS IgMκ, IgMλ

11 F N 63 no MGUS IgGλ, IgMκ

12 F Y 75 ERT MGUS IgGκ

13 M N 51 ERT MGUS IgGλ

Abbreviations: M, male; F, female; Sx, splenectomy; ERT, enzyme replacement therapy; MG, monoclonal 
gammopathy; MM, multiple myeloma; MGUS, monoclonal gammopathy of undetermined significance; Ig, 
immunoglobulin.
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Table II. Baseline characteristics of Gaucher type I patients with a monoclonal gammopathy versus patients 
without a monoclonal gammopathy.

Without MG With MG P

No of patients 50 13

Age in 2007 or at death 51 (25-83) 60 (46-75) 0.003

No of male patients 23 (46%) 9 (69%) NS

Years of exposure 11 (0-37) 18 (1-44) NS

No of splenectomies 17 (34%) 6 (46%) NS

SSI at baseline 7 (3-19) 12 (4-16) NS

Chitotriosidase (nmol/mL.hr) at baseline 16703 (5409-132199) 22534 (6417-62122) NS

Data reflect absolute numbers (and percentage) or median (and range). Abbreviations: MG, monoclonal 
gammopathy; NS, not significant; SSI, severity score index.

Table III. Studies on the prevalence of monoclonal and polyclonal gammopathies in type I Gaucher disease.

Reference No of Gaucher 
patients

Age Polyclonal 
Gammopathies

Monoclonal 
Gammopathies

de Fost 63 25-83 26 (41%) 12 (19%)

Pratt 19 16 9-70 6 (38%) 4 (25%)

Shoenfeld 21 25 24-78 15 (60%) 2 (8%)

Marti 16 23 41.8+/- 18 10 (43%) 8 (35%)

Allen 4 22 23-65 14 (64%) 3 (14%)

Brautbar 6 507 16-81 14-25% 5 (1%)

Data reflect absolute numbers (and percentage), or, in the study of Marti, mean and standard deviation.

Table IV. Studies on the prevalence and relative risk of multiple myeloma in type I Gaucher disease.

Reference No of 
patients

Ethnic 
background

age Control group No of patients 
with MM

RR of MM

De Fost26 131 mixed 50±14 Dutch cancer 
registry

2 (1.5%) 51.1 (95% CI: 6.2-184)

Lee25 239 mixed Not given none 5 (2%) ND

Shiran28 48 Jewish 54±20 511 individuals 
from same 
region

2 (4%) ND

Zimran29 505 Jewish 38±21 Israeli cancer 
registry

2 (0.4%) ND

Rosenbloom27 2510 mixed 33 US cancer 
registry

10 (0.4%) 5.9 (95% CI: 2.8-10.8)

Data on age reflect mean ± standard deviation, data on number of patients with multiple myeloma reflect 
absolute numbers (and percentage). Abbreviations: MM, multiple myeloma; RR, relative risk; 95% CI. 95% 
confidence interval; ND, not done.
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Of the 12 patients with MGUS, two developed MM and/or amyloidosis after approximately 

2 years of ERT (#1 and 3). Patient #1 was diagnosed with MM and amyloidosis 25 months 

after start of ERT. Pulse therapy with dexamethasone was started. Three months after the 

diagnosis the patient died from cardiac failure. At 24 months after start of ERT, patient 

#3 was diagnosed with amyloidosis. She received melphalan and prednisone, but died 12 

months later from cardiac failure. Patient #2 was diagnosed with MM stage IA before start 

of ERT. During follow up IgG levels gradually increased. After 7 years of ERT, treatment 

with reduced dose melphalan and prednisone was started, which resulted in unacceptable 

cytopenia. Subsequently thalidomide, 100 mg daily was started, with beneficial effect and 

stable disease parameters for the last three years. 

Of the ten remaining patients with non-progressive MGUS, 6 had a monoclonal, 3 had a 

biclonal and one a triclonal gammopathy. The most common immunoglobulin type was 

IgGκ (table I) (results previously presented in part in26).

Patients with a mononclonal gammopathy were significantly older than patients without a 

mononclonal gammopathy (table II). Exposure time to GD, defined as time from diagnosis 

Table V. Studies on plasma levels of cytokines, chemokines and growth factors in Gaucher type I patients. 

reference No of GD I 
patients

Age Cytokines Results, no of patients 
(%) with elevated levelss 

P value for difference 
with mean values of 
the control group

De Fost 22 25-83 IL-6
IL-10
PARC
HGF

4/24 (17%)
17/24 (71%)
24/24 (100%)
6/22 (27%)

ND

Michelakakis33 25 NG TNF-α 16/25 (64%) ND

Allen4 22 23-65 IL-1β
TNF-α
IL-6
IL-10

Not detectable
4/11 (36%)
19/22 (86%)
13/13 (100%)

NS
NS
P=0.0001
P<0.0001

Lichtenstein32 18 NG IL-1β mRNA
TNF-α mRNA
IL-6 mRNA
IL-8 mRNA

5/19 (26%)
2/19 (11%)
3/19 (16%)
3/19 (16%)

P=0.0337
NS
NS
NS

Hollak31 29 16-66 M-CSF
sCD14
IL-8
IL-6
TNF-α

24/28 (86%)
25/27 (93%)
25/27 (93%)
0/27 (0%)
0/27 (0%)

P<0.001
P<0.0005
P<0.0005
NS
NS

Barak30 21 5-39 IL-1β
IL-1RA
sIL-2R
IL-6
IL-8
TNF-α

Mean levels elevated
Mean levels elevated
Mean levels elevated
Mean levels elevated
Not elevated
3/21 (14%)

P=0.01
P=0.01
P<0.001
P<0.01
NS
NS

Boot35 55 12-67 PARC 55/55 (100%) P<0.0001

Altarescu56 12 11-67 TNF-α 1/12 (8%) NS

Abbreviations: NG, not given; ND, not done; NS, not significant.
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until first assessment at our clinic, as well as severity of disease measures, assessed by SSI 

and chitotriosidase at baseline, were comparable. 

A search for studies on monoclonal and polyclonal gammopathies in GD I resulted in 5 

series 4,6,16,19,21. Polyclonal gammopathies were reported in 14-64% and monoclonal 

gammopathies in 1-35% of GD I patients (table III). 

Five studies have described the prevalence and/or relative risk of MM in GD patients25-29. 

Table IV summarizes the data from these studies. The frequency of MM in these cohorts 

was 0.4-4.0%, with significantly elevated relative risks of 5.9-51.1. 

Figure 1. FLC levels in Gaucher disease type I patients without a monoclonal gammopathy with mild disease 
(SSI≤8) and severe disease (SSI≥9) (fig 1A). FLC levels in Gaucher disease patients with a monoclonal gammopathy 
and matched Gaucher disease controls (fig 1A). 
Abbreviations: MG, Monoclonal gammopathy. The normal range for κ was 6.2-30.2 mg/L and for λ was 9.1-40 
mg/L. The normal ratio for κ/λ-ratio was 0.3-1.57.

Immunoglobulin and FLC levels
In 20 GD patients from the Dutch cohort without a mononclonal gammopathy (10 with 

mild disease, SSI≤8, and 10 with severe disease, SSI≥9), FLC were measured before start of 

therapy (fig 1a). One patient was found to have a slightly abnormal ratio and 6 patients had 

an increase in one or both FLC, with a normal ratio. There were no significant differences in 

κ or λ FLC-levels between patients with severe- and patients with mild GD I. During follow 

up (range 10-16 years), none of the patients developed a mononclonal gammopathy. 

FLC levels were measured in all GD I patients with a mononclonal gammopathy (table I, 

#1-13) and matched GD I controls (#co1-co13).  No serum was available of patient #12, 

resulting in two groups of 12 patients. Baseline immunoglobulin levels were not available in 

one patient with a mononclonal gammopathy (#11) and 5 patients from the control group 

(#co4, #co5, #co7, #co11 and #co13).  At baseline, the patients who already had or would 

develop MM and/or amyloidosis (#1-3) had strongly abnormal FLC κ/λ-ratio’s (fig 1b). Of 

the 9 patients with MGUS, one (#7) had an abnormal FLC κ/λ-ratio and four showed 

elevated levels of FLC κ or λ, but with a normal FLC ratio. The remaining four patients with 

MGUS had both FLC levels as well as a FLC κ/λ-ratio within the normal range. Six of the 
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patients from the control group had FLC levels and a FLC κ/λ-ratio within the normal range, 

6 had elevated levels of one or both chains of whom only one (#co6) patient showed an 

abnormal FLC κ/λ-ratio. During follow up (range 6-15 years), none of the patients from the 

control group developed a mononclonal gammopathy. 

Cytokines, chemokines and growth factors
At baseline, IL-6 levels were within the normal range in all but 4 patients (fig 2). There was 

no significant difference in IL-6 levels between patients with or without a mononclonal 

gammopathy (median (range): 5.9 pg/ml (1.2-118.4) and 2.2 pg/ml (1.0-57.2), respectively). 

The majority of patients (17/24) showed elevated IL-10 levels, especially in the group of 

patients with a mononclonal gammopathy, although not significantly different from the 

patients without a mononclonal gammopathy (17.1 pg/ml (3.9-419.8) and 6.9 pg/ml 

(1.4-299.3), respectively, P=0.2). PARC levels were elevated in all GD patients, without 

a difference between patients with or without a mononclonal gammopathy (1400.0 

pg/ml (348.9-2817.3) and 1078 pg/ml (411.4-3552.0), respectively). HGF was within the 

normal range in most (16/22) patients, without a difference between patients with or 

without a mononclonal gammopathy (1751 pg/ml (926-4791) and 936 pg/ml (424-9382), 

respectively).

A literature search resulted in seven studies on cytokines, chemokines and growth factors 

in GD I patients (table V). In one of these studies, mRNA levels were measured32, while in 

the remaining studies plasma levels were studied. If possible, the number of patients with 

cytokine levels exceeding the reference range was determined. In studies in which normal 

ranges were not provided4,32, we defined the normal range as mean±2SD based on the 

values of the control group. This was not possible in the study of Barak30, in which no 

detailed data were provided. 

Figure 2. Baseline levels of IL-6, IL-10, PARC and HGF in Gaucher disease patients with a monoclonal 
gammopathy and matched Gaucher disease controls. Patients with multiple myeloma and/or amyloidosis 
are marked by an arrow. Dotted lines reflect the upper limit of the normal range. Abbreviations: IL, interleukin; 
HGF, hepatocyte growth factor; PARC, pulmonary and activation-regulated chemokine; MG, Monoclonal 
gammopathy.
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Figure 3. Longitudinal changes in plasma levels of immunoglobulin heavy – and free light chains, IL-6, IL-10 
and PARC. Dotted lines reflect the normal range. Numbers reflect Gaucher disease patients with a monoclonal 
gammopathy as described in table 1 (#1-13) and matched Gaucher disease controls (#co1-co13) without a 
monoclonal gammopathy. Abbreviations: IL, interleukin; PARC, pulmonary and activation-regulated chemokine.
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Longitudinal changes
In general, at no time point was there a statistically significant difference in plasma levels 

of any of the factors (i.e IgG, IgA, IgM, FLC κ and λ, IL-6, IL-10, PARC) between patients 

with and patients without a monoclonal gammopathy (figure 3) . In addition, using mixed 

model analysis, in neither of the two patient groups, a significant decrease or increase 

could be established in plasma levels of any of the measured factors. The only exception 

was PARC, which decreased in all patients, except for one patient who did not use therapy 

(#11). Changes in PARC levels could not be related to changes in levels of immunoglobulins 

or free light chains. There were no strong correlations (i.e. rho>0.6) between any of the 

factors.

More specifically, immunoglobulin levels remained stable or decreased in all patients, 

except for patient #11, who showed an increase in IgM. This patient was different from 

other MGUS patients because she did not receive therapy. Free light chain levels were more 

variable, but clearly FLC levels of patients who were to develop or already suffered from MM 

and/or amyloidosis remained high during ERT (#1-3). Although in most patients no trends 

could be distinguished, a consistent decrease in free light chains and immunogobulins was 

seen for example in patient 7, who had an IgAκ M-protein. This patient responded very 

well to ERT, but other patients with excellent clinical responses did not always show a 

similar decrease in M-protein levels. No relationship was found between clinical response 

and decrease in either levels of immunoglobulins or FLC’s.

The course of cytokines did not show a relationship with changes in either FLC or 

immunoglobulin levels, although in the untreated patient with increasing levels of IgM (#11), 

also an increase in IL-6 and PARC was noted. On the contrary, a spontaneous decrease in IL-

6 was found in patient #2, without therapy for his MM. In patient #1, IL-10 showed a clear 

decrease after start of ERT but before the diagnosis amyloidosis and MM was made.

Figure 4. Bone marrow aspirate showing 
plasma cells surrounding a Gaucher cell in 
a patient with Gaucher disease type I and 
multiple myeloma. 
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Discussion

In addition to the classical symptoms of GD I, such as hepatosplenomegaly, skeletal 

disease and cytopenia, there is increasing evidence for existence of co-morbidities, 

including increased risk of cancer and abnormal immunoglobulin profiles. In fact, 

polyclonal gammopathies and MGUS occurred in 41% and 19%, respectively, of our 

adult Gaucher cohort, which is in line with findings from the literature (14-64% and 1-

35% of patients4,6,16,19,21. In addition, we established that the relative number of biclonal 

(3/10) and triclonal (1/10) gammopathies within the MGUS patients was especially high 

considering that in general, biclonal gammopathies occur in 3% of subjects with MGUS24, 

while triclonal gammopathies occur only very sporadically50. The types of immunoglobulin 

heavy and light chain immunoglobulins were comparable to the findings for MGUS in a 

non-GD population, with a predominance of IgGκ24. As in the general population, the 

prevalence of MGUS in our cohort increased with age, but there was no relationship with 

disease severity measures, as assessed by exposure time, baseline SSI and chitotriosidase 

levels. A relationship with age was first suggested by Pratt19, who investigated 16 patients 

aged 9 to 70 years and established an MGUS in four patients , all being over 50 years of 

age. Indirectly, he also showed an association with severity of disease, since all patients 

with splenomegaly had either a monoclonal or polyclonal gammopathy.

Considering the relatively high risk of monoclonal gammopathies in GD, the question 

was raised whether sensitive measuring of FLC would be useful for the early detection 

of monoclonal gammopathies in GD I patients. In a non-GD population, MGUS patients 

showed an abnormal FLC ratio in 44% of cases, which was an important risk factor for 

progression to MM or a related disorder40,41. We found that the three GD patients who 

had or would soon develop a B-cell malignancy could easily be identified by their strongly 

abnormal FLC κ/λ-ratios. It was however, not possible to identify GD patients with MGUS 

on the basis of abnormal FLC ś since 44% of GD patients with MGUS had both FLC levels as 

well as a FLC κ/λ-ratio within the normal range. A slightly abnormal ratio was not predictive 

for progression to MM or MGUS in the single patient without a monoclonal gammopathy, 

even after fifteen years of follow-up. None of the patients had a decrease in renal function, 

implicating that any FLC increase was indeed due to increased production by plasma cells.

MGUS patients are at risk for developing MM at a rate of 1% of patients per year. Accordingly, 

the prevalence of MM in GD I cohorts of 0.4%-1.5% clearly exceeds the general prevalence 

of 0.02% (deduced from The Surveillance, Epidemiology, and End Results (SEER) Program of 

the National Cancer Institute (NCI)). The assumed diversity in relative risk of developing MM 

(5.9 and 51.1) can simply be explained by age differences in the cohorts: the highest number 

of MM patients was clearly established in the highest age groups. 

In a recent consensus report on haematological manifestations of Gaucher disease, the higher 

incidence of multiple myeloma in Gaucher disease is acknowledged and it is recommended 
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that Gaucher patients should have their immunoglobulin profile determined at diagnosis and 

monitored every 2 years (patients <50 years) or every year (patients >50 years)51.

Hypotheses on the pathogenesis of immunoglobulin disorders in GD have mainly focused 

on the accumulated glucocerebroside as the causative agent for chronic stimulation of 

macrophages surrounding Gaucher cells. Cytokines of macrophagic origin could in turn 

stimulate B-cells, leading to a polyclonal gammopathy which may eventually transform, 

directly or via MGUS, into MM. Interestingly, plasma cells can be found in close contact 

with Gaucher cells, suggestive of local interaction (fig 4). 

In our study, we measured IL-6, IL-10 and HGF, three factors important for differentiation 

and/or proliferation of plasma cells. In addition, IL-6 and IL-10 are also involved in 

inflammation and in abnormal bone remodelling in MM, aspects that are also present in 

GD. We found elevated IL-10 levels in most patients, especially those with a monoclonal 

gammopathy, and predominantly normal levels of IL-6 and HGF. Previous studies have also 

described increased IL-10 levels4. However, findings on IL-6 in GD I have been variable4,30-

32. Inconsistent results have also been reported for the pro inflammatory cytokines TNF-α 

and IL-1β and the chemokine IL-84,30-33,52. Although not included in this study, increases 

have been described for the growth factor M-CSF (monocyte/macrophage-colony 

stimulating factor), the monocyte/ macrophage activation marker sCD14 (soluble CD14)31, 

sIL-2R (soluble IL-2 receptor) and IL-1RA (IL-1 receptor antagonist)30. The most impressive 

increase, both in our study, as well in as in the study by Boot35, has been found for PARC, 

a chemokine that is assumed to be involved in B cell differentiation by recruiting T cells and 

CD-38 negative mantle zone B lymphocytes to antigen presenting cells. 

In addition to the in vivo studies, it has been described that murine macrophages that 

were stimulated in vitro by glucocerebroside, release the pro-inflammatory lymphocyte 

activating factor (LAF=IL-1) in a dose-responsive manner. This effect was not seen on 

incubation with galactocerebroside, sphingomyelin and ceramidetrihexoside53. Possibly, 

only minor glycolipid accumulation is sufficient for the development of B cell derangement. 

In fact, a glucocerebrosidase deficient mouse (L444P homozygote) showed evidence of B-

cell proliferation, as well as elevated serum IgG levels, even though storage cells were not 

found 54. 

The heterogeneity in plasma cytokine levels that have been found could be explained by 

differences in patient populations and cytokine assays. In addition, it is not known whether 

plasma levels adequately reflect tissue levels. Nevertheless, clearly both pro- as well as anti-

inflammatory cytokine levels are disturbed in GD I. It is unlikely that Gaucher cells directly 

induce inflammation, since Gaucher cells have a phenotype resembling anti-inflammatory 

alternatively activated macrophages. More likely, pro-inflammatory cytokines are produced 

by surrounding macrophages, with Gaucher cells compensating for the inflammatory 

compounds55. 

Now that it is generally accepted that ERT effectively reduces hepatosplenomegaly, 

cytopenia and skeletal disease, the focus should be shifted to new challenges, including the 
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prevention and treatment of Gaucher associated co-morbidities. Novel data from our study 

suggest a beneficial effect of ERT on the occurrence and severity of gammopathies in GD 

patients. First, none of the patients developed MGUS during ERT. We did see progression 

of MGUS to amyloidosis and MM in two patients. However, since both patients developed 

these diseases relatively shortly after start of ERT, one could envision that irreversible changes 

leading to malignant transformation had already taken place, and could not be corrected 

by ERT. Second, we found that immunoglobulin levels either decreased or remained stable 

in both patients with and without a monoclonal gammopathy. The only patient with a 

strong increase in immunoglobulins (IgM) was a patient not using ERT. A clear influence 

of ERT on levels of FLC, IL-6 and IL-10 was not found in our study. A previous report also 

found a decrease in immunoglobulin levels during ERT, although only in patients with a 

polyclonal gammopathy, and not in patients with a monoclonal gammopathy6. Decreases 

in levels of IL-104, M-CSF, sCD1431 and PARC35 have been described. Nevertheless, in order 

to draw firm conclusions on a possible positive effect of ERT on gammopathies in GD I, our 

presumptions should be confirmed in larger studies. This would require an international 

multicentre effort that should aim to establish whether indeed these long term complications 

can be prevented by ERT and whether this would justify early start of treatment. 

In summary, there is a high prevalence in GD I of both polyclonal as well as monoclonal 

gammopathies, including MM. The risk of these diseases increases with age. Mechanisms 

causing gammopathies remain to be elucidated, but include the disturbance of cytokine 

levels involved in inflammation and B cell function. ERT is likely to have a beneficial effect in 

preventing the occurrence and the progression of gammopathies.
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Summary 

Section I. Enzyme replacement therapy
In chapter 2 the feasibility of less burdensome enzyme replacement therapy using low 

frequency of administration was prospectively studied in patients with stable and minor 

disease. Eleven patients were randomly assigned to either continue their original regimen 

in a once every week or fortnightly schedule or to lower the frequency of administration to 

once every four weeks, at the same monthly dose. After a study period of one year, there 

were no significant differences between the treatment arms for liver ratio or any of the 

other endpoints. However, there were two treatment failures in the low frequency group. 

These patients showed progression of disease as evidenced by a reduction of bone marrow 

fat fraction (Quantative chemical shift imaging, QCSI) in one patient and an increase in liver 

ratio as well as a slow decrease in QCSI in the other. Both patients already had relatively 

low baseline QCSI values. Thus, stable disease is maintained in most, but not all patients 

with stable and minimal disease on low frequency enzyme replacement therapy. Especially 

patients with a relatively low baseline lumbar fat fraction may be at risk for disease 

progression. Close monitoring of all disease parameters is therefore mandatory.

The much debated topic of dosing of enzyme replacement therapy is discussed in chapter 

3. Worldwide, dosing varies from 15-130 U/kg/month, making a huge economic difference 

of €55.000 up to €300.000 per patient per year. To investigate whether this difference in 

dosing results in a different response, we retrospectively compared long term outcome of 

enzyme replacement therapy at two large European treatment centers, Amsterdam (AMC, 

N=49, median dose 15-30 U/kg/4 weeks) and Düsseldorf (HHU, N=57, median dose 80 

U/kg/4 weeks). To correct for disease severity, all follow-up parameters were matched 

separately at baseline. Improvement in hemoglobin, platelet count and hepatosplenomegaly 

was not significantly different between both cohorts, whereas plasma chitotriosidase and 

bone marrow involvement by MRI (bone marrow burden (BMB) score) improved faster and 

more pronounced in the higher-dosed group. Major bone complications were rare in both 

groups. Thus, extensive organomegaly and cytopenia do not justify a high initial dose. 

However, severe bone marrow involvement may carry a risk for bone complications and is 

an important criterion to start a higher dose of enzyme.

The finding that a subset of patients has a suboptimal bone response, led us to study the 

effect of increasing doses of enzyme replacement therapy on pre-existing bone disease in 

chapter 4. We retrospectively analysed a large cohort of adult Gaucher disease patients 

using enzyme replacement therapy for 5-16 years. The majority of patients without pre-

existing bone disease did not develop bone complications, whereas a subset of patients 

showed persistent bone symptoms despite increasing dosages of enzyme. Risk factors 

were previous bone complications, a large liver, low bodyweight and the absence of a 
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spleen at baseline, as well as a slow improvement in QCSI, chitotriosidase and macrophage 

inflammatory protein (MIP-)1β levels during enzyme replacement therapy. Pathological 

evidence for sanctuary sites of Gaucher cells that remain in the bone marrow probably 

contribute to the persisting bone disease.  

Section II. Biomarkers
Chitotriosidase is the most commonly used marker for Gaucher cell load. Its use is hampered 

by the genetic defect that results in complete deficiency in 6% of the population. In 

chapter 5 we report the identification of an alternative marker, CCL18, which is on average 

29 fold elevated in symptomatic Gaucher patients, without overlap with control values. 

Plasma CCL18 concentrations decrease during therapy, comparable to chitotriosidase 

levels. Immunohistochemistry demonstrates that Gaucher cells are the prominent source 

of CCL18.  

In chapter 6 we investigated the levels of soluble CD163, a macrophage/monocyte specific 

plasma protein, in patients with Gaucher disease. As compared to controls, sCD163 plasma 

levels were clearly increased and decreased upon enzyme replacement therapy. sCD163 

levels showed a correlation with disease severity and chitotriosidase activity. 

MIP-1α and MIP-1β are chemokines that are implicated in skeletal complications in multiple 

myeloma. In chapter 7 we studied the possibility of these mediators as markers of skeletal 

disease. Levels of MIP-1α and MIP-1β were significantly elevated in plasma of Gaucher 

patients and decreased upon enzyme replacement therapy. The increase in plasma MIP-

1β levels was associated with skeletal symptoms. More specifically, 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. In addition, it was found that, in contrast to chitotriosidase and 

CCL18, MIP-1β was not produced by Gaucher cells but by cells surrounding the mature 

storage cells.

Given the debate whether high dose ERT results in a faster and better bone response, we 

investigated whether a difference in therapeutic enzyme dosing influences the response 

in plasma MIP-1β concentration in chapter 8. MIP-1β responses were retrospectively 

determined 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 and the 

bone marrow burden score. Thus, not only the initial correction of Gaucher cells, but also 

that of associated phagocytes appear to be enzyme dose-dependent.
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Section III. Associated morbidities
In chapter 9 we studied cholesterol profiles in Gaucher disease patients and carriers and 

the risk of cardiovascular disease. We found that Gaucher disease patients have low HDL 

cholesterol levels and, to a lesser extent, low LDL cholesterol levels, with decreases in the 

major apolipoproteins related to these cholesterol particles, ApoA-I and ApoB. Using cIMT 

(carotid intima media thickness) measurements and calculating the risk for cardiovascular 

disease by indirect standardization of historic data, we established that there is no 

indication that the low levels of HDL-cholesterol in GD are associated with an increased risk 

of cardiovascular disease. Hypothesis concerning the origin of the lipid abnormalities and 

the mechanisms that prevent atherosclerosis are discussed.

In chapter 10 we studied the incidence and mortality of cancer in 131 Gaucher disease 

type I patients from Germany and the Netherlands. A total of 14 Gaucher patients with 

cancer were identified of whom 5 had a hematological malignancy. These numbers 

correspond to an increased risk of cancer of 2.5 (95% CI 1.1-4.7) and an increased risk 

of a hematological malignancy of 12.7 (95% CI 2.6-37.0), when compared to the general 

population. In particular, the incidences of multiple myeloma and hepatocellular carcinoma 

in absence of pre-existing cirrhosis were highly elevated, with standardized rate ratios of 

51.1 and 141.3, respectively. 

In view of the results from chapter 10, we studied the prevalence, risk factors, pathogenesis 

and the effect of enzyme replacement therapy on benign, pre-malignant and malignant 

gammopathies in 63 adult Gaucher disease patients in chapter 11. The results were discussed 

in relation to a review of the currently available literature. Polyclonal gammopathies and 

monoclonal gammopathy of undetermined significance (MGUS) were found in 41% and 

19% of patients. The prevalence of MGUS increased with age but was not associated with 

disease severity or exposure time. The serum levels of free light chains of immunoglobulins 

were measured and were not found predictive for the development of MGUS or multiple 

myeloma. Levels of pro- as well as anti-inflammatory mediators that are involved in 

inflammation and B cell function, most notably interleukin-10 and CCL18, were found to be 

disturbed. Finally, we found that enzyme replacement therapy could possibly prevent the 

occurrence and delay the progression of gammopathies. 
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Samenvatting

Sectie I. Enzym vervangingstherapie.
In hoofdstuk 2 is prospectief bestudeerd of stabiele ziekte gehandhaafd kan blijven 

door middel van laag frequente enzym vervangingstherapie. Elf patiënten met stabiele en 

minimale ziekteverschijnselen werden door middel van een loting verdeeld in twee groepen; 

de controle groep continueerde het oude doseringsschema van één keer per week of één 

keer per twee weken, in de studie groep werd de frequentie van toediening verlaagd naar 

één keer per 4 weken, bij een zelfde cumulatieve maanddosis. Na een evaluatie periode van 

een jaar zagen we geen verschillen tussen beide groepen in lever ratio of een van de andere 

eindpunten. Wel waren er twee uitvallers in de laag frequente groep. Deze twee patiënten 

toonden beide progressie van hun ziekte; bij de ene patiënt kwam dit tot uiting in een 

afname in de beenmerg-vetfractie (Quantative chemical shift imaging, QCSI), in de andere 

patiënt was er naast een milde afname in QCSI tevens een toename van de lever ratio. 

Voor start van de studie hadden beide patiënten al een relatief lage QCSI. Concluderend is 

het voor de meeste patiënten met stabiele en minimale ziekteverschijnselen mogelijk om 

de stabiliteit te handhaven door middel van laag frequente enzym vervangingstherapie. 

Patiënten met een lage uitgangs-QCSI hebben mogelijk een verhoogd risico op ziekte 

progressie. Het regelmatig controleren van alle ziekte parameters is daarom uitermate 

belangrijk. 

De doseringen enzym vervangingstherapie die wereldwijd worden voorgeschreven tonen 

grote verschillen.  Doseringen variëren van 15-130 U/kg/maand, met een daaruit volgend 

kostenverschil van €55.000 tot €300.000 per patiënt per jaar. Om vast te stellen of een 

verschil in dosis ook resulteert in een verschil in klinische respons, hebben we retrospectief de 

lange termijn resultaten van enzym vervangingstherapie in twee grote behandelingscentra 

in West Europa (Amsterdam (AMC, N=49, mediane dosis 15-30 U/kg/4 weken) en 

Düsseldorf (HHU, N=57, mediane dosis 80 U/kg/4 weken)) vergeleken (hoofdstuk 3). Om 

te voorkomen dat er een verschil was in ernst van de ziekte tussen beide cohorten, werden 

alle parameters bij start van de studie apart gematched. De verbetering in hemoglobine, 

trombocyten getal en lever- en milt volume was vergelijkbaar in beide cohorten. De respons 

van chitotriosidase en beenmerg infiltratie (gekwantificeerd met behulp van MRI (bone 

marrow burden (BMB) score)) was sneller en meer uitgesproken in de groep met een relatief 

hoge dosis. Ernstige botcomplicaties kwamen slechts sporadisch voor in beide groepen. 

Concluderend zijn ernstige organomegalie en cytopenie alleen onvoldoende reden voor 

het starten met een hoge dosis. Ernstige been merg infiltratie, met een daaruit volgend 

verhoogd risico op botcomplicaties, is wel een valide criterium voor het geven van een 

hoge initiële dosis enzym therapie. 
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In hoofdstuk 4 hebben we de invloed van het verhogen van de dosis enzym therapie 

op botziekte in een groot cohort van volwassen Gaucher type I patiënten, die 5-16 jaar 

enzym therapie gebruikten, bestudeerd. Patiënten zonder preëxistente botziekte kregen 

over het algemeen geen complicaties onder therapie. Een kleine groep patiënten hield 

blijvend last van botproblemen, ondanks meerdere dosis verhogingen. Risicofactoren 

hiervoor waren eerdere botcomplicaties, een grote lever, een laag lichaamsgewicht en 

een splenectomie bij start van therapie, evenals een langzame verbetering van QCSI, 

chitotriosidase en macrophage inflammatory protein (MIP-)1β tijdens therapie. Mogelijk zijn 

er clusters Gaucher cellen die achterblijven in het beenmerg en bijdragen aan de blijvende 

botproblemen. 

Sectie II. Biomarkers
De meest gebruikte marker voor de totale hoeveelheid Gaucher cellen is chitotriosidase. 

Een nadeel van deze marker is dat 6% van bevolking deficiënt is voor chitotriosidase. In 

hoofdstuk 5 hebben we CCL18 beschreven, een marker die gemiddeld 29 keer verhoogd 

was in symptomatische patiënten, zonder overlap met controles. CCL18 daalde onder 

enzym therapie, vergelijkbaar met chitotriosidase. Door middel van immunohistochemie 

werd aangetoond dat Gaucher cellen de belangrijkste bron van CCL18 zijn. 

In hoofdstuk 6 hebben we beschreven dat de concentratie soluble CD163, een macrofaag/

monocyt specifiek eiwit, verhoogd is in patiënten met de ziekte van Gaucher. De waarden 

daalden onder invloed van enzym vervangingstherapie en toonden een correlatie met ernst 

van de ziekte en met chitotriosidase activiteit. 

MIP-1α en MIP-1β zijn chemokines die betrokken zijn bij skeletziekte in multipel myeloom. 

In hoofdstuk 7 hebben we de mogelijkheid bestudeerd om deze mediatoren te gebruiken 

als markers van botproblemen in patiënten met de ziekte van Gaucher. MIP-1α en MIP-1β 

concentraties waren significant verhoogd in plasma van Gaucher patiënten en daalden onder 

enzym vervangingstherapie. De concentratie MIP-1β was geassocieerd met botsymptomen 

en MIP-1β waarden boven 85 pg/ml na vijf jaar enzym vervangingstherapie werden met 

name gezien in patiënten met blijvende botziekte.  Veder leek MIP-1β, in tegenstelling tot 

chitotriosidase, niet geproduceerd te worden door Gaucher cellen, maar door cellen die 

deze stapelingscellen omringen. 

In hoofdstuk 8 hebben we onderzocht of de dosis enzym vervangingstherapie invloed heeft 

op de respons in MIP-1β. Hiervoor werd retrospectief de MIP-1β respons bepaald in twee 

vergelijkbare patiëntengroepen die ofwel een relatief lage dosis (mediaan 15 U/kg/4 weken 

(AMC, n=15)), ofwel een relatief hoge dosis (mediaan 120 U/kg/4 weken (HHU, n=15)) 

gebruikten. Plasma MIP-1β waarden daalden sneller in het eerste behandelingsjaar in de 

patiëntengroep met een hoge dosis. Dit werd gold ook voor de respons van chitotriosidase 
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en de bone marrow burden score. Niet alleen de initiële respons van Gaucher cellen, maar 

ook die van de omliggende cellen, lijkt dus dosis afhankelijk. 

Sectie III. Geassocieerde ziektes
In hoofdstuk 9 hebben we bestudeerd of het afwijkende lipiden profiel van patiënten en 

dragers van de ziekte van Gaucher leidt tot een verhoogd risico op hart en vaatziekten. 

Patiënten hadden een laag HDL en, in mindere mate, een laag LDL cholesterol, met 

lage waarden van ApoA-I en ApoB, de belangrijkste apolipoproteinen die horen bij deze 

cholesterol deeltjes. Door middel van cIMT (carotid intima media thickness) en door middel 

van indirecte standaardisatie hebben we vastgesteld dat er geen aanwijzingen zijn dat het 

lage HDL cholesterol geassocieerd is met een verhoogd risico op hart en vaatziekten. 

De incidentie en mortaliteit van kanker in 131 Nederlandse en Duitse Gaucher type I 

patiënten wordt beschreven in hoofdstuk 10. Er waren in totaal 14 patiënten met een 

maligniteit, waarvan er 5 een haematologische maligniteit hadden. Vergeleken met de 

Nederlandse populatie als geheel leverde dit een verhoogd risico op kanker op van 2.5 

(95% CI 1.1-4.7) en een verhoogd risico op een haematologische maligniteit van 12.7 

(95% CI 2.6-37.0). Met name de incidentie van multipel myeloom en het hepatocellulair 

carcinoom, zonder preëxistente cirrhose, was sterk verhoogd, met gestandaardiseerde 

risico’s van respectievelijk 51.1 en 141.3.

In hoofdstuk 11 hebben we de prevalentie, risico factoren, pathogenese en effect van 

enzym therapie bestudeerd op benigne, premaligne en maligne gammopathieen in 63 

Gaucher patiënten. De resultaten werden besproken in het kader van een overzicht van 

de huidige literatuur over dit onderwerp. In 41% en 19% van de patiënten werd een 

polyclonale, dan wel monoclonale gammopathie gevonden. De prevalentie van MGUS nam 

toe met de leeftijd maar was niet geassocieerd met ernst of duur van de ziekte. Serum 

concentraties van vrije lichte ketens waren niet voorspellend voor het ontwikkelen van een 

MGUS of multipel myeloom. Waarden van zowel pro- als anti-inflammatoire mediatoren 

die betrokken zijn bij ontsteking en B cel functie, in het bijzonder inteleukine-10 en CCL18, 

waren afwijkend. Ten slotte vonden we dat enzym vervangingstherapie mogelijk het 

vòòrkomen en de progressie van gammopathieen kan tegengaan. 
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Discussion

Section I. Enzyme replacement therapy
The success of enzyme replacement therapy for Gaucher disease type I starts with the first 

study of mannose-terminated glucocerebrosidase (Genzyme Corp., Mass. USA) that was 

carried out in 12 patients1. A relatively large intravenous dose of 60 units/kg every two 

weeks (10 patients) or weekly (2 patients) was given. Striking and rapid improvement in 

clinical parameters led to prompt approval and marketing of the enzyme. Since then, more 

than 3000 patients worldwide are treated with enzyme replacement therapy.  

However, no matter how successful, life-long weekly or two-weekly intravenous therapy 

is burdensome. Lowering the frequency of infusion could improve quality of life but had 

only been studied in patients that had not yet reached stable disease parameters, and 

proved unsuccessful in this group2. The international consensus statement for maintenance 

therapy has no recommendations concerning frequency of administration3. Our study now 

shows that maintenance therapy in most adult patients is feasible using a once every 4 

weeks schedule at the same total monthly dose. Some patients will not be suitable for 

low frequency of administration and it seems that especially patients with a relatively low 

baseline bone marrow fat fraction, as an indicator that Gaucher cells still reside in this 

compartment, are at risk. This makes close monitoring of all disease parameters for early 

detection of disease progression and adequate frequency adjustment imperative. 

Alternatives for more convenience for patients can be provided by home treatment, which 

has been proven to be safe and feasible4. Oral treatment by substrate reduction (miglustat, 

Zavesca®, Actelion, Basel, Switzerland) is possible, but its use is limited to patients with 

mild to moderate disease who are unsuitable for enzyme replacement therapy5,6. Early 

studies have shown favorable effects of maintaining disease stability after switching from 

enzyme replacement therapy to substrate reduction7. A recently published trial in type I 

patients who either switched to substrate deprivation or continued their original regimen 

after a minimum of two years of enzyme therapy, also showed essentially stable disease 

in the study group8. At present, a large multi center trial is conducted to address the 

question as to which patients can tolerate to switch to substrate reduction and which 

patients cannot.

After the rapid approval of the enzyme based on the initial trial, the pharmaceutical company 

has not undertaken a multi center study with the aim to determine the lowest possible dose 

that resulted in an adequate clinical response. This issue is even more important in relation 

to the enormous costs of the enzyme, €55.000-300.000 per patient per year depending 

on dose and weight. A meta analysis of a number of independent studies did not show a 

significantly better response in high dose enzyme replacement therapy, although at low 

frequency of infusion (once every 2 weeks), the lowest dosages (≤20 U/kg/4wks) did seem 

inferior9. However, patient numbers were small, and bone disease was not evaluated in a 
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quantitative manner. Guidelines for dosing protocols are based on consensus rather than 

on scientific evidence. In practice, the original regimen, using 60U/kg every 2 weeks, is 

prescribed by most physicians. 

Our study now demonstrates that improvement of hemoglobin, platelet count, and 

liver- and spleen volume is not dose-dependent. However, chitotriosidase does respond 

better to a relatively high initial dose. Improvement in bone marrow burden (BMB), a MRI 

based scoring system, shows a strong trend towards a better response to higher doses, 

particularly in patients with more extensive bone marrow disease in whom the difference is 

statistically significant. Recently our results have been extended. A large retrospective study 

using data of 975 patients from the international Gaucher registry (ICGG) resulted in a dose 

response relationship for hematological parameters and organomegaly. Bone disease was 

not assessed10. Recent data on the effect of enzyme replacement therapy on bone mineral 

density is discussed elsewhere in this chapter.

The slightly better response of hematological parameters and organomegaly to high dose 

enzyme replacement therapy when analyzed in large cohorts10, may in general not result in 

a relevant clinical difference that would justify the costs of high dosing. On the other hand, 

it has now become clear that in case of severe bone disease, as well as in life-threatening 

situations, such as severe cytopenia, bleeding or excessive splenomegaly, treatment with 

a high dose will probably lead to a more rapid response. After the patient has reached a 

less vulnerable situation, the dose can be tapered. The complete assessment of disease, 

including determination of bone marrow involvement in addition to hematological, visceral 

and biochemical parameters is mandatory for determining the moment and dose for the 

initiation of enzyme replacement therapy. 

A returning issue in this thesis is the difficulty of adequately treating bone disease, at this 

moment the biggest challenge in the care for Gaucher disease patients. Bone disease in 

Gaucher type I is characterized by bone marrow infiltration of Gaucher cells as well as 

defective bone remodeling, leading to osteopenia, osteonecrosis, bone crisis, pathological 

fractures and avascular infarction11. The pathology is incompletely understood, and cannot 

be explained solely by the mass effect of Gaucher cell infiltration in the bone marrow. 

Cytokines, locally released hydrolases and a disturbed balance between osteoblasts and 

osteoclasts are probably also involved.

Compared to the other Gaucher-affected compartments, bone and bone marrow respond 

much slower to enzyme replacement therapy and in some patients require high doses of 

enzyme12. The bone compartment is extremely vulnerable, with a high risk of relapse due 

to drug holidays13 or lengthening of dose intervals14. All this is complicated by the fact 

that adequate monitoring requires advanced radiological equipment, which is not readily 

available in many centers.
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In this thesis we show that in a subset of patients with severe bone disease prior to start 

of therapy, increasing dosages of enzyme do not improve clinical bone disease. Patients 

at risk are those with previous bone complications, a large liver, low bodyweight and the 

absence of a spleen at baseline, as well as a slow improvement in QCSI (Quantative chemical 

shift imaging), chitotriosidase and MIP-1β during enzyme replacement therapy.  The lack 

of improvement cannot be explained solely by the irreversible damage due to past bone 

complications. In fact, large areas of Gaucher cells continue to exist in the bone marrow, 

somehow not responding to the exogenously administered enzyme. 

Why do these Gaucher cells survive the effects of the administered enzyme? The most 

probable explanation is that the enzyme is not targeted to the Gaucher cells due to altered 

properties of these cells. In the past, scarcely any beta-glucosidase activity could be found 

in marrow samples of patients that were treated with (high dose) enzyme replacement 

therapy15. Possibly, various sub-populations of Gaucher cells exist, that differ in their ability 

to take up the exogenously administered enzyme. This was suggested from a study in 

patients with longstanding Gaucher disease, in whom splenic Gaucher cells had no 

detectable expression of mannose receptors16.

The theory that a subset of patients is beyond responding is not new. Beutler hypothesized 

that if it is true that some patients require a high dose while others respond adequately 

to a low dose, one would expect the number of treatment failures to diminish when dose 

is increased following an individualized dosing protocol. This is not the case and so he 

concluded that a subset of patients for some reason does not respond properly17. 

What policy is appropriate for these patients? As stated previously, all patients with severe 

bone disease should be treated initially with high dose enzyme replacement therapy. Bone 

disease should preferably be assessed by MRI-based techniques, with quantification by 

BMB or QCSI. If long term high dose enzyme therapy does not result in amelioration of 

bone infiltration, one should question whether continuing the high dose is necessary and 

appropriate.  Based on our data of a limited group of patients, we cannot recommend an 

exact period of time in which an increase in QCSI or a decrease in BMB can be expected 

on high dose therapy. Surely, this period should be long enough for the typically slow bone 

response to occur, although usually responses can be seen within 12-24 months18. In the 

absence of a bone response, maintaining stable disease is the best we can achieve and 

dose could probably be tapered. In addition, supportive measures, such as bisphosphonates 

should be considered. Whether combination with substrate deprivation therapy has an 

additional positive effect on bone is currently unknown.

Recently a considerable body of data concerning bone mineral density in Gaucher disease 

has become available. Many patients exhibit signs and symptoms of osteopenia11,19. 

Conflicting results with respect to the effect of enzyme replacement therapy on bone 

density have been described20-23.  Bisphosphonates improve bone mineral density in 
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combination with enzyme replacement therapy23. However, caution should be taken when 

interpreting these results since a correlation between bone density and the risk of fractures 

in Gaucher disease type I has not been established. In addition, the use of DEXA may reveal 

false high or normal results in patients with sclerotic areas, avascular necrosis or collapsed 

vertebrae. 

Section II. Biomarkers
Biomarkers are essential in clinical decision-making concerning diagnosis, determination 

of severity of disease and monitoring of therapeutic efficacy. In practice, the most widely 

used biomarker is chitotriosidase, a lysosomal hydrolase with the capability to degrade 

chitin, a part of the cell wall of lower organisms. Its levels are 100- to more than 4000-fold 

increased in symptomatic Gaucher disease patients, with minimal elevations in patients 

with asymptomatic disease. In situ hybridization and histochemistry of bone marrow 

aspirates and sections of spleen from Gaucher disease patients revealed that chitotriosidase 

is very specifically produced by storage cells24. This is also supported by the close linear 

relationship between levels of chitotriosidase and glucosylceramide in different sections 

of spleen from Gaucher disease patients. The plasma chitotriosidase level does not reflect 

one particular clinical symptom of Gaucher disease, suggesting that it rather reflects the 

sum of the enzyme secreted by Gaucher cells in various body locations24. The problem 

of apparent substrate inhibition, a phenomenon that prohibited accurate quantification 

of chitotriosidase levels using conventional substrates, has been solved by the use of a 

novel substrate, 4-methylumbelliferyl-(4-deoxy)chitobiose25. Currently, the international 

recommendations for the follow-up of patients include chitotriosidase as the most valuable 

biomarker26. In this thesis, a dose response effect for chitotriosidase was established12.

A shortcoming of this marker is the fact that 6% of the population is deficient for 

chitotriosidase, lacking any activity27. Carriers of this mutation will display lower chitotriosidase 

activities, roughly being 50% of wildtype patients28 and in situations where absolute values 

are used in clinical decision making, these issues should be carefully considered. In patients 

that are completely deficient, monitoring of plasma CCL18 now seems a good and reliable 

alternative that can aid in the clinical management of Gaucher disease patients29. The 

almost perfect linear relationship with relative chitotriosidase levels and the finding that 

CCL18 is indeed produced by Gaucher cells make it a good substitute for the assessment 

of Gaucher cell burden. Deegan and co-workers even claimed that CCL18 is superior to 

chitotriosidase30. They stated that, in addition to the fact that CCL18 was detectable in all 

patients, the reductions in CCL18 more closely reflected the reductions in visceral organs 

and platelet counts. However, for excess liver volume chitotriosidase was superior, while 

the relationship of platelet response with chitotriosidase was not given. Since the bone 

marrow response was not taken into account, we feel that chitotriosidase levels still provide 

the best indicator of overall Gaucher cell burden and the most sensitive tool for follow up. 

In the case of chitotriosidase deficiency, CCL18 is the second best biomarker.
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Another novel possible marker for Gaucher cell burden is the macrophage/monocyte specific 

sCD163. sCD163 was also shown to be strongly elevated in Gaucher disease patients, with 

decreases after start of enzyme replacement therapy. There is a strong correlation with 

chitotriosidase31. Apart from the number of Gaucher cells, sCD163 levels are probably also 

influenced by the high degree of proteinase activity in Gaucher serum32 that contribute to 

the shedding of sCD163 from the surface of monocytes/macrophages, thereby leading to 

increased plasma levels. 

Clearly, markers for total Gaucher cell burden have become readily available, although their 

predictive value warrants more research. Disease compartment specific markers however, 

are absent. This is relevant since changes in disease severity are usually not reflected in all 

parameters at the same time or to the same extent33. Especially the evaluation of bone 

disease, necessitating highly advanced imaging techniques, would be greatly facilitated 

by a bone specific marker. Cathepsin K, involved in osteolysis, and tartrate resistant acid 

phosphatase (TRAP), which is known to be secreted by osteoclasts, have been implicated 

in the pathophysiology of Gaucher bone disease32.  However, a link with severity of 

skeletal disease has not been established. In that respect, the chemokines MIP-1α and 

MIP-1β are most promising. The fact that MIP-1β can differentiate prior to start of enzyme 

replacement therapy between patients with an adequate bone response versus those with 

ongoing severe bone disease, strongly suggest that these are not merely the products of 

past bone damage34. Interestingly, MIP-1β, in contrast to chitotriosidase and CCL18, is not 

produced by Gaucher cells but rather by classically activated macrophages surrounding the 

mature storage cells. Our observation that plasma MIP-1β levels improved faster during 

the first year of treatment in patients using high-dosed ERT versus those on a low dose, 

indicated that that not only the initial correction of Gaucher cells but also that of associated 

phagocytes is enzyme dose-dependent. 

In practice, biomarkers should not be the sole factor on which clinical decisions are made. 

Information concerning the change in levels of markers should always be combined to 

clinical data concerning skeletal disease, hematology and organomegaly. On the other 

hand, biomarkers may provide useful information on residual disease status that may not 

always be reflected by more readily appreciated clinical data and as such should guide the 

clinician in their search for compartment related storage.

Section III. Associated morbidities
Now that Gaucher disease can be effectively treated in the majority of patients, the focus 

has been shifted from the main clinical features, hepatosplenomegaly, cytopenia and 

bone disease, to the morbidity and mortality that is caused by associated diseases. This 

has become even more important with the recent finding that, in contrast to what was 

generally accepted, life expectancy in Gaucher disease patients is shortened (69.7 years, 
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35, although the results from this study may have been influenced by the selection of more 

severely affected patients from an international Registry. 

It is already known from earlier studies36,37 that Gaucher disease patients carry an abnormal 

lipid profile with low HDL cholesterol levels and, to a lesser extent, low LDL cholesterol 

levels. In addition, the major apolipoproteins related to these cholesterol particles, ApoA1 

and ApoB are decreased. ApoE levels, however, are elevated36. It has been hypothesized, 

but never demonstrated,  that the increased number of macrophages secrete high amounts 

of this apolipoprotein, thus facilitating reverse cholesterol transport to the liver by ApoE 

containing particles37. Whether this unfavorable cholesterol profile would lead to enhanced 

cardiovascular risk has been debated. In this thesis, we described that both risk analysis 

of cardiovascular events using indirect standardization as well as measurement of carotid-

intima media thickness (c-IMT) in a large cohort of Gaucher disease patients, did not 

result in an increased risk for cardiovascular disease. This is in line with earlier observations 

showing no increase in coronary heart disease in patients with Gaucher disease38. Possibly, 

the aforementioned increase in reverse cholesterol transport, as well as the anticoagulant 

state in most Gaucher patients39 may protect the patients from early atherosclerosis. 

The most extensive studied associated condition is cancer. The first large study in 1982 

by Lee, described 239 type I Gaucher disease patients from the Gaucher disease registry 

of whom 32 (13%) had cancer. Haematological malignancies were found in 34% of the 

cancer patients40. In the subsequent years, the study described in this thesis41, two studies 

from Israel42,43, a study from the Gaucher registry44, and a study from a large US veterans 

cohort45 followed. Several factors can attribute to the fact that not all studies found an 

elevated risk of cancer, or in particular of haematological malignancies. The study from 

the Gaucher registry44 probably underestimated cancer incidence since data entry into the 

registry by doctors is voluntary, and not specific for cancer. In the study in US veterans, an 

impossibly high number of Gaucher patients was described. This was probably due to the 

fact that Gaucher patients were identified using ICD discharge codes that also coded for 

other lysosomal storage disorders as well as lipid disorders such as hypercholesterolemia45. 

Although not proven, Gaucher disease severity could be a risk factor for developing cancer. 

If so, one would expect lower relative risks from the study in US veterans, as well as from 

the two Israeli studies42,43, where on average, patients have milder disease due to the more 

commonly found N370S mutation in this population. In addition, since the development of 

cancer in Gaucher disease is related to age41, increased risks will not be found in a relatively 

young Gaucher disease cohort. 

Besides the increased risk of cancer, especially of multiple myeloma, other immunoglobulin 

abnormalities, such as polyclonal gammopathy and the pre-malignant monoclonal 

gammopathy of undetermined significance (MGUS), are prevalent in Gaucher disease 
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(for a review, see chapter 4 of this thesis). This has led to a theory suggesting that the 

accumulated lipid is the source of chronic antigenic stimulation of macrophages. The 

macrophage derived cytokines initiate an immunological cascade leading subsequently 

to hypergammaglobulinemia, MGUS and finally B-cell malignancy46-48. For other diseases 

that are characterized by chronic inflammation, the relationship with cancer has been 

established, with a higher the risk of associated carcinogenesis the longer the inflammation 

persists49,50.

The hypothesis prompts several questions; is the accumulated lipid indeed the starting 

point of the derangements? Which mediators are important and by which cells are they 

produced? Does enzyme replacement therapy have a beneficial effect on these processes?

Support for the first question comes from a study showing that murine macrophages that 

were stimulated in vitro by glucocerebroside, release the pro-inflammatory lymphocyte 

activating factor (LAF=Interleukin (IL)-1) in a dose-responsive manner. This effect was not 

seen on incubation with galactocerebroside, sphingomyelin and ceramidetrihexoside51. 

Massive or longstanding lipid accumulation is probably not required since 91% of paediatric 

patients (average age 8,5 years) already had a polyclonal gammopathy52. The lack of 

an association between disease severity or exposure time and the occurrence of MGUS 

corresponds to these findings (chapter 4). What’s more, a glucocerebrosidase deficient 

mouse (L444P homozygote) showed evidence of B-cell proliferation, as well as elevated 

serum IgG levels, even though storage cells were not found53. 

The exact identification of the mediators and their role in pathofysiology is far from 

understood. A number of cytokines, chemokines and growth factors have been studied, 

all of which are involved in either inflammation or multiple myeloma. Due to differences in 

methods it is difficult to compare results and find the common denominators. Two mediators 

that have been consequently found to be elevated are interleukin (IL)-1054 and CCL1829. IL-

10, produced by T cells and activated macrophages, is an anti-inflammatory cytokine. It 

also has pro inflammatory capacities, promoting the activation and differentiation of B cells 

and the growth of myeloma cells (for review on IL-10, see55). Furthermore, it is involved 

in multiple myeloma bone disease. Possibly, the continuous low grade inflammation in 

Gaucher disease53 is counteracted by IL-10, with unwanted side effects on bone homeostasis 

and B-cell function. CCL18 is chemotactic for lymphocytes, particularly naive T cells and B 

cells, and for immature dendritic cells, and could thus be involved in initiating the adaptive 

immune response29. 

It is unlikely that the inflammation is directly caused by Gaucher cells, since Gaucher cells 

have a phenotype similar to anti-inflammatory alternatively activated macrophages56. More 

likely, the disruption of tissue architecture and function leads to activation of surrounding 

macrophages. These cells in turn elicit a pro-inflammatory response, with Gaucher cells 

counteracting the inflammatory compounds56. 
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The development of hepatocellular carcinoma in our patients, in the absence of risk factors 

such as cirrhosis, chronic hepatitis B or C or irradiation, seems to be related to massive 

Gaucher infiltration of the liver after splenectomy. Iron overload could also be important 

for the development of hepatocellular carcinoma. Most Gaucher disease patients show 

increased plasma ferritin levels57. It is presently unclear whether the high ferritin reflects 

increased storage of iron or merely an aspecific acute phase response. Nevertheless, excess 

ferritin leads to decreased phagocytosis and altered T cell subsets in Gaucher disease 

which may affect anti tumor surveillance58-60. In addition, long standing iron deposition is 

associated with an increased risk of fibrosis, cirrhosis and hepatocellular carcinoma61,62. In 

our cohort, no differences were found in ferritin levels between patients with or without a 

monoclonal gammopathy.

The increased risk of malignancies, especially multiple myeloma has recently led to a 

consensus statement by an international panel of Gaucher experts39. Measures that aim 

for early recognition of haematological malignancies and MGUS were suggested. We 

would like to add that screening for hepatocellular carcinoma by determination of serum 

α-fetoprotein should also be performed at regular intervals. 

Suggestions for future studies.
Within the group of lysosomal storage diseases, Gaucher disease has been a frontrunner in 

the development of new therapies. Momentarily new enzyme preparations63,64, substrate 

inhibitors65, as well as small molecules that can serve as chaperones66 are under investigation. 

Chaperones are believed to bind to the active site of glucocerebrosidase variants stabilizing 

their three-dimensional structure in the endoplasmic reticulum, thereby preventing their 

degradation and allowing proper trafficking to the lysosome. Hopefully, the launch of 

these new therapies will be accompanied by adequate studies comparing the different 

preparations and dosing regimens. At the very least, data from clinical studies should be 

collected and made openly accessible for comparison. Ultimately, clinicians should be able 

to choose the right product or combination of products for the right patient, taking into 

account disease severity, assessment of expected therapeutic response and convenience.

Other important research questions regarding therapy are whether therapy prevents the 

occurrence and severity of malignancies and gammopathies. Results from this thesis suggest 

a there might be such a favourable effect. In a recent study in children, immunoglobulin 

levels (in particular IgM and IgA) decreased during enzyme replacement therapy52. Evidence 

that these changes are clinically relevant and justify early or high dose treatment cannot 

be provided by current knowledge. Larger studies, warranting an international multi centre 

effort, are thus needed fro confirmation. Again, collaborative efforts are needed to address 

these issues. 
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Another challenging research area is the adequate treatment of bone disease. The group 

of non responders concerning bone disease should be analyzed more thoroughly and in 

a larger cohort. The effect of dose reductions in these patients should be prospectively 

studied. The best strategy to improve bone disease is obviously to start therapy before 

severe infiltration of the bone compartment, as evidenced by low fat fraction or BMB, has 

occurred. It has become clear that bone disease is less reversible as compared to other 

manifestation of the disease, and as such should be identified as soon as possible. In that 

respect, it should be stressed once more that there is no straight forward relationship 

between visceral and skeletal involvement . For that reason, every Gaucher patient should 

be screened for the existence of early signs of bone involevement. When bone disease is 

already in an advanced stage, improved targeting of enzyme therapy, newly developed oral 

preparations or a combination of both should be further explored. 

With respect to the evaluation of treatment response, the predictive value of disease markers 

warrants more study. Especially MIP-1β could prove valuable as a predictor of deterioration 

of bone disease and should be studied more extensively. For better understanding and use 

of markers such as chitotriosidase and CCL18, means to accurately assess total Gaucher 

body burden are necessary. At this moment no golden standard exists and it unclear what 

the different Gaucher compartments contribute to the number of storage cells. In the past 

a severity score index (SSI67) has been established, based upon the extent of cytopenia, 

organomegaly and bone disease. It is a very practical scoring system because it does not 

require advanced imaging techniques, such as CT or MRI. However, the score has not been 

validated or closely related to the storage load. The development of a score that more 

adequately reflects the overall burden of storage cells may be of great value.

It is incompletely understood how the enzymatic defect with subsequent storage of 

glucocerebroside ultimately leads to the clinical expression of the disease. In the light of this 

thesis, the development of bone disease as well as the mechanism causing gammopathies 

and malignancies is of particular interest. Mouse models, including one that was recently 

developed by postnatal induction of mutations in the glucocerebrosidase gene, resulting in 

the formation of storage cells in various tissues68, possibly will provide important tools for 

future functional studies 
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Dankwoord

Boven alles ben ik heel veel dank verschuldigd aan de Nederlandse Gaucher patiënten, die 

vrijwel altijd bereid zijn mee te doen aan weer een onderzoek. Zelfs als dit betekent om, 

samen met partner en familieleden, op je vrije zaterdag zonder ontbijt naar het AMC te 

komen. Ik hoop dat dit proefschrift laat zien waar jullie medewerking toe leidt, want dankzij 

jullie hebben we de kennis over deze zeldzame ziekte iets kunnen uitbreiden. Uiteraard wil 

ik bij deze ook het bestuur van de Gaucher vereniging hartelijk bedanken voor hun steun 

hierbij. 

Beste Carla, jij was de drijvende kracht achter dit proefschrift. Je hebt me intensief begeleid, 

alle stukken in dit proefschrift zijn door jouw vingers gegaan. Je hebt me geleerd om 

kritisch na te denken over elke stap die wordt genomen bij het opzetten, uitvoeren en 

uitwerken van een studie. Je legt de lat hoog, voor iedereen die met je samenwerkt, en 

met name voor jezelf. Behalve aan ons traditionele donderdag overleg in Haarlem, met 

tosti’s en kinderen, denk ik met veel plezier terug aan onze gesprekken onderweg van en 

naar congressen (dr Pollack en Defrost….). Dank voor alles. 

Vervolgens wil ik mijn beide promotores, Hans Aerts en Rien van Oers, bedanken. Beste 

Hans, je bent wat elke promovendus zoekt in een promotor, een bron van inspiratie en 

motivatie (en af en toe ook een beetje onnavolgbaar…). Als jij een idee of manuscript 

onder handen neemt weet je me altijd weer te verrassen. Beste Rien, bedankt voor je 

begeleiding bij het hematologische deel van mijn proefschrift en voor het vervullen van het 

promotorschap. 

Professor van Noesel, Professor Wijburg, Professor Stoker, dr. Groen en dr. Kersten wil ik 

hartelijk bedanken voor hun bereidheid zitting te nemen in de commissie. Professor vom 

Dahl, after our pleasant collaboration for the dose-response study, I am very honoured that 

you will come to Amsterdam for this occasion. 

Hoe houd je het 3 jaar vol met 4 mensen in een hok van 2 bij 6 meter zonder daglicht? Dat 

kan alleen maar als je hele leuke collega’s hebt. Maaike, jij hebt de beste eigenschappen 

die iemand in de zorg kan hebben; goede communicatieve vaardigheden en een gezonde 

dosis (Friese) nuchterheid. Mirjam, door onze wisselende schema’s hebben we nooit samen 

onderzoek gedaan maar zo voelt dat niet. Ook buiten ons promotieonderwerp hebben we 

raakvlakken en dat schept een band. Natuurlijk ben ik ook veel verschuldigt aan de mensen 

van de “Fabry-kant”. Gabor, jou enthousiaste verhalen hebben mij over de streep getrokken 

om bij de “lyso’s” promotie onderzoek te gaan doen. Het eeste jaar met jou op F4-247 was 

erg gezellig. Ik hoop nog vaak koffie en verse jus met je te drinken bij Gery’s. Els, zo’n lieve 

verpleegkundige als jij is een aanwinst, ook voor collega’s. Bedankt voor alle boeken-tips 
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en geschilde appeltjes. Anouk, met jou heb ik de meeste koffie verkeerds (met extra melk) 

gedronken, mijn favoriete moment van de dag. Dat we nu tegelijk promoveren is heel 

bijzonder. En dat ik daar zal worden bijgestaan door Gabor en Mirjam, mijn paranimfen is 

fantastisch. Saskia, Josanne en Marieke, jullie ook bedankt!!

Alle medewerkers van de afdeling biochemie wil ik bedanken voor hun hulp en de 

gezelligheid tijdens de vele borrels en feestjes. Bij jullie is er altijd wel een reden om iets te 

vieren. Mijn diploma “labvaardigheden voor een dokter” met de aantekening “verdunning 

maken” zal ik goed bewaren. In het bijzonder wil ik diegenen bedanken met ik heb 

samengewerkt, Rolf Boot, Ans Groener en Marielle van Breemen. En verder wil ik Saskia 

Schei en Wilma Donker nogmaals bedanken voor hun hulp bij het afdraaien van de vele 

samples tijdens de patiëntendag van 2006. Marrie Verhoek, bedankt voor je hulp bij de 

ELISA’s. Verder natuurlijk Mario Maas van de radiologie, bedankt voor al je inbreng en het 

scoren van de vele MRI’s . 

Ook de andere onderzoekers van “het gangetje” wil ik bedanken voor alle gezelligheid 

tijdens koffie, lunch en dinertjes. Het contact met je collega’s is een belangrijk deel van 

het werkplezier en dat dat zo groot was heb ik mede te danken aan Titia, Nynke, Paul, 

Nancy, Rogier, Bregtje, Sanne, Jeroen, Sicco en Iris. Datzelfde geldt natuurlijk ook voor mijn 

collega’s uit de kliniek, het zijn er teveel om op te noemen, maar met name het contact 

met het “klappen of spuiten” groepje wil ik noemen. Els, Barbara, Roel, Esther, Aafke, ik 

hoop jullie nog vaak te zien. 

(Mijn moeder had nog zo gezegd: “praat niet tegen mij maar over mij”. Dat ga ik nu niet 

doen.) Lieve pa en ma, jullie waren vast ontzettend trots geweest. Het is verschrikkelijk 

jammer dat jullie er niet bij zijn. Pa, jij had je waarschijnlijk beter ingelezen in het onderwerp 

dan ik en had al zeker een meter boeken over Gaucher op de plank staan. Via Ypie ben 

je er gelukkig toch een beetje bij. Ma, ondanks al je nuchterheid had je stiekem aan elke 

specialist in Drachten en Heerenveen verteld dat je dochter ging promoveren. Djoerd, je 

familie kies je niet uit, maar jou had ik zeker uitgekozen. Wat een geluk om zo’n leuke broer 

te hebben. 

Herbe en Femke, lieverds, tussen alle stress door zorgden jullie voor ontspanning. Jullie zijn 

mijn grootste schatten. 

Ik hoop dat ik niemand vergeten ben….
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CHAPTER  4

Chapter 2. Figure 1a-f: Percentage changes in liver ratio (a) and spleen volume (b), absolute changes 
in Haemoglobin (c) and platelet count (d), and percentage changes in chitotriosidase (e), and QCSI 
(quantative chemical shift imaging) (f). Patients from the high frequency group (1x/1-2weeks) are depicted 
in red; patients from the low frequency group (1x/4weeks) are depicted in black. 
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Chapter 3. Figure 1: Impact of ERT on changes in hemoglobin and platelet count. a) Hemoglobin at 
baseline and after 12 months, b) time to reach a hemoglobin >12 g/dL, c) platelet count at baseline and after 
12 months, d) time to reach a platelet count of >100 x 109/l. Abbreviations: AMC, Academic Medical Center, 
Amsterdam; HHU, hospital of the Heinrich-Heine-University, Duesseldorf; ERT, Enzyme Replacement Therapy.

A C

B D

proefschrift.indb   187 13-12-2007   13:48:00



188 APPENDIX

Chapter 3. Figure 2: Impact of ERT on changes in liver and spleen volume. a) Liver volume at baseline 
and after 12 months, b) time to reach a 20% decrease of liver volume from baseline, c) spleen volume at 
baseline and after 12 months, d) time to reach a 40% decrease of spleen volume from baseline. Abbreviations: 
AMC, Academic Medical Center, Amsterdam; HHU, hospital of the Heinrich-Heine-University, Duesseldorf; ERT, 
Enzyme Replacement Therapy.

A C

B D
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Chapter 3. Figure 3: Impact of ERT on changes on plasma chitotriosidase activity. a) Plasma chitotriosidase 
at baseline and after 12 months; b) Time to reach a chitotriosidase of <5000 nmol/mL/hr. Chitotriosidase levels 
of carriers of the chitotriosidase null mutation were multiplied by two29. Abbreviations: AMC, Academic Medical 
Center, Amsterdam; HHU, hospital of the Heinrich-Heine-University, Duesseldorf; ERT, Enzyme Replacement 
Therapy. 

Chapter 3. Figure 4: Impact of ERT on changes in bone marrow burden score. a) Time to reach a decrease 
of 2 points in BMB score, as measured by MRI, from baseline of patients with a baseline BMB of 2-8, b) time to 
reach a decrease of 2 points in BMB score 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 MRI27; ERT, Enzyme Replacement Therapy.

A B

A B
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Chapter 4. Figure 1 Cross section of left femur head (centre). The microscopic pictures above and below 
highlight (a) the yellowish areas consisting of vital bone and marrow filled with confluent sheets of Gaucher cells 
(100x magnification), (b) the conspicuous demarcation zone with non-specific chronic inflammation with fibrosis 
(50x), (c) a central area of necrotic cells surrounded by avital bone devoid of osteocytes (100x), (d) small reddish 
islands of pre-existent bone marrow with normal haematopoietic tissue (100x).
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Chapter 5. 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).

Chapter 5. Figure 5. Relationship between decrease in CCL18 plasma levels and lumbar spine bone 
marrow fat fraction. Panel A, B and C: Inverse relationship between the decrease in plasma CCL18 levels and 
increase in lumbar spine marrow fat fraction upon enzyme replacement therapy. Patient A: Spearman ρ -0.952; 
p = 0.0011, patient B: Spearman ρ -0.802; p = 0.0218, patient C: Spearman ρ -0.815; p = 0.0108. (l = CCL18, 
l = bone marrow fat fraction). Right hand side, changes in the bone marrow fat fraction of the lumbar spine 
during enzyme replacement therapy as visualized by quantitative chemical shift imaging.
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Chapter 7. Fig. 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 × 100. 
(B) Magnification of the same (Gaucher spleen) section. Original magnification × 400. 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 × 100.

Chapter 7. Fig. 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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Chapter 7. Fig. 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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Chapter 8. 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 

Chapter 8. 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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Chapter 11. Figure 3. Longitudinal changes in plasma levels of immunoglobulin heavy – and free light chains, 
IL-6, IL-10 and PARC. Dotted lines reflect the normal range. Numbers reflect Gaucher disease patients with a 
monoclonal gammopathy as described in table 1 (#1-13) and matched Gaucher disease controls (#co1-co13) 
without a monoclonal gammopathy. Abbreviations: IL, interleukin; PARC, pulmonary and activation-regulated 
chemokine.
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Chapter 11. Figure 4. Bone marrow aspirate 
showing plasma cells surrounding a Gaucher 
cell in a patient with Gaucher disease type I 
and multiple myeloma. 
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