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GENERAL INTRODUCTION





General introduction

1This chapter provides a brief overview of the historical aspects, pathophysiology, 
clinical characteristics and molecular genetics of Sanfilippo disease, in combination with 
information on the diagnostic strategies and potential future therapeutic approaches. 

HISTORY OF SANFILIPPO DISEASE (MUCOPOLYSACCHARIDOSIS III)
Sanfilippo disease (MPS III) was first recognized in 1963, and bears the name of the American 
pediatrician Sylvester J. Sanfilippo, who first described a patient with severe neurological 
dysfunction manifested by loss of learned abilities and deterioration of behavior 1. 
Kaplan (1969) reported the classification of Sanfilippo disease by identifying the urinary 
excretion of the glycosaminoglycan (GAG) heparan sulfate (HS) 2. During the following two 
decades, researchers elucidated four different enzyme deficiencies as the primary cause of 
Sanfilippo disease, resulting in the biochemical classification into the subtypes A, B, C, or 
D, respectively. In 1972, Kresse and Neufeld found a deficiency of heparan N-sulfatase in a 
subtype of Sanfilippo disease, later named Sanfilippo type A disease 3, and Von Figura and 
Kresse (1972) 4 and O’Brien (1972) 5 revealed a deficiency of alpha-N-acetylglucosaminidase, 
now recognized as  Sanfilippo type B disease. Klein et al (1978) 6 established a deficiency of 
acetyl CoA:alpha -glucosaminide acetyltransferase as the cause of what is now classified as 
Sanfilippo C disease, and finally Kresse et al. 1980 7 found a deficiency of N-acetylglucosamine 
6-sulfatase, delineating Sanfilippo type D disease. 

Unfortunately, no disease modifying treatment is yet available for Sanfilippo disease, and 
clinical management currently consists of supportive care, aimed at ameliorating symptoms 
and prevention of complications. Fortunately, several new disease-modifying therapies are 
being developed and some of them are now, or have already been, in first clinical trials.

GENERAL CLINICAL DESCRIPTION
Clinical signs and course of the disease in the different Sanfilippo subtypes are indistinguishable. 
Sanfilippo disease usually presents in early childhood, but there is a broad spectrum of severity 
with clinical detection from as early in the first year of life through to the fourth decade 8. 
In almost all patients there is an initial symptom free interval with an apparently normal 
psychomotor development, followed by slowing of the mental development and later by 
progressive cognitive decline. Behavioral problems mainly consisting of severe hyperactivity, 
aggressive or anxious behavior, fearlessness, and sleeping problems usually begin around 
the time of the cognitive decline. Loss of motor skills, combined with progressive spasticity 
follows the cognitive decline, and most children are wheelchair bound by their mid-teenage 
years. As the cognitive decline progresses, behavioral disturbances gradually diminish. Over 
50% of patients develop epilepsy before finally reaching a vegetative state. Other frequent 
clinical symptoms and signs are recurrent ear nose and throat infections, episodes of 
diarrhea or constipation, hepatomegaly, umbilical or inguinal hernias and (generally mild) 
coarse facial features. The median age at death In MPS IIIA patients is 18 years (range 6-59) 
and pneumonia is the most common cause of death 9.
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CHAPTER ONE

BIOCHEMICAL BASIS OF SANFILIPPO DISEASE
Sanfilippo disease is biochemically characterized by the storage of undegraded HS in lysosomes 
and the excretion of this polysaccharide, or fragments derived from it, in body fluids. HS is a 
negatively charged polysaccharide linked to various proteins both at the cell surface and in 
the extracellular matrix. HS chains are synthesized as a polysaccharide of alternating N-acetyl-
glucosamine (GlcNAc) and glucuronic acid residues (GlcUa). In the Golgi complex, several 
enzymatic reactions occur that replace the acetyl groups with sulfate groups, epimerize the 
glucuronic acid to iduronic acid (IdoUA) and add sulfate to the C-6 and C-3 hydroxyl groups of 
glucosamine and the C-2-hydroxyl groups of uronic acid residue (Figure 1) 10,11. 

HS degradation starts with the action of endoglycosidases (heparanases), resulting 
in formation of short chains of HS 12. HS is subsequently degraded stepwise, as shown 
schematically in Figure 1, by the action of three exoglycosidases, at least three sulfatases 
and an acetyltransferase. It has been suggested that these enzymes function cooperatively 
in a complex, allowing the product of one enzyme to be passed efficiently from one to the 
next enzyme in this pathway.

Three of these enzymes, α-L-iduronidase, iduronate sulfatase and β-glucuronidase, 
are also required for dermatan sulfate (DS) degradation and a deficiency of one of these 
enzymes results in the lysosomal storage disorders MPS I, II and VII, respectively. The 
other four enzymes are specific for

HS (Figure 1) and a deficiency in one of them leads to Sanfilippo disease. Sulfamidase 
(SGSH; heparan N-sulfatase), the enzyme deficient in MPS IIIA, releases sulfate groups linked 
to the amino group of glucosamine. N-acetyl-a-glucosaminidase (NAGLU) hydrolyses the α1→ 
4 linkage between N-acetylglucosamine and the neighbouring uronic acid and this enzyme is 
deficient in MPS IIIB. Acetyl CoA:a-glucosaminide N-acetyltransferase (HGSNAT) is deficient in 
MPS IIIC. It catalyses acetylation of the free amino groups of glucosamine that either already 
exist in HS the N-unsubstituted form or have been produced by sulfamidase. HGSNAT is a 
transmembrane protein is whose function is to acetylate the nonreducing, terminal alpha-
glucosamine residue of intralysosomal HS, converting it into a substrate for luminal alpha-N-
acetylglucosaminidase 13. Therefore, N-acetyltransferase catalyzes the only synthetic reaction 
known to occur in the lysosome. In order to achieve this synthetic reaction, the enzyme uses 
a cytosolic cofactor, acetyl-coenzyme A (acetyl-CoA). Thus, its substrate and cofactor are 
separated by the lysosomal membrane. The mechanism by which this problem is overcome 
has not been fully elucidated. One model suggests a ‘ping-pong’ mechanism involving an initial 
acetylation reaction of the enzyme in the cytosol, followed by a transfer of the acetyl group 
to the intralysosomal heparin-alpha-glucosamine residue 14. An alternative model suggests 
that the enzyme operates via a random-order ternary-complex mechanism; with no use of 
an acetylated enzyme intermediate 15.  N-acetylglucosamine 6-sulfatase (GNS) is required to 
remove sulfate from the C6-hydroxyl moiety of N-acetylglucosamine residues. This enzyme 
is deficient in MPS IIID. Moreover, an enzyme with glucuronate 2-sulfatase activity has been 
described 16. However, glucuronate 2-sulfatase deficiency, has not yet been detected. This may 
be because this assay is performed by only a few laboratories. Finally, glucosamine 3-O-sulfatase 
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General introduction

1

is also involved in degradation of HS. It was recently discovered that the lysosomal arylsulfatase 
G (ARSG) is the long-sought glucosamine-3-O-sulfatase required to complete the degradation 
of HS. ARSG-deficient mice accumulate HS in visceral organs and the central nervous system 
and develop neuronal cell death and behavioral deficits. This accumulated HS exhibits unique 
non-reducing end structures with terminal N-sulfoglucosamine-3-O-sulfate residues, allowing 
diagnosis of the disorder and may be designated as MPS IIIE 17. 

INCIDENCE AND GENETICS
Sanfilippo disease is in most regions of the world the most prevalent type of the 
Mucopolysaccharidoses 18-22, with an estimated incidence of 1 per 50.000 in the Netherlands 21.  
Sanfilippo type A is the most common subtype in North West Europe, and type B is the most 
frequent type in South East Europe 19,21,23.  The subtypes C and D are much rarer.

Figure 1. Steps in the degradation of heparin sulfate (HS) that may be deficient in Sanfilippo disease. 
The four monosaccharides depicted form the repeating unit in HS. For the sake of simplicity only the 
structural formula of the terminal sulfated glucosamine residue is shown. The capital letters A to D 
indicate the steps deficient in Sanfilippo type A to D. GlcNAc = N-acetylglucosamine, IDU = L-iduronic 
acid, GLUCU = glucuronic acid. Valstar MJ, Ruijter GJ, van Diggelen OP, Poorthuis BJ, Wijburg FA 
Sanfilippo syndrome: a mini-review.J Inherit Metab Dis. 2008; 31:240-252.
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CHAPTER ONE

MPS IIIA
The gene encoding heparan N-sulfatase (SGSH) was identified in 1995 and is localized 
to chromosome 17q25.3 24. More than forty disease-causing mutations, as well as 
several polymorphisms, have been reported 9,25-29. Most of these mutations are missense 
mutations, and a few mutations consist of premature terminations and small deletions. 
The predominant mutations vary in different regions: the missense mutation p.R245H was 
found to be the most common among Australian, Dutch, and German patients 9,26,29, the 
p.R74C  and p.1091delC mutations among Polish and Spanish patients,  and the p.S66W 
among Italian patients 27. There is a wide phenotypic variability in patients, which partly 
correlate with the genotype 27,30,31. In particular, those with homozygous or compound 
heterozygous S298P mutant alleles had an attenuated phenotype, with a significantly 
longer preservation of psychomotor functions and a longer survival 9. The most frequent 
pathogenic mutations were R245H, Q380R, S66W, and 1080delC, all of which were 
associated with the classic severe phenotype.

MPS IIIB
The gene encoding alpha-N-acetylglucosaminidase (NAGLU) is localized on chromosome 
17q21 32.  Over 100 different mutations have been reported thus far and most of them are 
private 

Mutations 8,32-41. This indicates great molecular heterogeneity of this MPS III subtype. 
Valstar et al. reported a large variability in the course of the disease, with an unusual mild 
course in the majority of patients 8. As in MPS IIIA, prediction of genotype-phenotype 
relation in MPS IIIB is complicated by numerous polymorphisms potentially modifying 
disease severity 40. The p.F48L, p.G69S, p.S612G, p.E643K, p.L497V and p.R643C mutations 
in NAGLU appear to confer a milder phenotype of the Sanfilippo B phenotype 9,40.

MPS IIIC
The gene encoding the membrane bound lysosomal enzyme acetyl CoA:alpha-
glucosaminide acetyltransferase (HGSNAT) is localized on chromosome 8p.11.21 13,42

N-acetyltransferase catalyzes the only synthetic reaction known to occur in the 
lysosome.  More than 50 different mutations have been reported 13,42-44. Valstar et al. 
showed that MPS IIIC patients often show a milder disease course of the disease than 
generally assumed. Only a limited genotype-phenotype correlation could be established 
because of large variations in course and severity even within families 44.

MPS IIID
Robertson and colleagues assigned the glucosamine-6-sulfatase gene in 1988 , which they 
symbolized as G6S, to chromosome 12q14 45. Only in 2003 were the first GNS mutations 
identified in a patient homozygous for a deletion of a single nucleotide (c.1169delA) 46 and 
in a patient homozygous for the nonsense mutation p.R355X 47. Approximately twenty 
additional mutations have been reported since 48-50. In Sanfilippo type D a high proportion 
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1of the mutations that were found were large rearrangements, therefore quantitative 
techniques should be included in routine mutation screening of the GNS gene.

PATHOPHYSIOLOGY OF SANFILIPPO DISEASE
Over the past two decades progress has been made in understanding the mechanism 
responsible for storage of HS in lysosomes and the resulting pathological processes, and 
today it is evident that the cause of the clinical signs and symptoms is very complex and 
multi-factorial. The series of pathogenic events that cause severe neurodegeneration and 
ultimately death in Sanfilippo disease is still not fully understood.  The pathophysiological 
processes do involve consecutive reactions and other storage products.   Furthermore, 
multiple storage products are not the result of accumulation of substrate(s) for the 
different enzymes but represent secondary storage, separately to the primary protein 
defect, as is for instance the case with GM2 and GM3 co-accumulation. Accumulating 
gangliosides, particularly GM2, are considered to induce changes in dendritic and axonal 
morphology, and contribute to disease pathogenesis and neurological decline 51-53.

Over time, accumulation of excess HS can also influence many downstream events, 
since this GAG plays a major role in a number of critical processes in the body. HS is 
essential during development and adult life, where it has a role in the regulation of the 
complex signaling pathways that occur between cells , by interacting with molecules 
such as growth factors and morphogens, as well as being an important component of 
the extracellular matrix 54,55  In fact, more events are associated with neurodegeneration  
such as autophagy pathways 56, disruption of normal proteasomal function 57,58, and 
secondary cholesterol storage 59. HS is also known to induce inflammatory responses via 
innate pathways, and is probably one of the mediators of neuroinflammation, as global 
activation of microglial cells (macrophages) and astrogliosis in the brain 60-62.

DIAGNOSIS AND TREATMENT
The clinical phenotype alone is usually enough to distinguish Sanfilippo disease from 
the other MPS diseases. However, diagnosis based on clinical presentation alone could 
lead to missed or erroneous diagnoses, because of the variability of the phenotype and 
symptoms.  The initial diagnosis is generally made on quantitative and qualitative analysis 
of urinary GAGs. False-negative results have, however, been reported 8. Therefore enzyme 
analysis in leukocytes or fibroblasts, are necessary to provide a definitive diagnosis of 
MPS III, also allowing for subtyping of the disorder. Mutation analysis allows prediction of 
clinical severity in some patients, especially in type A and B patients 8,9.

During the last decade, several disease modifying treatment options have been studied 
for MPS III. Overcoming the blood-brain barrier remains one of the major challenges.  
Treatment options that have been studied in clinical studies include hematopoietic stem cell 
transplantation (HSCT) and substrate reduction therapy (SRT). HSCT seems not to be able to 
ameliorate the brain disease 63-65. However, as transplantations were usually performed after 
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the onset of neurological involvement, the outcome is difficult to interpret 66, but is certainly 
not very encouraging. Guffon et al. studied the efficacy of miglustat as SRT. The results of 
this study indicated that miglustat was not able to reduce the ganglioside storage and did 
not clinically improve cognitive function, sleep, and brain atrophy with magnetic resonance 
imaging in Sanfilippo patients 67.  SRT with the isoflavone derived genistein showed very 
promising results in the MPS IIIB mouse 60. Piotrowska 68 and Malinova 69 studied the efficacy 
of genistein in Sanfilippo patients at a dose of respectively 5mg/kg/day and 10-15 mg/kg/
day in a one year open-label study. A significant decrease in urinary excretion of GAGs with a 
improvement of neurocognitive functions was observed in both studies.  However, Delgadillo 
and coworkers 70 studied also the efficacy of genistein 5 mg/kg/day in a one-year open label 
study and observed no improvement in neurocognitive functions or GAG excretion. The open-
label design of these studies may have influenced the differences in the obtained results. 

However, therapy focused on only reducing HS accumulation might not be sufficient 
in most patients, at least not in those who already show significant symptoms of brain 
disease, as a cascade of secondary mechanisms may already have been initiated by the 
accumulating HS. Early initiation of treatment, before the onset of irreversible tissue 
damage, appears to be critical in obtaining optimal outcomes in MPS III. 

OUTLINE OF THE THESIS
This thesis comprises a number of studies, aimed to improve care and treatment in 
Sanfilippo patients, to gain more insight into the pathophysiology of Sanfilippo disease, 
and to summarize therapeutic options for Sanfilippo disease.

Chapter 2 provides an overview of the current insights in pathophsyiology and 
potential future treatment strategies in Sanfilippo disease. In chapter 3 the results of a 
randomized controlled cross-over trial with genistein in Sanfilippo patients, to determine 
the efficacy of this from of SRT, are reported. Furthermore, the availability of the presented 
and validated biomarkers may help physicians with establishing the diagnosis of Sanfilippo 
disease and may be used to monitor treatment efficacy. Chapter 4 reports a study on 
the diagnostic value of HS and DS levels in dried blood spots of newborn MPS I, II and III 
patients. This is essential as early initiation of therapy, before the onset of neurological 
disease, may be needed to obtain an optimal therapeutic response. The prognostic value 
of HS in plasma and urinary GAGs in Sanfilippo patients is described in chapter 5.  

To be able to optimize care in Sanfilippo patients it is fundamental to be aware of 
all potential clinical symptoms. Therefore, in chapter 6, in a cross-sectional study, we 
studied the prevalence of osteonecrosis of the femoral heads. Moreover, in chapter 7 the 
results of the growth patterns of Sanfilippo patients are described. In a general discussion, 
chapter 8, an overview of the management and diagnosis is presented and directions for 
potential future studies are outlined.
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CHAPTER TWO

ABSTRACT
Mucopolysaccharosis III (MPS III) is a lysosomal storage disorder and belongs to the group 
of mucopolysaccharidoses. MPS III is caused by a deficiency of one of the four enzymes 
catalyzing the degradation of the glycosaminoglycan heparan sulfate. MPS III is clinically 
characterized by progressive dementia with distinct behavioral disturbances and relatively 
mild somatic disease. This review will summarize and discuss the available and potential 
future therapeutic options for patients with MPS III. This includes enzyme replacement 
therapy (ERT), hematopoietic stem cell transplantation (HSCT), substrate reduction 
therapy (SRT), chaperone-mediated therapy, and gene therapy.  Although clinical efficacy 
has not yet been fully demonstrated for any of these therapies, it is likely that future 
developments will lead to disease-modifying treatment for this devastating disease.
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INTRODUCTION
Mucopolysaccharidosis type III (MPS III, Sanfilippo syndrome) is one of the over 40 
currently recognized lysosomal storage disorders (LSDs). MPS III is caused by an autosomal 
recessive inherited deficiency of one of the four enzymes involved in the lysososomal 
degradation of heparan sulfate, a glycosaminoglycan. Glycosaminoglycans (GAGs) are 
long unbranched polysaccharides and consist of repeating disaccharide units. All GAGs 
except hyaluronic acid contain sulfate groups at various positions. GAGs are covalently 
bound to proteins forming proteoglycans. These proteoglycans are abundant in the 
extracellular matrix while some proteoglycans are inserted in the plasma membrane or 
are contained in secretory granules. In addition, proteoglycans are involved in cellular 
homeostasis and cellular signaling pathways by binding to specific protein ligands. GAGs 
are constantly recycled by specific lysosomal degradation pathways. Heparan sulfate 
contains a glucuronic acid (GlcA) linked to N-acetylglucosamine (GlcNAc) as the most 
common disaccharide unit.

MPS III is caused by a deficiency of one of the four enzymes involved in the lysosomal 
degradation of heparan sulfate: heparan N-sulfatase (SGSH), α-N-acetylglucosaminidase 
(NAGLU), acetyl CoA α-glucosaminide acetyltransferase (HGSNAT) and N-acetylglucosamine-
6-sulfatase (GNS). A deficient activity of one of these four enzymes causes the four MPS III 
disease subtypes A, B, C, or D, respectively. 

All of the enzymes involved in the breakdown of  heparan sulfate are acid hydrolases 
except HGSNAT, which is bound to the membrane of the lysosome 1. MPS III is the most 
frequently occurring type of the seven mucopolysaccharidoses (MPSs) with an estimated 
incidence of 0.28 - 4.1 per 100.000 2. MPS IIIA and B are the most common subtypes of 
MPS III, while the subtypes C and D are much rarer.

CLINICAL SIGNS AND SYMPTOMS
In contrast to many LSDs, patients with MPS III have only mild somatic symptoms. However, 
the central nervous system (CNS) is severe and progressively affected in MPS III.  The 
clinical course of MPS III can generally be divided into three consecutive phases. The time 
course of the different phases may vary remarkably. After an initial symptom free interval, 
a developmental delay becomes apparent. This usually occurs at the age of one to four 
years. Slowing of speech development is often the first sign in MPS III. The second phase 
generally starts around the age of four and is characterized by often severe behavioral 
disturbances, characterized by incorrigible hyperactivity and temper tantrums, profound 
sleep disturbances and intellectual decline. In the final third phase of the disease, the 
behavioral problems slowly disappear with the onset of severe dementia and decline of all 
motor functions, eventually resulting in full loss of locomotion, dysphagia and pyramidal 
tract lesions. Death, often due to pneumonia, usually follows at the end of the second or 
beginning of the third decade of life. However, MPS III comprises a wide clinical spectrum 
of severity, and survival into the fourth decade has been reported 2,3.
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PATHOPHYSIOLOGY
For long, a relatively simple and straightforward pathophysiological mechanism was 
considered to cause the CNS disease in MPS III: accumulating heparan sulfate within the 
lysosomes of neuronal cells results in a perturbation of multiple cellular functions and 
thus in progressive CNS disease. Studies in animal models and, very limited, in humans, 
revealed however that changes in cellular homeostasis resulting from impaired degradation 
of GAGs are more complex and involve pathways not directly related to GAG metabolism 4-6. 
Negatively charged GAGs influence ligand-receptor interaction by stabilizing receptors at the 
cell surface and by direct binding and presentation of  ligands to their respective receptor. 
Free GAGs within the extracellular matrix can also sequester humoral factors. Accumulating 
GAGs may thus affect the complex signaling pathways that occur between cells 7,8. Secondly, 
deficiency of one lysosomal hydrolase appears to lead to alterations of the enzyme activities 
of other lysosome hydrolases 9,10. Consistent observations in MPSs include increased activity 
of β-hexosaminidase, α –glucosaminidase, β-galactosidase, and β-gluronidase within the 
liver and brain with decreased activity of sialidase, and N-acetylglucosaminyltransferase. 
The cause of the changed activity in other lysosomal enzymes is largely unknown, but has 
been postulated to reflect the increased cellular mass of lysosomes or the stabilization 
of enzymes by the storage material 4,9. Thirdly, accumulation of glycosphingolipids, most 
notably GM2 and GM3 gangliosides, has been observed and studied in various animal 
models with MPSs 11-13. Accumulation of GM2 and GM3 is remarkable, as the degradation 
of glycosphingolipids does not require the involvement of any of the hydrolases that are 
deficient in the MPSs. In addition to these gangliosides, studies of the goat model of MPS 
IIID revealed significant elevations of the glycosphingolipid GD3 and lactosylceramide 
in the prenatal, neonatal and adult brain. Accumulating gangliosides, particularly GM2, 
are considered to induce changes in dendritic and axonal morphology 4,14. Increased 
concentrations of sphingolipids may be linked to the ability of GAGs to inhibit the activity of 
(other) hydrolases, in particular sialidase, as discussed above 12.

Fourthly, recent studies in murine models of MPS I, MPS IIIA and MPS IIIB have 
shown accumulation of free unesterified cholesterol in the CNS. Cholesterol appears to 
accumulate only in neurons that also accumulate gangliosides, while in some neurons 
gangliosides accumulate without cholesterol. Accumulation of unesterified cholesterol 
again appears to be a response to ganglioside accumulation which in turn is secondary to 
GAG storage 13.  Because gangliosides and cholesterol are part of the important signaling 
platforms in membranes known as rafts, their co-localization in individual neurons may reveal 
the presence of defects in the composition, trafficking and/or recycling of raft components, 
and therefore may represent possible new mechanisms to explain neuronal dysfunction 
in MPS 13. Fifthly, inflammatory responses have been implicated in the pathophysiology 
of CNS disease in several LSDs. Studies in murine models of MPS I and MPS IIIB revealed 
perineuronal microglial activation within the CNS and increased transcripts of several 
mediators in the macrophage/monocyte activation pathway 15. Evidence is also emerging for 
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the involvement of inflammation in the pathophysiology of bone and joint disease in those 
MPSs in which bones and joints are affected (MPS I, II, IV and VI) 15,16. The direct mediators 
of the inflammatory response in the CNS and skeletal tissues and the specific role GAGs may 
play in this process remain largely unknown. However GAGs display both pro-inflammatory 
and anti-inflammatory properties in vitro and have been implicated in the pathogenesis of 
rheumatoid arthritis and osteoarthritis, and other autoimmune inflammatory diseases 17. 
Finally, in MPS I levels of the heparin cofactor II thrombin complex (HCII-T) are elevated. HCII 
is a member of the serpin family, with thrombin as its main target protease 18,19. Interestingly, 
many members of the serpin family, including glial-derived protease nexin (PN-1), are 
known to be preferentially activated by GAGs 20. Serine proteases and their inhibitors play 
an important role in the CNS. A disturbed balance between proteolytic activity and protease 
inhibition might contribute to the development of neurodegeneration. 

Clinical management of patients with MPS III currently still consists mainly of supportive 
care, aimed at ameliorating symptoms and prevention of complications. Behavioral 
problems are, for example, a predominant symptom in MPS III patients. Treatment with 
risperidone has been shown to be effective for behavioral problems 21. In addition, sleep 
disturbances are common, severe, and often difficult to manage 3. Melatonin in high dose 
was demonstrated to be most efficacious treatment 22,23.  Benzodiazepines may also help 
to ameliorate the sleeping problems. 

Fortunately, several new disease-modifying therapies are currently being developed 
and studied. In the next sections we will review the current status of studies, and discuss 
their potentials. 

ENZYME REPLACEMENT THERAPY
Enzyme replacement therapy (ERT) is currently the most successful therapy for the 
treatment of the non-neurological signs and symptoms of several LSDs 24. ERT, using 
enzymes produced by genetic engineering, has been approved for MPS I, II and VI, 
Gaucher disease, Fabry disease and Pompe disease 25. The pharmacological principle of 
ERT is based on the concept that recombinant lysosomal hydrolases are internalized by 
cells and tissues through the mannose or mannose-6-phosphate receptor (MPR) pathways 
to be ultimately delivered to lysosomes where they are activated and replace the function 
of the defective hydrolases 24.

Although in animal studies some effect of high-dosed intravenous non-modified 
enzyme was detected on CNS storage material 26-28, intravenously administered enzyme 
cannot cross the blood-brain barrier (BBB), at least not in sufficient quantities, and 
therefore cannot prevent the progression of the neurological symptoms in LSDs with CNS 
involvement, such as MPS III.

Several promising approaches to achieve passage of an enzyme across the BBB are 
currently under investigation. The first option is to fuse the therapeutic enzyme with a 
protein for which a receptor is expressed on the surface of cerebral vascular endothelial 
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cells, thereby using the option of receptor mediated protein transport 29,29,30. In 
fibroblasts of MPS I patients  the fusion of the amino terminus of α-L-iduronidase, the 
missing enzyme in this disease, to the carboxyl terminus of the CH3 region of the heavy 
chain of the chimeric monoclonal antibody to the human insulin receptor resulted in a 
decline of GAG accumulation with 70% 31. The fused protein acts as a molecular “Trojan 
Horse” potentially ferrying α-L-iduronidase into the brain, and 1% of the intravenously 
injected dose was indeed demonstrated to be present in primate brain after intravenous 
injection 31,32. Another option, making use of nanotechnology 33 relies on the adsorptive 
mediated transport across the blood-brain barrier 29,30. Engineered nanoparticles, either 
polymeric of liposomes, have a relatively large surface enabling binding, absorption 
and carrying of drugs and proteins 34. Penetration of the brain by nanoparticles may be 
achieved by paracellular movement following disruption of endothelial tight cell junctions, 
simple passive diffusion, transport or endocytosis 35,36. Several studies have demonstrated 
that nanoparticles might indeed be used for CNS targeted drug and gene delivery 37-40. 
Although this appears a promising technique, thus far, no studies have been published 
using nanotechnology in animal models of MPS III or other LSDs. 

A completely other approach for overcoming the BBB is by injection of the enzyme 
directly into the brain or into the cerebrospinal fluid (CSF) 41. Experiments in animal 
models of MPSs, including MPS IIIA, showed that the recombinant enzyme injected in 
the intrathecal space, is distributed throughout the central nervous system and can 
penetrate brain tissue where it promotes clearance of lysosomal storage material 42,43. 
This approach could delay neurodegenerative changes in younger MPS IIIA mice 41, and 
frequent administration of the enzyme seemed to improve behavior in these mice 42. 
Intracisternal enzyme delivery in three MPS IIIA dogs resulted in a widespread enzyme 
delivery in the superficial and deep brain and reductions in storage of a heparan sulfate 
derived disaccharide 44. No neurobehavioral analysis was conducted in this study 

Currently, first clinical trials using intrathecal enzyme therapy are conducted in MPS 
I and II. Based on the preclinical data for MPS IIIA, intrathecal enzyme delivery is also a 
promising option for halting progressive neurodegeneration in MPS III and the first clinical 
studies in MPS IIIA will probably follow shortly.

STEM CELL TRNASPLANTATION
Hematopoietic stem cell transplantation (HSCT) as a potential therapy for CNS disease 
in LSDs was first reported by Hobbs and co-workers in 1981 for the severe neurological 
phenotype of MPS I (Hurler phenotype) 45. Since then, over 400 patients with MPS I, 
Hurler phenotype, have been transplanted 46. HSCT aims at introducing donor stem cells 
with normal enzyme activity in the patient. The various peripheral tissues (including 
the liver, spleen, lungs, and heart) presumably benefit from both enzyme secretion by 
infiltrated (donor) macrophages as well as enzymes secreted into the bloodstream by 
(donor) leukocytes. The CNS relies on infiltration by donor macrophages, which may 
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differentiate into microglia cells in the CNS, secreting the deficient enzyme for recapture 
by the surrounding neurons 47. Donor-derived macrophages and microglia thus become a 
stable source of endogenous enzyme cross-correcting defective cells.

HSCT was also performed in patients with MPS IIIA and MPS IIIB 48-50. However, no clear 
benefit was observed. As these transplantations were usually performed after the onset of 
neurological disease, the outcome is difficult to interpret 51. Bone marrow transplantation 
in an early diagnosed patient with MPS IIIA and an untreated sibling, however, also showed 
no preservation of neurocognitive functioning 49. Therefore HSCT using bone marrow 
derived stem cells is currently not considered as a treatment option in MPS III 50,52. Human 
umbilical cord blood (hUBC) is considered as an excellent source for hematopoietic stem 
cells, especially in the absence of a HLA identical sibling. In addition, hUCB contains more 
hematopoietic stem progenitor cells that appear to have an unusual capacity to develop 
in non-blood cells such as neural cells 53. Administration of umbilical cord blood derived 
stem cells into the lateral ventricle or intravenous administration of these stem cells in 
mice with MPS IIIB improved the cognitive outcome 54,55. Transplantation of hUCG derived 
stem cells has recently been used to transplant several children with MPS IIIA or MPS IIIB. 
However, it is yet unclear whether this approach results in protection of the CNS from 
degeneration in MPS III patients.

CHEMICAL CHAPERONES
Lysosomal enzymes are synthesized and secreted into the endoplasmic reticulum (ER) 
in a largely unfolded state. An efficient intracellular system controls that only properly 
folded proteins are transported to the Golgi apparatus for further maturation. Misfolded 
enzymes are rapidly degraded by proteasomes. Specific molecules, called “chaperones” 
are able to increase residual enzyme activity by rescuing misfolded mutant proteins 
from rapid endoplasmic reticulum-associated degradation (ERAD), and promoting the 
processing and trafficking of mutant enzymes to the lysosomes. As a result, the enzyme 
is still able to fulfill its function, despite of the initial misfolding caused by a missense 
mutation 56,57. Chaperone mediated therapy might be an efficient therapeutic approach 
for several LSDs. As it is generally assumed that a threshold activity of approximately 10% 
is sufficient to prevent storage in LSDs 58, even a minor increase in enzyme activity due 
to the effect of a chaperone is likely to have an impact on disease pathology and to be 
beneficial for patients 59.  An important advantage of chaperones is that they are small 
and can cross the BBB. Chaperones therefore have potentials for the treatment of MPS III. 
Molecules that have been studied for potential functions as chaperones in MPS IIIB are 
2-acetamido-1,2-dideoxynojirimycin (2AcDNJ) and 6-acetamido-6-deoxycastanospermine 
(6AcCAS). These molecules may inhibit the involved enzyme NAGLU at high concentrations 
but act as chaperones in lower concentrations 60,61.  By using the same approach one 
specific missense mutation in MPS IIIC could be partially rescued in fibroblasts by using 
low concentrations of the competitive inhibitor of HGSNAT  62. 
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SUBSTRATE REDUCTION THERAPY
Substrate reduction therapy (SRT), also named substrate deprivation therapy (SDT), in MPS 
III aims at reducing the synthesis of GAGs, and thereby reducing the amount of accumulating 
heparan sulfate. Molecules used to inhibit GAG synthesis in the setting of SRT are relatively 
small and may well be able to cross the BBB 63.  Inhibitors of GAG synthesis include agents 
that block the synthesis of common intermediates, e.g. deoxygenated and fluorinated 
analogs of N-acetylglucosamine 64,65.  Other compounds such as diethylcarbamazine, 
monensin, and brefeldin A, alter GAGs synthesis, including heparan sulfate, by disrupting 
the organization of the endoplasmatic reticulum and Golgi apparatus 64,66-68. However, no 
studies in MPS III models using these compounds have yet been published. 

Genistein is an isoflavone, a major class of flavonoids mainly present in soy-bean and 
soy-based foods. Genistein inhibits GAG synthesis, including heparin sulfate and dermatan 
sulfate via the epidermal growth factor (EGF)-dependent pathway. This pathway is involved 
in the regulation expression of genes involved in the biosynthesis of GAGs 69. Genistein 
has been shown to significantly inhibit GAG synthesis in cultured skin fibroblasts of MPS 
patients, resulting in a significant reduction in GAG accumulation, including heparan 
sulfate 70. A recent study revealed that four natural isoflavones close to genistein may be 
even more efficient than genistein in reducing GAG accumulation in MPS III A and MPS VII 
fibroblasts 71. These results, however, cannot easily be compared with a previous study by 
Piotrowska et al. 70 as different methods for GAG quantification were used, assessing total 
GAG level in MPS fibroblasts rather than GAG synthesis rate.  

In another study, a combination of three isoflavones appeared even more efficient 
than one isoflavone alone, suggesting a synergistic effect of these molecules 72. Finally, 
several studies revealed a strong anti-inflammatory effect of isoflavones 73,74. This effect 
might be valuable in the treatment of MPS III patients, as neuroinflammation has been 
proposed to be involved in MPS III 4,75,76. Treatment with genistein for eight weeks of MPS 
IIIB mice resulted in a clear reduction in liver lysosome compartment size in both male and 
female MPS IIIB animals 77. In this study, a significant dose-dependent reduction of total 
liver GAGs and hair morphology in male MPS III B mice was also observed. No change in 
total GAGs, lysosomal size or reactive astrogliosis in the brain cortex was observed, which 
could possibly be due to the relatively short treatment period 77. However, in mice with 
MPS II decreased GAG-deposits were found around the choroid plexus by histochemistry 
in both groups treated with genistein different doses of genistein 78.

In an open label pilot study in 10 children with Sanfilippo disease types A and B specific 
effects could be demonstrated after 12 months of oral treatment with a genistein-rich isoflavone 
extract. Treated patients showed a decrease in urinary GAG levels and improvement in hair 
morphology, cognitive functions and behavior 79.  These promising results in combination with 
easy availability as ‘neutriceutical’, has resulted in a wide spread use of genistein in MPS III 
patients in many countries.  Recently, a double blind placebo controlled cross-over study on 
the efficacy of genistein in MPS III was started (www.trialregister.nl, identifier NTR1826). Thirty 
patients are included in this study. First results are expected at the end of 2010.  
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GENE THERAPY
MPS III  is a candidate for therapy by gene transfer, since it is a single gene disorder and not 
subject to complex regulation mechanisms 80. In addition, the size of the cDNA coding for 
most lysosomal enzymes allows the use of vector systems with limited carrying capacity, 
such as adeno-associated virus (AAV) 81. 

Ex vivo gene therapy
Ex vivo gene therapy refers to removal of cells, such as hematopoietic stem cells (HSC), 
genetic modification in vitro, followed by reinfusion of the modified cells 82. The use of 
autologous cells prevents graft-versus-host disease and does not require the availability 
of a HLA compatible donor. HSC-directed gene therapy was able to partially reduce the 
manifestations of CNS pathology in MPS IIIB mice, which was attributed to migration 
of cells into the brain 83. A recently published successful trial on ex vivo gene therapy 
in X-linked adrenoleukodystrophy, an inborn error of peroxisomal metabolism 84, has 
renewed the expectations of this approach after previous studies did reveal potential side 
effects. 85,86. However, the disappointing results of HSCT in MPS III patients suggest that ex 
vivo gene therapy using HSC might fail to correct the CNS disease in patients with MPS III.

In vivo gene therapy
Different strategies for in vivo gene therapy have been studied in MPS III. In order to 
overcome the BBB, the recombinant adeno-associated virus (AAV) vector was injected 
directly into the CNS in MPS III mice resulting in improvement of CNS pathology  and/
or improvement of behavioral 87,88. In MPS IIIB mice direct injection of a lentiviral NAGLU 
vector into the CNS was used to deliver the functional human NAGLU gene into the brain. 
This resulted in a restoration of enzyme activity with a sustained expression throughout a 
large portion of the brain, and a significantly improvement of behavioral performance in the 
treated animals at six months 89.  Moreover, the study of Fraldi et al. 90 demonstrated that 
co-delivery of sulfatase-modifying factor 1 (SUMF1) enhances the efficacy of gene therapy 
by AAV-mediated delivery of the sulfamidase gene intraventricular in MPS IIIA mice. There 
was an increase of SGSH activity, reduction of lysosomal storage and inflammatory markers 
in several brain regions. Also, the MPS IIIA mice displayed an improvement in both motor 
and cognitive functions. However, extensive toxicology and safety studies need to be done 
before in vivo gene therapy for CNS disease in MPS III can be studied in man 89.  

TIMING OF TREATMENT
The first clinical sign in almost all patients with MPS III is developmental delay. As the 
optimal outcome of all emerging disease-modifying therapies in MPS III is stagnation of the 
otherwise invariably progressive decline of cognitive functions, early initiation of therapy, 
at least before extensive and irreversible damage to the CNS has occurred, is essential. 
Early diagnosis of MPS III is paramount and currently depends on the recognition of the 
pattern of the first clinical signs and symptoms, being slowing of development, especially 
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of speech, in combination with behavioral disturbances. As these signs and symptoms 
are non-specific, a long interval before diagnosis is established is common. Campaigns 
to increase awareness of MPS III in the medical community may lead to earlier diagnosis. 
However, the best strategy would be to start therapy in the presymptomatic period, which 
generally is in the first one to two years of life. Identification of patients during this period 
can only be achieved by screening of patients at risk (e.g. sibs) or by population (newborn) 
screening. Newborn screening by measuring enzyme activity in dried blood spots has 
recently been developed for a number of LSDs (including Pompe disease, Fabry disease 
and MPS II) 91-93, and the pilot studies on the efficacy of screening have been published 94,95. 
If disease modifying treatment strategies haves been developed for MPS III and tested, 
studies on potential approaches for newborn screening need to follow immediately.

BIOMARKERS
Newly developed, invasive and often costly therapies for LSDs, including MPS III, call for 
research on suitable biomarkers to monitor onset and progression of disease, as well as 
the efficacy of the therapeutic intervention. Recent studies revealed potential biomarkers 
as MIP-1 α, and HCII-T for MPS III 96,97 .  MIP-1 α is an inflammatory chemokine playing a 
role in macrophage recruitment, inducing monocytes to infiltrate the CNS.  HCII-T is also 
a biomarker, and its complex formation is mainly activated by GAGs. However, the value 
of these biomarkers in establishing efficacy of therapy in MPS III still needs to be studied.

DISCUSSION
The development of disease modifying therapy for MPS III poses enormous challenges. 
This is mainly due to the fact that the devastating clinical symptoms in MPS III result 
from progressive CNS disease and because the pathophysiological mechanisms of the 
neurodegenerative processes are still not well understood. Nevertheless, an impressive 
number of in vitro and animal studies investigating potential therapeutic approaches in 
MPS III have been performed in recent years. Only a few of these studies have already 
resulted in studies involving human patients.

The BBB effectively blocks the transfer of intravenously supplied enzymes, and several 
studies focus on pharmacological mechanisms enabling the transport of recombinant 
enzyme across the BBB. One approach to circumvent the BBB is direct injection of the 
enzyme into the CNS compartment and experiments in the mouse and dog model of MPS 
III indeed demonstrated a decrease in CNS pathology and improvement in learning in the 
mice. This will probably result in a phase I/II trial on intrathecal delivery of recombinant 
enzyme in patients with MPS IIIA. 

The option of HSCT, which is an effective treatment of the CNS diseases in the severe 
phenotype of MPS I, needs to be further explored for MPS III. Although previous studies 
suggested that transplanted hematopoietic stem cells, at least those derived from bone 
marrow, are not able to halt the progression of dementia in MPS III, the use of an alternative 
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stem cell source (hUCB) might be more efficacious. hUCB derived HSCT has indeed been 
performed in a number of MPS III patients and it will prove essential to closely monitor 
disease progression in those patients in order to be able to study its clinical efficacy.

Another approach try to halt the neurological decline in MPS III patients is by inhibiting 
the synthesis of heparan sulfate, the primary accumulating GAG in MPS III. In vitro studies 
using isoflavones such as genistein, derived from soy beans, revealed that they can inhibit 
GAG synthesis in MPS III fibroblasts and the results of a first, open label, clinical trial are 
very encouraging. A placebo controlled double blinded trial on the efficacy of genistein in 
patients with MPS III is currently conducted.

In addition to these first studies and trials in patients, a number of other treatment 
strategies including other approaches to inhibit synthesis of heparan sulfate as well as 
gene therapy will probably enter clinical studies within the next years. It may well be 
that different therapeutic strategies will prove to be effective for different types of the 
disease, e.g. because the enzyme acetyl CoA α-glucosaminide acetyltransferase, which is 
deficient in MPS IIIC, is a transmembrane protein and not an intralysosomal hydrolase. In 
addition, different treatment strategies may prove to be the most efficacious for different 
phenotypes. For example, SRT might be most effective in the more attenuated forms of 
MPS III.  In addition, combination of different therapeutic strategies, e.g. intrathecal ERT 
in combination with SRT, may prove to be an effective approach.

Finally, whatever (combination of) therapeutic strategies will prove be the most 
successful, early start of therapy, preferably before the onset of CNS disease and thus 
during the presymptomatic stage of the disease, will be essential. As this can only be 
achieved by newborn screening for MPS III, future studies should be directed to investigate 
the feasibility of screening for MPS III in dried blood spots. 
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CHAPTER THREE

ABSTRACT
Objective: Sanfilippo disease (mucopolysaccharidosis type III (MPS III)) is a rare 
neurodegenerative metabolic disease caused by a deficiency of 1 of the 4 enzymes 
involved in the degradation of heparan sulfate (HS), a glycosaminoglycan (GAG). Genistein 
has been proposed as potential therapy but its efficacy remains uncertain. We aimed to 
determine the efficacy of genistein in MPS III. 

Methods: Thirty patients were enrolled. Effects of genistein were determined in a 
randomized, crossover, placebo-controlled intervention with a genistein-rich soy 
isoflavone extract (10 mg/kg/day of genistein) followed by an open-label extension study 
for patients who were on genistein during the last part of the crossover. 

Results: Genistein resulted in a significant decrease in urinary excretion of total GAGs 
(p = 0.02, slope: -0,68 mg GAGs/mmol creatinine/month) and in plasma concentrations 
of HS (p = 0.01,  slope -15.85 ng HS/ml/month). No effects on total behavior scores or on 
hair morphology were observed. Parents or care-givers could not predict correctly during 
which period of the crossover a patient was on genistein. 

Interpretation: Genistein at 10 mg/kg/day effectively reduces urinary excretion of GAGs 
and plasma HS concentration in patients with MPS III. However, the absolute reduction in 
GAGs and in HS is small and values after 12 months of treatment remain within the range 
as observed in untreated patients. No clinical efficacy was detected.  Substantially higher 
doses of genistein might be more effective as suggested by recent studies in animal models. 
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INTRODUCTION
Sanfilippo disease or mucopolysaccharidosis type III (MPS III) is a rare autosomal recessive 
neurodegenerative lysosomal storage disorder, caused by a deficiency of 1 of the 4 
enzymes involved in the lysosomal degradation of the glycosaminoglycan (GAG) heparan 
sulfate (HS). Four subtypes are distinguished based on the deficient enzyme: MPS IIIA to 
MPS IIID. MPS III is the most common disorder within the group of mucopolysaccharidoses 
with an estimated birth prevalence between 0.28 to 4.1 per 100.000 1,2.

MPS III is clinically characterized by progressive mental deterioration after an initial 
symptom free interval, leading to severe dementia and early death 3. Behavioral disturbances 
are an early symptom and other symptoms include sleeping problems, frequent diarrhea, 
ear, nose and throat infections, and conductive hearing loss. Death often follows in the 
second or third decade of life. However, a large phenotypic spectrum with attenuated 
patients living well into adulthood has recently been recognized4-6. Treatment of patients 
with MPS III is supportive, as an effective disease-modifying treatment still lacks. 

Genistein (4’, 5, 7-trihydroxyisoflavone) is a naturally occurring isoflavone and 
effectively inhibits the synthesis of HS in cultured fibroblasts from MPS III patients 7,8. 
Genistein is an inhibitor of tyrosine-specific protein kinases 9, and the decreased synthesis 
of HS is due to its inhibition of the epidermal growth factor (EGF) receptor and other growth 
factor receptors which regulates the transcription of genes involved in HS synthesis 10,11. 
In addition, in vitro studies revealed an anti-inflammatory effect of genistein on neuronal 
cells 12,13, which is relevant in view of recent observations that neuroinflammation may be 
involved in the pathogenesis of brain pathology in MPS III 14,15.

Genistein can cross the blood-brain barrier, at least in rats 16, and genistein-rich soy isoflavone 
extracts have a favorable safety profile in animal studies 17, and in humans 18,19. They are widely 
used as nutritional supplements for various disorders 20,21, and available without prescription.

Piotrowska and coworkers studied the efficacy of genistein at a dose of 5 mg/kg/day in 
10 MPS III patients in a 1- year open-label study. A significant decrease in urinary excretion 
of GAGs with a significant improvement of cognitive functions was observed 22. In addition, 
hair morphology, which is abnormal in MPS III, improved on genistein. However, the open-
label design of this study may have influenced the results. Nevertheless, based on these 
results, and as genistein rich soy isoflavone extracts are readily available over the counter, 
genistein is currently given to many patients with MPS III worldwide.

We decided to study the potential efficacy of genistein from soy isoflavone extracts in 
a randomized placebo controlled double blind trial with cross-over design, using a higher 
dose of 10 mg/kg/day of genistein. 

PATIENTS AND METHODS
Study design
The study, was approved by the Ethical Committee of the AMC (Amsterdam, The 
Netherlands), and took place between June 2009 to January 2011.  
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Following recruitment and screening, patients were randomly assigned to receive 
either a genistein rich soy isoflavone extract or a placebo for 6 months, followed by a 
1 month washout to minimize any carry-over effect. After this washout period, patients 
crossed over to receive the alternative treatment. At baseline, and after 3, 6, 7, 10 and 
13 months patients visited the metabolic clinic of the AMC or were visited at home or 
the day-care center for studies (see Table 1 for scheduled assessments). After unblinding, 
patients who were on genistein after cross-over, were invited to participate in a 6-month 
open-label extension study. These patients used genistein for 12 consecutive months and 
were also investigated at 19 months after start of the study. 

Primary outcome measures were urinary excretion of GAGs and HS; secondary 
outcome measures were plasma HS, hair morphology, behavioral assessment and the 
ability of parents or care-givers to predict when a patient was on genistein or placebo.

Patients
Inclusion criteria were as follows: (1) enzymatically confirmed diagnosis of MPS IIIA, B, C, 
or D; (2) ability to walk several steps independently and to communicate with sounds; (3) 
obtained written informed consent from the parents or legal representative.  Exclusion 
criteria were: (1) use of genistein or any other investigational treatment for MPS III; (2) 
previous hematopoietic stem cell transplantation; and (3) any medical condition not 
related to the MPS III considered likely to influence the results by the investigators.  

Of the 75 MPS III patients known at the national MPS III expertise center at the AMC in 
Amsterdam, 38 were eligible and were recruited for the study (Fig 1). The parents or legal 
representatives of 30 patients gave written signed consent for participation in the study. 
For 8 patients participation was denied as the study was considered too invasive. Twenty-
nine patients completed the randomized controlled trial. Of the 15 patients who were on 
genistein during the second part of the controlled trial, 13 were enrolled in the open-label 
extension study. Twelve completed the extension study. 

Genistein and placebo
The genistein-rich soy isoflavone extract was obtained from Biofarm International, Ltd 
(Poznan, Poland) in the form of the product Soyfem Forte tablets. This product, produced 

Table 1. Study assessments at different time points during the study.

Procedure Baseline

Randomized trial: Months on study
Extension: 

Months on study

3 6 Washout 7 10 13 19
Physical examination X X X X X
Blood samples X X X X X X X
Urine Sample X X X X X X X
Hair morphology X X X
Behavior assessment X X X X X
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Figure 1. Flowchart of patient participation throughout the course of the study.

and tested following good manufacturing practice (GMP) standards, contains genistin (the 
glycosylated form of genistein which is converted by gut bacteria to genistein) and genistein 
(26.90 %) and several other isoflavones: 13.37% daidzein and daidzin, and 1.98% glycitein 
and glycitin. Genistin, daidzin and glycitin are the glycoside forms of the isoflavones and 
occur naturally in plants. Hydrolases convert the glycosides to the active aglycone form. 
This is the same source of genistein as used in the study by Piotrowska and collegues 22.

Each tablet contains 230mg of isoflavone extract and the dose was calculated to 
10 mg/kg/day of genistin and genistein (60mg per tablet). Doses were adjusted upward to 
whole tablets, and the daily dose was given 3 times per day (t.i.d.).
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The placebo was also manufactured by and obtained from Biofarm International and 
mainly contained microcrystalline cellulose and no isoflavones. Tablets were similar in 
size, shape and color as the Soyfem Forte tablets. Both were packaged in the same 
blisters, without identification or numbers and stored in boxes labeled product A or 
product B by an individual independent of the study. This individual held the product key 
until all patients had completed the initial controlled part of the study, and after statistical 
analysis on primary and secondary outcome measures were done using only “product A” 
and “product B” as indicators. Patients, intervention providers, outcome analyzers and 
statisticians were blinded during the course of the study.

Subject compliance was assessed by tablet count as all remaining tablets had to be 
returned after each phase of the controlled trial, and after the extension trial.

Randomization
An independent data manager rendered a randomization coding list. Patients were 
allocated in a 1:1 ratio to treatment with first genistein and then placebo or first placebo 
and then genistein. The randomization sequence was computer-generated using the online 
randomization program ALEA (Tenalea, Amsterdam, The Netherlands) with blocks of 10. No 
stratification factors were used. The list, which contained numbers linked to the patients, 
and allocated treatment assignments (A – B or B – A), was sent to the pharmacy, which 
distributed the tablets. All patients and investigators were masked to treatment assignment. 

Total GAGs and HS in urine
The primary outcome measure was the difference in total GAGs and HS excretion in the 
urine between the placebo and genistein treatment periods. Total GAGs were measured 
by the DMB test which involves binding of GAGs to the dye dimethylene blue (DMB) and 
spectrophotometric analysis of the GAG-DMB complex 23.  Reference values for ages 2-10 
years: 5 to 15mg/mmol creatinine, and ages > 10 years: 1 to 8mg/mmol creatinine.

HS was measured as the sum of the 7 HS-derived disaccharides obtained after 
enzymatic digestion of heparan sulfate by heparinase I, II and III followed by quantitation 
by HPLC-MS/MS analysis essentially as previously described 24 ,but with the following 
modifications.  Expression plasmids (pET15b or pET19b) containing the coding sequence 
of the mature heparinases were a generous gift from Dr. Ding Xu (University of California). 
Tagged Heparinase I, II and III were expressed in E.coli (BL21 AI, Invitrogen) in Terrific Broth 
medium with 8g/liter glycerol at 22 °C. The enzymes were purified on HisLink Protein 
Purification Resin (Promega, Madison, WI, USA) according the manufacturer’s protocol. 
The purified enzymes were dialyzed against a buffer containing 50mM Tris (pH=7.5), 10mM 
CaCl2, 200mM NaCl and 2mM  dithiothreitol (DTT) thereafter 10 % glycerol and 2 mg/mL 
bovine serum albumin (BSA) were added and aliquots were snap-frozen in liquid nitrogen 
and stored at -80°C. Before each experiment the activity of the heparinase I, II and III were 
tested. Heparinase I and II activity was measured at 30°C in an incubation medium (1 mL 
final volume) containing 25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
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(pH=7.0), 100 mM NaCl, 1 mM CaCl2, 2 mM DTT and 10 mIU heparinase. The reaction was 
started by addition of 0.2 mg/mL heparine (Sigma) and the introduction of the double bond 
was followed in time at 232 nm. The activity was calculated using an extinction coefficient 
of 5200 liter.mol-1.cm-1. The activity of heparinase III was measured essentially the same as 
described above using de-O-sulfated heparin (Neoparin Inc.) as substrate. 

We found that the digestion of HS by heparinases is incomplete, but reproducible, 
possibly certain domains within HSand/or the shortened products (eg. tetramers and 
hexamers) are poor substrates for heparinases. Therefore the maximum enzymatic 
digestion of a HS standard (Sigma) was determined spectrophotometrically at 232 nm 
(extinction coefficient of 5200 L.mol-1.cm-1) using excess of heparinase I, II and III. The 
relative abundance of D0A0, D0S0 and D0A6 in this HS was 65.4, 27.1 and 7.5% respectively 
as determined by HPLC-MS/MS analysis, using this relative abundance an average 
molecular weight (MW) of the disaccharides of 395.65 Da was calculated. This average 
MW was used to calculate the concentration of digestible HS. Typically 44% of this HS 
standard can be digested. 

Urinary HS was enzymatically digested in disaccharides in an mixture (150μL final 
volume) containing: 50μL urine (patients samples diluted to 0.2mmol creatinine/L, control 
samples to 1 mmol creatinine/L), 100mM NH4Ac (pH=7.0), 10mM Ca(Ac)2,  mM DTT and 
5mIU of each Heparinase I, II and III. After 2 hours of incubation at 30°C, 15μL 150mM 
ethylenediaminetetraacetic acid (EDTA) (pH7.0) and 125ng internal standard (IS) (D0a6) 
the reaction mixture was applied to an Amicon Ultra 30K centrifugal filter (Millipore) and 
centrifuged 14,000g for 15 min at 25°C. The filtrate was stored at -20°C until analysis. 

The disaccharides were quantified on a Waters Quattro Premier XE (tandem) mass 
spectrometer (Waters Corporation, Milford, MA) coupled to an Acquity UPLC system 
(HPLC-MS/MS). The disaccharides were separated on a Thermo Hypercarb HPLC column 
(100*2.1mm, 5μm). The mobile phase consisted of 10 mM NH4HCO3 pH 10 and the 
disaccharides were eluted with a acetonitril gradient of 0% to 20% in 2.5 minutes, hold at 
20% for the next 2.5 min and 2 minutes equilibration with 0% before the next injection; 
the flow rate was 0.2mL/min, and the total run time of 7.1 minutes. All disaccharides were 
detected and quantified by multiple reaction monitoring (MRM) acquisition mode, using 
the transitions m/z 378.10>175.10 for D0A0, 416.10>137.80 for D0S0, 458.10>96.90 for 
for D0A6, D2A0 and the IS D0a6, 496.00>416.00 for D0S6, D2S0 and D2S6. 

All samples were digested and analyzed in triplicate. Furthermore in each experiment 
a control sample was spiked with HS(2μg/mL) to calculate the recovery of the enzymatic 
digestion (typically 43+/-2%), this is in agreement with the maximal enzymatic digestion 
as determined spectrophotometrically (44%). The concentration of D0A0, D0S0, D0A6, 
D0S6, D2A0, D2S0 and D2S6 were calculated using disaccharides standards with D0a6 as 
internal standard. Total HS concentration was calculated as the sum of D0A0, D0S0, D0A6, 
D0S6, D2A0, D2S0 and D2S6. Mean ± standard deviation (SD) urinary HS concentration 
in age-matched control subjects (4-52 years) is 373±238 µg/mmol creatinine (range 
162-1137 µg/mmol creatinine, n=18)
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Plasma HS
Plasma HS (secondary outcome measure) was analyzed on HPLC-MS/MS. To this end 
5 μL EDTA plasma was enzymatically digested essentially described above, thereafter 
the reaction was stopped and proteins denatured by boiling for 5 minutes. The reaction 
mixture was centrifuged 20,000g for 5 minutes and the supernatant was subsequently 
filtered prior to analysis. 

All samples were digested and analyzed in triplicate. Mean (±SD) HS concentration in 
plasma in age-matched control subjects (4-52 years) is 125±53 ng/mL (range 61-242 ng/mL, 
n=13).

Hair morphology
For hair morphology analysis, at least 5 hair strands were pulled from the scalp at baseline 
and at 6 and 13 months. Three hair strands, each including a hair follicle, were used for 
analysis by scanning electron microscopy, using a previously described protocol.22 All hair 
samples were studied by 1 of the authors (M.N.), who was blinded at the time of analysis 
and reporting. Evaluation of hair morphology was based on a previously published 
semiquantitative scale ranging from 0 (normal) to 5 (most abnormal) 25. Each hair was 
scored a minimum of 2 times, and when the scores differed more than 2 points, the hair 
was scored again.

Behavior
Behavior was assessed using the Questionnaire on Development and Behavior (VOG). This 
questionnaire is the Dutch version of the Australian Developmental behavior Checklist 
(DBC) and validated for children with intellectual disabilities 26. The VOG is a 96-item 
multiple-choice questionnaire that describes emotional and behavioral disturbance in 
young people with intellectual disability. Each behavioral description is scored on a 0, 1, 2 
rating where 0=not true as far as you know; 1 = somewhat or sometimes true and 2= very 
true or often true. The VOG has 5 subscales derived from factor analysis which include 
disruptive and antisocial behaviors, self-absorbed, communication disturbance, anxiety, 
and social relating disturbance as well as a total behavior problem score (TBPS).  Score 
differences for the TBPS and the 5 subscales were calculated for treatment with placebo 
and genistein by subtracting the scores at 13 and 6 months from baseline scores.

Assessment of efficacy by parents or care-givers
Parents or care-givers were asked before unblinding to predict in which of the 2 study 
periods, separated by the 1-month washout, the patient was on genistein or on placebo. 

Statistical analysis
For the primary endpoint and 1 of the secondary endpoints, we fitted linear mixed effects 
models with as repeatedly measured dependent variable either HS in plasma or in urine, 
or GAG excretion in urine, respectively. These 3 models were similar in form, and included 
as independent variables linear main effects of time since the start of the treatment within 
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each block (as a continuous variable), a categorical variable indicating either baseline 
(month 0 and 7) or drug (genistein or placebo), and an indicator for possible carry-over 
effects from genistein to placebo or vice versa. We also included the interaction of 
treatment arm with time since the start of treatment. The models also included the baseline 
measurement of either HS in plasma or in urine, or GAG excretion in urine, respectively, as 
well as a random intercept per patient. MPS III type (A, B or C) was also included as fixed 
effect. From these models we estimated for each outcome measure: (1) the slope for the 
linear trend over time when taking the placebo, (2) the slope for the linear trend over time 
when taking genistein and (3) the difference in slope between the placebo and genistein. 
The difference in slope was used as primary outcome measure. From (1) and (2), we also 
calculated the expected mean change in outcome when using the placebo or genistein 
for 6 and 12 months. Similarly, we calculated the difference in expected mean change in 
outcome between the placebo and genistein, after 6 and 12 months of use.

For the hair analysis and the behavioral analysis we used the difference (delta) in 
scores before and after treatment with placebo and genistein by comparing the scores at 
13 months and 6 months with the baseline scores. The paired t test was used to analyze 
the behavioral scores, and because of skewness, the Wilcoxon-signed rank test was used 
to analyze the hair scores. The prediction by parents or caretakers in which period the 
patient used genistein was analyzed with a nonparametric binomial test.

Analyses were performed using the SPSS software for Windows, version 15 (SPSS, 
Chicago, IL), as well as the R software, version 2.11.0. We considered a p value of <0.05 as 
statistically significant.

RESULTS
Characteristics of the patients included in the study are presented in Table 2. 

Table 2. Clinical characteristics.

Group 1
(Genistein-Placebo)

Group 2
(Placebo-Genistein) p-value

Number of patients 15 15 NS
Age; median (years) and (range) 13 (3 – 47) 11 (5-67) NS
Males / Females 10 / 5 10 / 5 NS
Mean concentration GAGs in urine in mg/
mmol creatinine (SD)

38.36 (17.52) 30.73 (19.69) NS

Mean concentration HS in urine in mg/mmol 
creatinine (SD)

13.30 (5.59) 12.70 (7.60) NS

Mean concentration HS in plasma in ng/ml (SD) 1239.82 (381.18) 1111.60 (442.69) NS
MPS III A 9 4 NS
MPS III B 1 8 0.03
MPS III C 5 3 NS

NS = not significant; GAG= glycosaminoglycan; HS=heparan sulfate; MPS= mucopolysaccharidosis. 
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Total GAGs and HS in urine
Figure 2A and B present the urinary GAG data during the study in Group 1 and Group 2 
(see Table 2), showing interpatient and intrapatient variability.  

Urinary GAG excretion significantly decreased on treatment with genistein (slope 
-0,68 mg/mmol creatinine/month of use, p = 0.02, Fig 2C. When patients were treated 
with genistein for 6 or 12 months, GAGs are expected to change by -4.10 (95% CI -7.36, 
-0.84,) and -8.20 mg/mmol creatinine (95% CI -14.72, -1.68), respectively (Fig 2C). No 
significant decline in the slope of urinary GAG excretion was detected (p = 0.90) and no 
significant difference in slope was detected for the use of genistein vs. placebo (Table 3). 
A clearly negative but not significant slope was detected for HS in urine on genistein 
treatment (-0.16 mg/mmol creatinine/month of use, p = 0.07) (Table 4). 

HS in plasma
Figure 2D and E present plasma HS levels during the study in Group 1 and Group 2 (see 
Table 2), again showing significant interpatient and intra patient variability. Table 5 
presents the estimated decline in HS per month for genistein and placebo, as calculated 
from the linear mixed effects model. A statistically significant negative slope of 
-15.85 ng/ml HS/month of use was detected for genistein treatment (p = 0.01). Therefore, 
when projected to 6 or 12 months of use, the expected decline in HS is -95.03 (95% CI 
-169.35, -20.72) and -190.06 ng/ml (95% CI -338.69, -41.44), respectively. For the placebo, 
no significant slope was detected (see Figure 2F). The difference in slope for the decline in 
HS for genistein and placebo was not statistically significant (see Table 5).

Table 3. Longitudinal analysis of total GAGS in urine.

Effect on GAGS in urine Estimate Significance
95% confidence 

interval

Placebo
Slope for expected change GAGS  
(mg/mmol creat /month of use)

-0.07 0.90 -1,22,  1.07

Genistein
Slope for expected change GAGS  
(mg/mmol creat /month of use)

-0.68 0.02 -1.23,  -0.14

Difference genistein - placebo
Difference in slope of GAGS  
(mg/mmol creat/month of use)

-0.61 0.34 -1.88,  0.65

Difference in expected change of GAGS  
during 6 months of use (mg/mmol creat)

-3.66 -11.25,  3.92

Difference in expected change of GAGs  
during 12 months of use (mg/mmol creat)

-7.33 -22.50,  7.85

GAG=glycosaminoglycan; value in bold is: p-value <0.05.
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Table 4. Longitudinal analysis of heparan sulfate in urine.

Effect on heparan sulfate in urine Estimate Significance
95% confidence 

interval

Placebo
Slope for expected change in HS 
(mg/mmol creat /month of use)

-0.05 0.78 -0.40, 0.30

Expected change of HS  
during 6 months of use (mg/mmol creat)

-0.30 -2.39, 1.80

Expected change of HS  
during 12 months of use (mg/mmol creat)

-0.59 -4.78, 3.59

Genistein
Slope for expected change in HS  
(mg/mmol creat /month of use)

-0,16 0.07 -0.32, 0.01

Expected change of HS  
during 6 months of use (mg/mmol creat)

-0.93 -1.93, 0.07

Expected change of HS  
during 12 months of use (mg/mmol creat)

-1.86 -3.85, 0.14

Difference genistein - placebo 
Difference in slope of HS  
(mg/mmol creat/month of use)

-0.11 0.59 -0.49, 0.28

Difference in expected change of HS  
during 6 months of use (mg/mmol creat)

-0.63 -2.96, 1.69

Difference in expected change of HS  
during 12 months of use (mg/mmol creat)1

-1.26 -5.90, 3.37

HS= heparan sulfate.

Table 5. Longitudinal analysis of heparan sulfate in plasma.

Effect on HS in plasma Estimate Significance
95% confidence 

interval

Placebo
Slope for expected change of HS  
(ng/ml/month of use)

7.46 0.58 -19.22, 34.15

Genistein
Slope for expected change of HS  
(ng/ml/month of use)

-15.84 0.01 -28.22, -3.45

Difference genistein - placebo
Difference in slope of HS (ng/ml/month of 
use)

-23.30 0.12 -52.72,  6.12

Difference in expected of HS change  
during 6 months of use (ng/ml)

-139.81 -316.32, 36.70

Difference in expected change of HS  
during 12 months of use (ng/ml)

-279.62 -632.64, 73.39

HS= heparan sulfate; value in bold is: p-value <0.05.
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Hair morphology
Hair analysis was performed in 29 patients in the genistein period (median morphology 
score 0.67, first quartile (Q1) = 0.25, third quartile (Q3) = 1.17) and the placebo period 
(median score = 0.58, Q1 = 0.13, Q3 = 1.04). Treatment scores were compared with baseline 
(median morphology score = 0.90, Q1 = 0.67, Q3 = 1.45). No significant difference was 
found when we compared the change in hair morphology scores with the use of placebo 
(median = -0.5) and genistein (median = -0.33; z =-0.198, p = 0.42, one-tailed), r = -0.04.

Behavior
For one patient the questionnaire was not filled in completely, and this questionnaire was 
not included in the analysis. The total score of behavioral problems was not significantly 
different between placebo (mean = -5.9, standard error (SE) = 16.2) and genistein periods 
(mean = -2.2, SE = 12.0, p = 0.25, one-tailed). The scores on the five subscales were also 
not significantly different between genistein and placebo. Only after 6 months extension 
study, when genistein was used for 12 months, a significant decrease in anxiety scores 
(t(11) = 1.93, r = 0.5) was observed (Table 6).

Prediction of genistein or placebo by parents or caregivers
Twenty-seven parents or caregivers predicted whether their child was using genistein or 
placebo during the 2 study periods. Thirteen parents or caregivers of the 27 predicted 
correctly period in which the patient was using genistein. Statistical analysis with a 
nonparametric binomial test showed no significance (p = 1.0).  

DISCUSSION
This is the first double-blind, randomized, placebo-controlled crossover trial designed 
to investigate the effects of genistein in patients with MPS III and our study reveals a 

Table 6. Mean scores of behavior changes compared to baseline scores, scored with the VOG 
questionnaires.

Total score and subscales

Mean changes of behavior scores
Cross-over study

Mean changes of 
behavior scores
Extension study

Placebo  (SEM)
(use 6 months)

Genistein (SEM)
(use 6 months) p-value

Genistein (SEM)
(use 12 months) p-value

TPBS -5.76 (2.96) -2.18 (2.26) 0.25 -7.58 (6.11) 0.12
self-absorbed -2.80 (1.04) -1.82 (0.90) 0.13 -3.00 (1.89) 0.07
disruptive and antisocial -0.77(1.52) -0.14(1.13) 0.49 -1.17 (2.79) 0.34
communication 
disturbance

-1.03 (0.62) -1.25 (0.56) 0.20 -1.42 ( 1.21) 0.13

anxiety -0.14  (0.43) -0.04 (0.45) 0.28 -1.43 (0.73) 0.04
social relating disturbance 0.13 (0.50) 0.86 (0.55) 0.25 0.92 (0.54) 0.06

SEM = standard error of mean; TPBS - total behavior problem score; VOG= Questionnaire on 
Development and Behavior; value in bold is p-value <0.05. 
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Figure 2. A & B: concentration of GAGs in urine in individual patients during the study. (A: Group 
1; B: Group 2). Vertical dashed lines denote the wash-out period. Horizontal dashed lines mark the 
reference range. C: Mean change in GAGs concentration during placebo and genistein treatment 
with 95% confidence interval (* p < 0.05). D & E: HS concentration in plasma in individual patients 
during the study (D: Group 1; E: Group 2). Vertical dashed lines mark the wash-out period; horizontal 
dashed lines mark the reference range. F: Mean change in HS in plasma during placebo and genistein 
treatment with 95% confidence interval (* p < 0.05).
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small but significant reduction in urinary excretion of GAGs and plasma HS concentration. 
However no significant effects on clinical signs and symptoms were detected. 

The open-label design of the study of Piotrowska and collegues 22 on efficacy of genistein 
in MPS III precluded firm conclusions; however, it brought hope to the families of patients and 
many patients were put on genistein which is readily available as an over the counter food 
supplement. We now demonstrate that genistein indeed has the ability to reduce the levels of 
biochemical markers of the disease in plasma and urine in MPS III patients. 

A large interindividual variability in urinary GAG excretion and in plasma HS concentration 
was found (Table 1), while the observed changes over time are relatively small. This means 
that the statistical test comparing the difference in slope between genistein treatment and 
placebo has low power to detect a difference, resulting in no significant differences in slopes 
for the decline in GAGs and plasma HS between genistein and placebo (Tables 3 and 5). In 
contrast, when testing whether the slopes for the decline in urinary GAGS and plasma HS 
per month of use differs from zero, which is a within-patient effect, the statistical test has 
relatively more power, demonstrated by the significant decline in urinary GAGS and plasma 
HS on genistein and not on placebo (p = 0.02 and 0.01 respectively, Tables 3 and 5).

Despite this biochemical response, and in contrast to the results of the study 
by Piotrowska and collegues 22, our study failed to demonstrate clinical efficacy as no 
significant changes in behavioral assessment were observed, at least in the placebo 
controlled part of the study.  This lack of clinical efficacy is also reflected by the fact that 
parents or care-givers were not able to predict correctly in which of the 2 periods of 
the cross-over trial patients used genistein or placebo. The extension phase of the study 
revealed a significant improvement on the anxiety scale compared to baseline. However, 
as this was only detected in this open-label part of the study, a placebo effect cannot 
be ruled out. An effect of continuous treatment with genistein, only observed after 12 
months, is an alternative hypothesis. 

 Another, very recently published and again open-label study on the efficacy of 
5 mg/kg/day of genistein in 19 children with MPS III, also failed to demonstrate clinical 
efficacy, measured by a specially designed MPS III disability scale 27.  In addition, no decrease 
in GAGs in urine was detected. The fact that our study shows that genistein significantly 
decreases both urinary excretion of GAGs as well as plasma HS levels can be due to the higher 
dose of genistein used by us and to the more robust design of our study including more 
patients and data points, allowing a more accurate and sensitive mixed models statistical 
analysis. However, the mean decline in biochemical markers as result of genistein treatment 
observed by us is small relative to the mean values in the untreated patients, and values 
after 12 months of treatment are still within the range as observed in untreated patients. 

Finally, our study did not show improvement in hair morphology on 10 mg/kg/day 
genistein in contrast to both studies using 5 mg/kg/day 22,27. This can be due to the double 
blinded design of our study but also to the fact that we studied hair morphology only 
after 6 months of genistein in contrast to 12 months in both open-label studies. A slow 
response of hair morphology to genistein can therefore not be excluded.
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Our study has several limitations. First, the primary endpoints are biochemical.  
Although urinary levels of GAGs have been used as endpoint in phase III studies on 
intravenous enzyme replacement therapy in MPS I, MPS II and MPS VI 28-30, it has not 
been established if urinary GAGs correlate with clinical severity and disease progression 
in MPS III. HS concentration in CSF might be a better biomarker. In addition, as the 
pathophysiology of brain disease in MPS III is complex and involves both loss of neurons 
and neuroinflammation, other CSF markers of brain disease, e.g. microtubule-stabilizing 
protein tau for axonal degeneration and CSF-specific oligoclonal IgG or IgM bands 
for neuronal inflammation 31, might be better markers in therapeutic trials in MPS III. 
However, repeatedly obtaining CSF can only be done under general anesthesia in patients 
with MPS III, and this was considered not feasible in our study. Establishing clinical efficacy 
of a potential disease modifying treatment in MPS III is difficult, because it is a very rare 
disorder characterized by variable rates of cognitive decline. In addition, many patients will 
already have significant and probably irreversible brain disease at the time of inclusion in 
a trial, which was also the case in our study. Only large scale multicenter studies will allow 
recruitment of sufficient numbers of patients with still relatively preserved cognition, 
making the use of the rate of cognitive decline as primary efficacy outcome feasible. 

Second, we decided to study potential side effects of genistein only by clinical reporting 
and assessment based on the favorable safety profile in animal studies and in humans. No 
potentially drug related adverse events were observed in our study. However, when using 
substantially higher doses of genistein more stringent safety assessments will be needed 
as genistein, a phytoestrogen, may bind to estrogen receptors, thus interfering with the 
normal biological effects of estrogens.

Third, the length of treatment in our study might be too short to detect a slowing 
down of disease progression and the dose of genistein used might be too low to 
achieve sufficient concentrations in the CNS for inhibition of HS synthesis. Indeed, the 
decline of HS in plasma and GAGs in urine continued over time, suggesting that longer 
treatment with genistein might be more effective.  We chose to use genistein at a dose 
of 10 mg/kg/day. This was based on the previous open-label study suggesting efficacy 
at a dose of 5 mg/kg/day and the fact that doses higher than 10 mg/kg/day using 
genistein rich soy isoflavone extracts are probably not feasible. In our study, patients 
weighing 30 kg had to take 5 relatively large tablets per day. In patients with MPS III with 
cognitive impairment and often severe behavioral disturbances, administering higher 
number of tablets will be challenging.  Nevertheless, recent studies in the MPS IIIB 
mouse revealed increasing efficacy of genistein over time as well as an important dose 
response relationship.  In an initial study in MPS IIIB mice, using genistein aglycone, the 
active hydrolyzed form of genistein and less susceptible to degradation by gut bacteria, 
at doses of 0, 5, 15, 50, 160 mg/kg/day for a period of 8 weeks decrease in size of the 
lysosomal compartment in liver was observed in all doses with a significant dose response 
relationship in total liver GAGs content and hair morphology 32. However, no changes in 
brain pathology were observed.   A more recent study, using genistein aglycone at the 
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highest dose of 160 mg/kg/day (i.e. a dose 16 times higher than that used in our trial) 
for a period of 9 months, resulted in a significant reduction of biochemical abnormalities 
in the cerebral cortex and hippocampus of the MPS IIIB mice and decreased neuronal 
inflammation 33. In addition, a significant improvement of behavioral abnormalities was 
observed, demonstrating clinical efficacy of genistein in this mouse model. 

In conclusion, by using a robust study design we were able to demonstrate a 
significant, but small, decrease in urinary excretion of GAGs and plasma HS concentration 
in MPS III patients in response to 10 mg/kg/day of genistein from a soy isoflavone extract. 
Our study, however, failed to detect a clinical response during the placebo controlled 
phase of the study which is probably due to the dose used, which may have been too 
low to achieve efficacy. We therefore conclude that the currently available and widely 
used genistein supplements are probably unable to significantly change the course of the 
disease, although clinical efficacy during longer-term exposure cannot be fully excluded. 
Our results support the initiation of clinical trials using higher doses of genistein, probably 
in the form of highly purified or synthetic genistein aglycone, with long term follow up, in 
order to establish its potential clinical efficacy in patients with Sanfilippo disease.
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CHAPTER FOUR

ABSTRACT
Introduction: Mucopolysaccharidoses (MPSs) are a group of lysosomal storage disorders 
(LSDs) caused by a defect in the degradation of glycosaminoglycans (GAGs). The 
accumulation of GAGs in MPS patients results in extensive, severe and progressive disease. 
Disease modifying therapy is available for three of the MPSs and is being developed 
for the other types. Early initiation of treatment, before the onset of irreversible tissue 
damage, clearly provides a favorable disease outcome. However, early diagnosis is difficult 
due to the rarity of these disorders in combination with the wide variety of clinical 
symptoms. Newborn screening (NBS) is probably the optimal approach, and several 
screening techniques for different MPSs have been studied. Here we describe a relatively 
simple and sensitive method to measure levels of dermatan and heparan sulfate derived 
disaccharides in dried blood spots (DBS) with HPLC-MS/MS, and show that this reliably 
separates MPS I , II and MPS III newborns from controls and heterozygotes.  

Methods: Newborn DBS of 11 MPS I, 1 MPS II, and 6 MPS III patients, with phenotypes 
ranging from severe to relatively attenuated, were collected and levels of dermatan and 
heparan sulfate derived disaccharides in these DBS were compared with levels in DBS of 
newborn MPS I and MPS III heterozygotes and controls.

Results: The levels of dermatan and heparan sulfate derived disaccharides were clearly 
elevated in all newborn DBS of MPS I, II and III patients when compared to controls. In 
contrast, DBS of MPS I and III heterozygotes showed similar disaccharide levels when 
compared to control DBS. 

Conclusions: Our study demonstrates that measurement of heparan and dermatan 
sulfate derived disaccharides in DBS may be suitable for NBS for MPS I, II and MPS III. We 
hypothesize that this same approach will also detect MPS VI, and VII patients, as heparan 
sulfate and/or dermatan sulfate is also the primary storage products in these disorders.
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INTRODUCTION
Diagnosis and treatment in MPS I and III
Mucopolysaccharidoses (MPSs) are a group of rare, invariably progressive and ultimately 
fatal lysosomal storage diseases (LSDs), caused by a deficiency of one of the enzymes 
involved in the degradation of glycosaminoglycans (GAGs). As a result, GAGs accumulate 
in lysosomes, the extracellular matrix and body fluids. Depending on the specific storage 
products and the extent of the enzyme deficiency, MPS patients may present with a 
wide variety of signs and symptoms. This includes musculoskeletal, airway and cardiac 
manifestations of disease predominantly in MPS I, II, IV, VI and VII. In addition, central 
nervous system disease is observed in the severe, neuronopathic, phenotypes of MPS, 
including MPS I, II and VII, while central nervous system disease is predominant in MPS III 1. 
During the last decades, several disease modifying treatment options for MPSs have been 
developed. These include hematopoietic stem cell transplantation (HSCT) for the severe 
form of MPS I (Hurler phenotype) and intravenous enzyme replacement therapy (ERT) 
for MPS I, II and VI 2-5. Intravenous ERT is currently being studied for MPS IV and VII, 
and trials with intrathecal enzyme delivery have been initiated for MPS I (clinical trials.
gov, identifiers NCT00638547, NCT00638547 and  NCT00852358), MPS III (subtype A) 
(clinical trials.gov, identifier NCT01155778) and for the neuronopathic phenotype of MPS 
II (clinical trials.gov, identifier NCT00920647). Other therapeutic options, including small-
molecule therapy and gene therapy, are under investigation for several MPSs 6.

Early initiation of treatment, before the onset of irreversible tissue damage, appears 
to be critical in obtaining optimal outcomes. HSCT for MPS I should preferably be 
performed before the age of 2.5 years 7 as long-term disease outcome is correlated with 
the age of transplantation 8. Several studies have demonstrated that early start of ERT 
may significantly improve its efficacy 9-12. Early diagnosis, however, is difficult due to the 
rarity of these disorders, as well as to the wide variety of clinical symptoms 13. MPS III is 
the only MPS with relatively minor somatic disease, and is characterized by a delay in 
speech development and behavioral problems, followed by progressive cognitive decline 
and later by loss of motor skills. There are four subtypes of MPS III (types A to D), each 
distinguished by a specific enzyme deficiency but with identical symptoms. A diagnostic 
delay is also common in MPS III 14,15. 

Newborn screening methods in LSDs
Newborn screening (NBS) is the key to early identification of MPS patients, thus allowing 
timely initiation of treatment. Several NBS methods for MPSs have been studied. Chamoles 
et al. (2001)16 demonstrated the feasibility of the analysis of activity of the enzyme alpha-
L-iduronidase, deficient in MPS I, in dried blood spots (DBS) using a fluorometric substrate. 
Fluorometric enzymatic assays in DBS have been described also for MPS II, IIIA, IIIB, IVA, VI 
and VII 16-20. The disadvantage of these fluorometric assays is that each enzyme needs to 
be tested separately, because of the use of similar analytes as indicators of activity. Meikle 
et al. 17 and Fuller et al. 21 developed a multiplexed immune-quantification assay for a total 
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of 14 LSDs. The possibility, however, that some patients may have normal protein levels 
but an inactive form of the enzyme has been recognized as a potential drawback of this 
approach 22. Another method to detect activity of multiple lysosomal enzymes in a one-tier 
analysis is by quantification of the specific product of each enzyme by electrospray ionization 
(ESI)-MS/MS 23-25. Following this approach, a screening method to detect four different LSDs 
(Gaucher, Pompe, Krabbe and Fabry disease) in one assay has been described recently 26.

Heparan sulfate and dermatan sulfate derived disaccharides as NBS method 
for MPSs
All MPSs are characterized by intra- and extracellular accumulation and subsequent 
urinary excretion of derivatives of specific GAGs that cannot be degraded. Analysis of 
levels of undegraded GAGs in urine is generally used for first line diagnostics. In MPS I 
and II, heparan and dermatan sulfate derived polysaccharides are excreted in the urine, 
while MPS III and MPS VI are characterized by excretion of only heparan sulfate and 
only dermatan sulfate derived polysaccharides, respectively. In MPS IV, keratan sulfate 
accumulates and is excreted in the urine, and in patients with MPS VII a combination 
of dermatan, heparan and chondroitin sulfate can be detected in the urine. Tomatsu 
et al. 27,28 demonstrated that for MPS I, II, III, and VI the characteristic accumulation of 
GAGs is represented by increased levels of heparan sulfate and dermatan sulfate derived 
disaccharides in plasma, measured by LC-MS/MS, and they suggested that this technique 
might be used for NBS for MPS I 27.

In this study, we describe a simple, rapid, sensitive and specific method, using LC-MS/
MS, to analyze levels of heparan sulfate and dermatan sulfate derived disaccharides in 
newborn DBS. We used this assay to analyze newborn DBS of controls, MPS I, MPS II and 
MPS III patients and MPS I and MPS III carriers, and show that MPS I, MPS II and MPS III 
newborns can be easily distinguished from controls and carriers.

METHODS
Newborn blood spots
Newborn DBS from control subjects were acquired from the Dutch National Institute for 
Public Health and the Environment. Newborn DBS from MPS I, MPS II and MPS III patients, 
whose diagnoses were made at a later age based on clinical diagnoses and confirmed by 
enzymatic analysis in leukocytes and/or mutation analysis, were retrieved from storage 
from the Dutch National Institute for Public Health and the Environment (seven MPS I 
patients, Hurler phenotype, one MPS II patient with the neuronopathic phenotype, and 
all six MPS III patients) and the Danish Newborn Screening Biobank (two MPS I patients; 
one Hurler-Scheie and one Scheie phenotype). In addition, duplicate screening cards from 
two MPS I patients (Hurler phenotype), made for research purposes only, were obtained 
from two sites in the USA. Newborn DBS of two MPS III carriers and one MPS I carrier, all 
identified by mutation analysis through sibling studies, were retrieved from the Dutch 
National Institute for Public Health and the Environment.  
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All newborn DBS were made between days 3 and 7 after birth. The two US duplicate 
screening cards were obtained from the patients at the age of 1 and 4 weeks, respectively. 
The blood spots had been stored for a maximum of 11 years. Patient characteristics and 
storage conditions are reported in Tables 1 and 2. All DBS were pseudonymized before 
analysis and during all subsequent data processing.

Informed consent
All parents of MPS II and MPS III patients and parents of all carriers gave their informed 
consent to use the DBS for this research project. Parents of MPS I patients 1 -9 (Table 1) 
gave informed consent for the use of DBS for this research project. Parents of MPS I 
patients 10 and 11 (Table 1) did not give dissent for the pseudonymized use of the DBS 
spots for research purposes at the time of the NBS. 

Ethical approval
This study was approved by the Medical Ethical Committee of the AMC in Amsterdam.

Chemicals
The pET19b plasmid was obtained from Novagen-EMD4Biosciences, USA, and Pedobacter 
heparinus from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, 
Braunschweig, Germany). Heparin, heparan sulfate and dermatan sulfate were purchased 
from Sigma, de-O-sulfated heparin from Neoparin Inc., the heparan sulfate and dermatan 
sulfate disaccharide standards and internal standard from Iduron and the Amicon Ultra 
30K centrifugal filter from Millipore. All other reagents were of analytical grade.

Spiked control blood spots
Control blood from an anonymous healthy donor was obtained from the Dutch blood 
bank, Sanquin. Two mililiters of control blood was spiked with 20 µl of heparan sulfate 
and dermatan sulfate each to obtain a final concentration of 2 μg/mL. Unspiked control 
blood was diluted to the same volume as the spiked blood with distilled water. Both blood 
samples were spotted on Guthrie cards, dried overnight and stored at 4°C until analysis.

Expression of chondroitinase B, heparinase I, II and II
Chondroitinase B from Pedobacter heparinus is the only GAG lyase known which 
specifically digests dermatan sulfate and has no activity towards chondroitin sulfate. We 
cloned chondroitinase B from Pedobacter heparinus into pET19b. Expression plasmids 
(pET15b or pET19b) containing the coding sequence of the mature heparinases were a 
generous gift from Dr. Ding Xu (University of California, CA, USA).

All enzymes were expressed as His-tagged fusion proteins in E.coli (BL21 AI, Invitrogen) 
in Terrific Broth medium with 8 g/L glycerol at 22 °C. The enzymes were purified on HisLink 
Protein Purification Resin (Promega) according to the manufacturer’s protocol.

The purified enzymes were dialyzed against a buffer containing 50 mM Tris (pH=7.5), 
10 mM CaCl2, 200 mM NaCl and 2 mM Dithiothreitol (DTT). Thereafter, 126 g/L glycerol and 
2 mg/mL BSA was added and aliquots were snap-frozen in liquid nitrogen and stored at -80°C.
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Table 1. MPS I and II patient characteristics and results.

Age  
of DBS 
(years) Phenotype†

Storage  
condition 

of DBS Allele 1 Allele 2
D0A0  

(ng/punch)*
 D0a4  

(ng/punch)*

MPS I Patients
Patient 1 0.3 H rt p.Q70X p.Q70X 4.95 8.69
Patient 2 5.2 H 4°C-rt p.L218P p.L218P 3.21 3.03
Patient 3 5.2 H 4°C-rt p.L218P p.L218P 2.56 2.73
Patient 4 5.3 H 4°C-rt p.Q70X p.L218P 4.71 7.15
Patient 5 4.1 H 4°C-rt p.Q70X p.L218P 4.80 5.00
Patient 6 4.2 H 4°C-rt p.W402X p.Q70X 3.25 7.45
Patient 7 5.9 H 4°C-rt p.W402X p.W402X 3.10 4.23
Patient 8 2.8 H 4°C-rt p.A367E p.1650del117 4.07 6.21
Patient 9 0.1 H rt p.W402X p.W402X 2.00 1.90
Patient 10 11.3 H/S -20°C p.L490P p.L490P 2.90 4.15
Patient 11 10.3 S -20°C p.S633L n.d. 1.92 5.38

MPS II Patient
Patient 1 4.9 neuronopathic 4°C-rt n.a. n.a. 2.9 0.9

4°C-rt: 1 year at 4 °C, thereafter at room temperature. rt: room temperature.  
*: values are in nanogram per 1/8 in. diameter punch from DBS. †: Phenotypes based on clinical 
evaluation, family history and mutation analysis.  n.d.: not detected, n.a.: not available.

Table 2. MPS III patient characteristics and results.

Age  
of DBS 
(years) Phenotype† subtype

Storage  
condition 

of DBS Allele 1 Allele 2

D0A0  
(ng/

punch)*

D0a4  
(ng/

punch)*

Patient 1 5.8 Severe A 4°C-rt p.R245H p.Q380R 2.74 0.18
Patient 2 5.5 Attenuated A 4°C-rt p.S298P p.S298P 3.27 0.14
Patient 3 5.8 Severe A 4°C-rt p.R245H p.V126FS 4.42 0.18
Patient 4 6.6 Intermediate C 4°C-rt p.D40VfsX19 p.D40VfsX19 3.78 0.21
Patient 5 5.9 Attenuated B 4°C-rt p.R297X p.S612G 3.83 0.14
Patient 6 3.3 Severe A 4°C-rt p.G191R p.R245H 4.32 0.00

4°C-rt: 1 year at 4 °C, thereafter at room temperature. 
*: values are in nanogram per 1/8 in. diameter punch from DBS. †: Phenotypes based on mutation 
analysis and/or clinical evaluation 14,15,35-37.

Before each experiment, the activity of the enzymes was tested. Heparinase I 
and II activity was measured at 30°C in an incubation medium (1 mL final volume) 
containing 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH=7.0), 
100 mM NaCl, 1 mM CaCl2, 2 mM DTT and 3-4 mIU enzyme. The reaction was started by 
addition of 0.2 mg/mL heparin and the increase in absorbance due to the introduction of 
double bonds was followed in time at a wavelength of 232 nm. The activity was calculated 
using the Beer-Lambert law with an extinction coefficient of 5200 L.mol-1.cm-1.
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The activities of heparinase III and chondroitinase B were measured essentially as described 
above, using de-O-sulfated heparan sulfate or dermatan sulfate as substrate, respectively.

Measurement of heparan sulfate and dermatan sulfate in blood spots
Heparan sulfate and dermatan sulfate were determined according to the methods initially 
reported by Oguma and co-workers 29 with minor modifications.

The relative abundance of D0A0, D0S0, D0A6+D2A0 and D0S6+D2S0 (nomenclature 
according to Lawrence et al.30) in the heparan sulfate (Sigma-Aldrich) used to spike control 
samples was 39.5, 26.3, 11.1 and 23.1%, respectively, as determined by HPLC-MS/MS 
analysis (as described below). Using the relative abundance and the specific molecular 
weight of each disaccharide in this batch of heparan sulfate, an average MW of 425.48 Da 
for a disaccharide in this heparan sulfate was calculated.The relative abundance of D0a4 
and D0a10 30 in the dermatan sulfate (Sigma-Aldrich) used to spike control samples was 
94 and 6%, respectively, as determined by UPLC-MS/MS analysis. The average MW of the 
disaccharides in this batch of dermatan sulfate was calculated to be 464.18 Da.

These average MWs were used to calculate the exact concentration of digestible 
heparan sulfate and dermatan sulfate. The maximum enzymatic digestion of heparan 
sulfate and dermatan sulfate (as used to spike a control sample and to calculate the 
recovery) was determined by monitoring the complete digestion at 232 nm (extinction 
coefficient of 5200 L.mol-1.cm-1) using an excess of heparinase I, II and III or chondroitinase 
B, respectively. We found that the digestion of these glucosaminoglycans is incomplete, 
but reproducible; typically 44% of the heparan sulfate and dermatan sulfate standards can 
be digested. Possibly certain domains within heparan sulfate and dermatan sulfate and/or 
the shortened products (eg. tetra- and hexamers) are poor substrates for the heparinases 
and chondroitinase B, respectively.

Dried blood spot punches (1/8 in. diameter) were incubated in 135 µl of 111 mM NH4Ac 
and 11 mM Ca(Ac)2 (pH=7.0) for 10 min at room temperature and subsequently sonicated 
for 15 min. Next, heparan sulfate and dermatan sulfate in the blood spot punches were 
enzymatically digested to disaccharides by addition of 5 mIU of each Heparinase I, II, III 
and 50 mIU chondroitinase B (combined volume of 12 µL) and 3 µl of a 100mM solution 
of DTT (2 mM final concentration). The final volume of the reaction mixture was 150 µl. 
After 2 hours of incubation at 30°C, 15 µL 150 mM EDTA (pH7.0) and 125 ng internal 
standard, 4UA-2S-GlcNCOEt-6S (HD009, Iduron), was added and the reaction was stopped 
and proteins denatured by boiling for 5 min. The reaction mixture was centrifuged at 
16,000 g for 5 min at room temperature. The supernatant was subsequently applied to an 
Amicon Ultra 30K centrifugal filter (Millipore) and centrifuged at 14,000 g for 15 min at 
25°C. The filtrate was stored at -20°C until analysis.

The disaccharides were quantified on a Waters Quattro Premier XE (tandem) mass 
spectrometer (Waters Corporation, Milford, MA, USA) coupled to an Acquity HPLC 
system (HPLC-MS/MS). The disaccharides were separated on a Thermo Hypercarb HPLC 
column (100×2.1 mm, 5 µm). The mobile phase consisted of 10 mM NH4HCO3 pH 10 and 
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the disaccharides were eluted with a acetonitrile gradient of 0% to 20% in 2.5 min, hold 
at 20% for the next 2.5 min and 2 min equilibration with 0% before the next injection; 
the flow rate was 0.2 mL/minute, and the total run time of 7.1 min. Disaccharides were 
detected and quantified by MRM acquisition mode, using the transitions m/z 378.1>175.1 
for D0A0, 416.1>138.0 for D0S0, 458.1>97.0 for D0A6+D2A0, 496.0>416.0 for D0S6+D2S0, 
458.0>299.9 for D0a4, 538.0>458.0 for D0a10 and 472.0>97.0 for the 4UA-2S-GlcNCOEt-
6S internal standard (HD009, Iduron).

All samples were digested and analyzed in duplicate. As the quantity of heparan sulfate 
and dermatan sulfate is very low in a 1/8 diameter punch, only D0A0 and D0a4 could be 
detected and were used as marker for heparan sulfate and dermatan sulfate, respectively. 
The concentrations of D0A0 and D0a4 were calculated using a calibration curve of each of 
the disaccharides with 4UA-2S-GlcNCOEt-6S (HD009, Iduron) as internal standard. 

Furthermore in each experiment, three control blood punches,, spiked with heparan 
sulfate and dermatan sulfate (2 μg/mL each, Sigma-Aldrich), were analyzed to determine the 
efficiency of extraction of heparan sulfate and dermatan sulfate from the blood spot punches. 

Intra-assay variation was calculated by analysing 10 spiked control blood spot punches 
on the same day. Inter-assay variation was calculated by analysing spiked control blood spot 
punches, in triplicate, on 10 different days. To determine the linear range of the assay, control 
blood was spiked with different quantities of heparan sulfate and dermatan sulfate, spotted 
on Guthrie cards which were dried overnight, stored at 4°C and analyzed as described above.

Data analysis
Analyses were performed using the SPSS software for Windows, version 16 (SPSS, Chicago, 
IL). An independent t-test was used to detect differences in levels of D0A0 and D0a4 
between the MPS patients and control samples. We considered a p-value of <0.05 as 
statistically significant.

RESULTS
Assay validation
D0A0, the most abundant disaccharide in heparan sulfate, and D0a4, which makes up 
94% of dermatan sulfate, were the only two disaccharides which could be detected in 
blood spots, as the absolute quantity of heparan sulfate and dermatan sulfate in 1/8 in. 
diameter blood spot punches is very low.

Control blood spiked with different quantities of heparan sulfate and dermatan 
sulfate was used to analyze the linear range of this assay. The calibration curves were 
linear over the range 0-6 ng/blood spot punch. The intra-assay (n=10) and inter-assay (10 
measurements in triplicate) coefficient of variations (CV) were 7.5% and 11.4% for D0A0 
and 8.3% and 15.2% for D0a4, respectively. To determine recovery of D0A0 and D0a4 from 
blood spots, both water and control blood were spiked with 2 μg/mL heparan sulfate and 
dermatan sulfate each. Half of each sample was spotted on Guthrie cards, dried overnight 
and processed as described for the blood spots, the other half was stored as liquid.
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Equal quantities of D0A0 were measured when spiked water or spiked blood was 
analyzed. No difference was found in D0A0 recovery when spiked samples were added 
directly to the reaction mixture or when samples were spotted on Guthrie cards and 
treated like blood spots (data not shown). The quantity of D0A0 extracted from blood 
spot punches was similar to the quantity of D0A0 that can be enzymatically cleaved from 
heparan sulfate using an excess of heparinase I, II and III (see methods). 

The recovered quantity of D0a4 was similar to the maximal amount of D0a4 that can 
be released from dermatan sulfate (see methods) in all control incubations (spiked water 
spotted on a Guthrie card, spiked water or blood added directly to the reaction mixture, 
spiked blood incubated overnight at room temperature, addition of a non-spiked control 
blood spot punch to spiked water, spiked water or blood dried overnight in an eppendorf 
tube).  In contrast, when spiked blood was spotted on a Guthrie card and dried overnight the 
recovery of D0a4 was only 50% of the expected amount of D0a4. Possibly, some component 
in blood protects dermatan sulfate from enzymatic digestion when dried on a Guthrie card.

MPS I newborn DBS 
To assess whether D0A0 and D0a4 levels can distinguish MPS I-affected newborns from control 
newborns, we compared newborn DBS from 11 MPS I patients with 59 control newborn DBS. 
D0A0 and D0a4 levels of control newborn DBS were 0.54 ± 0.20 ng/punch (mean ± SD), and 
0.32 ± 0.13 ng/punch (mean ± SD), respectively. Both the D0A0 level (> 1.9 ng/punch; Figure 
1) and D0a4 level (> 1.9 ng/punch; Figure 2) in newborn MPS I DBS were significantly elevated 
as compared to newborn control DBS (p < 0.001). In contrast, the DBS of a newborn carrier 
of a MPS I mutation showed normal levels of D0A0 and D0a4 (Table 3, Figure 1 and Figure2).

No differences in D0A0 and D0a4 levels in DBS were observed between MPSI patients 
with Hurler, Hurler-Scheie or Scheie phenotype (Table 1), although the numbers of 
patients with attenuated MPS I were very limited. 

MPS II newborn DBS
We analyzed if the levels of D0A0 and D0a4 can distinguish the MPS II affected newborn 
from the control newborns. Both the D0A0 level (2.5ng/punch) and the D0a4 level 
(0.9 ng/punch) were found significantly elevated compared to controls DBS (p<0.001).

MPS III newborn DBS 
Next, we analyzed whether MPS III-affected newborns can be identified via measurement 
of DBS D0A0 level. The DBS of all six MPS III patients showed significantly elevated levels 
of D0A0 (>2.7 ng/punch, Figure 1), as compared to control newborn DBS (p<0.001). 
Importantly, in contrast to MPS I samples, D0a4 levels in MPS III patients’ DBS were 
< 0.21 ng/punch, and did not differ significantly from controls (Figure2). The levels of 
D0A0 and D0a4 of the three DBS from newborn MPS III carriers were within the normal 
range (Table 3, Figure 1 and Figure2).

No differences were observed between DBS D0A0 levels from patients with different 
MPS III subtypes and phenotypes.
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Figure 1. DBS levels of D0A0 for MPS I,II  and III patients, MPS I and III carriers and controls. Values 
are in nanogram per 1/8 in. diameter punch from DBS.

Figure 2. DBS levels of D0a4 for MPS I, II and III patients, MPS I and III carriers and controls. Values 
are in nanogram per 1/8 in. diameter punch from DBS.

66



Heparan and dermatan sulfate are markers for newborn screening for MPS I, II and III

4DISCUSSION
In this study, we describe a method to detect newborn MPS I, MPS II and MPS III patients by 
analysis of disaccharides derived from their primary storage products, heparan sulfate and 
dermatan sulfate. Patients (MPS I, II and III) could be easily discriminated from control newborns 
and from heterozygote carriers (MPS I and III). Furthermore, patients with more attenuated 
disease phenotypes, as demonstrated by clinical evaluation in MPS I (Table 1, patients 10 and 
11: Hurler-Scheie and Scheie phenotype, respectively), and by predictive mutations in MPS III 
(Table 2, patients 2 and 5), also had clearly abnormal GAG derived disaccharides in newborn 
DBS. This demonstrates the sensitivity of this technique and its potential for NBS.

DBS for NBS programs are often sent to central screening laboratories by mail, 
therefore it is important that the analytes of interest are stable at room temperature. The 
GAGs measured in our study appear to be remarkably insensitive to temperature changes, 
as some of the DBS were stored for over four years at room temperature before analyses 
were performed (Tables 1 and 2).

We hypothesize that this method can also be applied to NBS for MPS VI and VII, as 
in these disorders heparan sulfate and/or dermatan sulfate are also the primary storage 
products. The feasibility of disaccharide analysis to identify newborn MPS VII patients was 
already established by Tomatsu et al., who reported elevated concentrations of heparan 
sulfate and dermatan sulfate in plasma of a newborn patient 28. 

Recently, LC-MS/MS analysis of keratan sulfate derived disaccharides in plasma and 
urine of MPS IV patients was described 31,32 Incubation of DBS with keratanase could be 
used to analyze keratan sulfate storage, due to MPS IV, in newborn DBS. A combination of 
measurement of keratan sulfate derived disaccharides with the analysis of heparan and 
dermatan sulfate derived disaccharides would allow a technique for multiplex detection 
of all MPSs. This is currently under investigation.

Once abnormal levels of GAG derived disaccharides in DBS are observed, diagnosis of 
MPS needs to be corroborated by appropriate enzymatic testing, preferably in isolated 
lymphocytes, as a second-tier diagnostic strategy.

The levels of the different disaccharides in DBS of newborn MPS I and MPS III patients 
do not appear to be predictive for disease severity (Tables 1 and 2). As decisions on the 

Table 3. MPS carrier characteristics and results.

Age of DBS 
(years)

Storage  
condition of DBS mutation

D0A0  
(ng/punch)*

D0a4  
(ng/punch)*

MPS I carrier 4.1 4°C-rt p.P533R 0.57 0.52
MPS III carrier 0.7 4°C-rt p.S298P 0.41 0.40
MPS III carrier 1.1 4°C-rt p.R245H 0.60 0.31
MPS III carrier 0.6 4°C-rt p.R245H 0.76 0.47

4°C-rt: 1 year at 4 °C, thereafter at room temperature. 
*: values are in nanogram per 1/8 in. diameter punch from DBS.
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optimal treatment strategy in MPS I depend on the phenotype, biomarkers that may predict 
disease severity are needed. The serum heparin cofactor II–thrombin (HCII-T) complex 33 
and/or the dermatan sulfate: chondroitin sulfate ratio in urine 34 may be such markers.

In summary, our study demonstrates that detection of heparan and dermatan sulfate 
derived disaccharides in DBS may be used as a sensitive technique for NBS for MPS I, II and 
III. We hypothesize that this assay may also detect MPS VI and VII patients in DBS. Further 
large scale studies, including pilot studies within NBS programs, are needed to establish 
the potentials of this approach.
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CHAPTER FIVE

ABSTRACT
Background: Sanfilippo disease (Mucopolysaccharidosis III) is a neurodegenerative 
lysosomal disorder characterized by accumulation of the glycosaminoglycan heparan 
sulfate (HS).  MPS III has a large phenotypic variability and early assessment of disease 
severity is difficult. We investigated the correlation between disease severity and the 
plasma concentration of HS (pHS, defined by the sum of the heparan sulfate derived 
disaccharides obtained after enzymatic digestion) and urinary total GAGs  level (uGAGs, 
measured by the dimethylene blue test) in a cross-sectional cohort of 44 MPS III patients.

Methods: Disease severity was established on the basis of the age of complete loss of 
independent walking and of full loss of speech in all patients. Hazard ratios (HR) were 
obtained with cox-regression analysis. In order to allow prediction of a severe phenotype 
based on a cut-off value for pHS, patients were divided in two groups (severely affected 
and less severely affected) based on predictive mutations or on the age of full loss of 
speech. Receiver operator characteristics (ROC) were obtained for pHS.

Results: pHS and uGAGs were independently and linearly associated with an increased 
risk of speech loss with a HR of 1.8 (95% CI 1.3-2.7) per 500 ng/ml increase of HS in plasma 
(p=0.002), and a HR of 2.7 (95% CI 1.6-4.4) per 10 mg/mmol creatinine increase of uGAGs 
(p<0.001). pHS and uGAGS were less strongly associated with loss of walking. The area 
under the ROC curve for pHS was 0.85, indicating good discrimination. 

Conclusion: pHS and uGAGs may be useful biomarkers for prediction of severity in MPS III.  
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INTRODUCTION
Sanfilippo disease (Mucopolysaccharidosis III, MPS III) is the most prevalent type of the 
mucopolysaccharidoses (MPSs) 1-5, a subgroup of the group of inherited lysosomal storage 
disorders (LSDs). MPS III is caused by deficient catabolism of the glycosaminoglycan (GAG) 
heparan sulfate (HS), and is clinically characterized by neurodegeneration, initially with 
progressive cognitive impairment and behavioural problems, later followed by motor 
impairment, loss of communication end early demise. Somatic signs and symptoms in 
MPS III are relatively mild. Four enzymes are specifically involved in the degradation of 
HS and, depending on the deficient enzyme, four subtypes (A to D) of MPS III can be 
recognized (OMIM numbers: 253000, 252920, 259230, and 259240 respectively). Type A 
is the most common subtype in north-west Europe, and type B is the most frequent type 
in south-east Europe 2,3,6.  Subtypes C and D are much rarer.

While the pattern of signs and symptoms generally follows the same course, MPS III is 
a clinically heterogeneous disease in terms of rate of disease progression.  Indeed, MPS III 
patients with a remarkably mild phenotype are increasingly recognized 7-10. 

Based on the genetic defect, the expression of functional enzyme appears to be the 
crucial determinant for the clinical phenotype 11, and mutation analysis allows prediction 
of clinical severity in some patients 8,9,12.  However, more than 200 different mutations 
have been reported in MPS III patients 13-15 and, especially in MPS IIIB, many families carry 
their own private mutations obstructing prediction of the phenotype at an early age. 

The age at full loss of speech and at full loss of independent walking have been used 
as hallmarks to classify patients into different severity categories 8,9

In addition, the age of diagnosis was identified as a reliable indicator of disease severity 16,17.
While no proven disease modifying therapy is yet available for MPS III, a number of 

potential therapies are currently studied 18-21. Assessment of treatment efficacy in this 
slowly progressive disorder with variable phenotypic severity will at least partially depend 
on the response of biomarkers. In addition, biomarkers in MPS III may help to predict 
the natural course of the disease, which is again important for assessment of treatment 
efficacy, but also for counselling of families with MPS III.

In several other MPSs, including MPS I (OMIM numbers: 607014, 607015, 607016), MPS 
II ( OMIM number: 309900) and MPS VI (OMIM number: 2523200), total urinary excretion of 
GAGs, generally determined by the dimethylene blue assay 22, has been used as biomarker 
to evaluate the response to enzyme replacement therapy (ERT) 23-25. However, measuring 
uGAGs may be inadequate to study therapeutic efficacy in these complex multi-system 
disorders, because uGAGs may primarily reflect renal involvement rather than neurological, 
musculoskeletal, cardiac disease or lung function, all significantly related to the quality of life 
of patients.  Promising other biomarkers for MPS I, II and VI are the plasma heparin cofactor 
II-thrombin complex (HCII-T) and the urine dermatan sulfate:chondroitin sulfate (DS:CS) 
ratio, as they are significantly increased at diagnosis and a show a decrease in response to 
treatment with ERT 26,27. However, the DS:CS ratio fully, and the HCII-T concentration largely, 
depend on elevation of DS, a GAG that is not significantly elevated in patients with MPS III.
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Here we investigate the concentrations of the sum of the HS derived disaccharides and 
the total concentration of uGAGs in a large cohort of MPS III patients, and show that they 
correlate with disease severity.   

MATERIALS AND METHODS
Patients
All patients were diagnosed by appropriate enzymatic studies. Blood samples were 
obtained from 44 patients (28 male, 16 female) at the time of this study. The median age 
of patients was 15 years (range 3-67 years).  Twenty-four patients had MPS IIIA, 11 MPS 
IIIB, and 9 MPS IIIC. Thirty (13 MPS IIIA, 9 MPS IIIB and 8 MPS III C) of these 44 patients 
had participated in a trial on efficacy of genistein in MPS III 28, and blood and urine samples 
obtained at baseline were included in this study. The ages at diagnosis, at full loss of the 
ability to walk several steps independently and at full loss of speech were retrieved for 
all patients from the parents or medical records when applicable. Results of mutation 
analysis were available from 42 patients.

Blood sample collection
Blood samples were collected by venipuncture. Collection was in EDTA containing standard 
tubes and the samples were processed following standard protocols. Plasma was stored at 
-20 oC until further studies.

Measurement of pHS
Heparan sulfate concentration in plasma was measured as the sum of the seven heparan sulfate 
derived disaccharides obtained after enzymatic digestion of heparan sulfate by heparinase I, II 
and III followed by quantitation by HPLC-MS/MS analysis as described previously 28.  

uGAGs measurement
Total GAGs in urine were measured by the DMB test which involves binding of GAGs to 
the dye dimethylene blue (DMB) and subsequent spectrophotometric analysis of the 
GAG-DMB complex 29.  

Data analysis
The values of pHS were subtracted by the upper value of the 95% confidence interval (CI) 
for age of reference values. The transformed data were subsequently categorized into 
quartiles. Concentrations of uGAGs were transformed by subtracting the highest reference 
value according their age-group, (≤10 years: 15 mg/mmol creatinine, >10 years: 8 mg/
mmol creatinine) and subsequently categorized in quartiles. Patient characteristics (age, 
gender and MPS subtype) were summarized across these quartiles: median and ranges 
for continuous non-normal variables, and frequencies and percentages for categorical 
variables. Differences among patient characteristics across pHS and uGAGs quartiles were 
evaluated using the Kruskal-Wallis test for continuous non normal variables (age), and χ2 
test for gender and MPS subtype (Tables 1 and 2). 
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Survival analysis of full loss of speech and full loss of walking were assessed across the 
quartiles of pHS and uGAGs by Kaplan–Meier curves and log-rank test. 

These variables were utilized as a dichotomized categorical variable (loss versus 
maintenance of function). Cox proportional hazards modelling were performed for pHS 
and uGAGs as continuous variable and as quartiles.

In order to allow prediction of the ‘severe phenotype’ based on a cut-off value for 
pHS and uGAGs, patients were divided in two groups (severely affected and less severely 
affected) based on a predictive mutation 8,9,12, and when this was not applicable based on 
the age of full loss of speech (age <12 years) 8. Correlation of pHS and uGAGs was tested 
with a Pearson test. Receiver operator characteristics (ROC) were obtained for pHS. 

The correlation between disease severity (severe, intermediate and attenuated) as 
predicted by the genotype according to the previously reported genotype-phenotype 
correlations 8,9, and the level of pHS or uGAGs were tested with the Kruskal-Wallis test 
for all three severity groups and the Mann-Whitney U-test was used as a post-hoc test 
on each pair of groups. Finally, Mann-Whitney test was performed to detect differences 
between age of diagnosis (< 6 years and > 6 years) and the level of pHS and uGAGs. 

All analyses used two-sided tests with an overall significance level of α=0.05. All data 
analyses were conducted using SPSS (version 16.0, SPSS Inc., Chicago, IL)

RESULTS
pHS and uGAGS and loss of function
Median HS concentration in plasma of age-matched control subjects (4-52 years) was 118 ng/mL 
(range 79-480 ng/mL, n=35, Figure 1). The median plasma heparan sulfate concentration in 
patients was 1103 ng/ml (range 529-2674, Figure 1).  The median concentration of total GAGs 
in urine of patients was 34.6 mg/mmol creatinine (range 11.9-83.9); reference values in our 
laboratory: 2-10 years 5-15 mg/mmol creatinine, and 10-100 years 1-8 mg/mmol creatinine.  

pHS concentration and age at loss of function
We subsequently determined if pHS levels were associated with the decline of speech 
and motor functions in the 44 patients of whom plasma was available. To this end, pHS 
levels were divided into quartiles (Q): Q1: <562; Q2: 562-838; Q3: 838-1207; Q4: >1207. 
Age and MPS III subtype were not evenly distributed among the quartiles. In the lowest 
two quartiles patients had a higher median age compared to the higher quartiles. MPS III 
B subtype was also more present in the two lower quartiles (Table 1). 

pHS concentration and loss of speech 
Kaplan-Meier analysis of the data indicated that patients with a lower pHS level had 
maintained speech significantly longer (Figure 2A and Table 3). pHS levels were significantly 
associated with the age of full loss of speech (log-rank test p=0.003). The risk for speech loss 
was assessed by multivariable Cox proportional hazards analysis. With increasing quartiles 
of pHS, the hazard ratios (HR) for loss of speech were 3.9 (95% CI: 0.8-19.5, p=0.097), 
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Table 1. Baseline characteristics by quartile pHS.

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Test P

Participants (n) 11 11 11 11
Age (median, range) 23 (5-67) 24 (10-59) 16 (9-55) 14 (5-21) KW=8.1 0.04
Gendera Χ2 = 5.5 0.139

Male 9 (82) 4 (36) 8 (73) 7 (36)
female 2 (18) 7 (64) 3 (27) 4 (64)

MPS IIIa Χ2 = 12.7 0.048
A 7 (64) 7 (64) 4 (36) 6 (55)
B 4 (36) 4 (36) 2 (18) 1 (9)
C 0 (0) 0 (0) 5 (46) 4 (36)

a Number of cases (%)
KW= Kruskal-Wallis test, X2 =Chi-square statistic
Quartiles (Q): Q1: <562 ng/ml; Q2: 562-838 ng/ml; Q3: 838-1207ng/ml; Q4: >1207ng/ml.

Figure 1. Heparan sulfate in plasma for controls and MPS III patients. The dashed lines represent the 
95% predicted CI of the fitted curve.

5.7 (95% CI: 1.2-27.0, p=0.03) and 13.1 (95% CI: 2.6-66.8, p=0.002) compared to the 
lowest quartile of pHS. This indicates a gradual, significant, and independent association 
between pHS and speech loss. PHS was also independently and linearly associated with 
an increased risk of speech loss when used as a continuous variable. Adjusted HR was 1.8 
(95% CI: 1.3-2.7) per 500 ng/ml increase of HS in plasma (p=0.002, Figure 3A).

pHS concentration and loss of walking
Kaplan-Meier analysis of the data showed a relation between the age at full loss of walking 
independently and concentration of pHS, but this was less strong than for speech loss 
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Figure 2. Kaplan-Meier analysis in MPS III patients of (A) age of loss of speech according to quartiles of 
heparan sulfate in plasma (pHS). (B) age of loss of walking according to quartiles of pHS. (C) age of loss 
of speech according to quartiles of urinary GAGS (uGAGs). pHS quartiles (Q): Q1: <562; Q2: 563-838; 
Q3: 838-1207; Q4: >1207 uGAGs quartiles (Q): Q1: <8.3; Q2: 8.3-21.3; Q3: 21.3-34.3: Q4: >34.3.

(Figure 2B and Table 3). Log-rank test nearly reached statistically significance (p=0.05) for 
loss of walking. The risk for loss of walking was assessed by multivariable Cox proportional 
hazards analysis. With increasing quartiles of pHS, the hazard ratios for loss of walking 
were 2.7 (95% CI: 0.5-13.2), 2.0 (95% CI: 0.3-12.0) and 8.8 (95% CI: 1.5-52.8) compared to 
the lowest quartile of pHS (p-values 0.23, 0.46 and 0.02 respectively).
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In contrast to its association with loss of speech, pHS was not linearly associated with 
an increased risk of loss of walking when used as a continuous variable HR 2.7 p=0.14 per 
500 ng/ml increase of HS in plasma.

uGAGs concentration and age at loss of function
We determined if uGAGs levels were associated with the decline of speech and motor 
functions in the 30 patients of whom urine was available. uGAGs levels were first divided 
in quartiles: Q1: <8.3; Q2: 8.3-21.3; Q3: 21.3-34.3: Q4: >34.3. Age and MPS III subtype 
were not evenly distributed among the quartiles. In the lowest two quartiles patients 
had a higher median age compared to the higher quartiles. MPS III B subtype was more 
present in the two lower quartiles, and subtypes A and C were more present in the higher 
quartiles (Table 2). 

uGAGs concentration and loss of speech
The uGAGs quartiles showed a significant difference when related to the age at which 
patients lost their ability to talk: univariate analysis, log-rank test (p<0.001, Figure 2C, 
and Table 3).  Cox regression analysis revealed the following HRs:  second quartile HR 3.7 
(95% CI: 0.3-42.6), third quartile HR 44.3 (95% CI: 2.1-943.3) and fourth quartile HR 224.7 
(95% CI: 8.1-6247.2), all compared to the lowest quartile (p-values 0.29, 0.02 and 0.001 
respectively). uGAGs were also independently and linearly associated with an increased 
risk of speech loss when used as a continuous variable. HR was 2.7 (95% CI 1.6-4.4) per 
10 mg/mmol creatinine increase of uGAGs (p=0.001, Figure 3B).

uGAGs concentration and loss of walking
Log-rank test showed significant differences when comparing the age of loss of walking 
for the four quartiles (p=0.04). However, no analysis could be done to assess HRs for the 
quartiles as none of the patients in the lowest quartile had lost their ability to walk at the 
time of this study.

Table 2. Baseline characteristics by quartile of uGAGs. 

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Test P

Participants (n) 7 8 8 7
Age (median, range) 28 (22-67) 19 (11-46) 13 (9-18) 9 (5-16) KW=18.7 <0.001
Gendera Χ2 = 0.67 0.88

Male 5  (71) 5 (62.5) 6 (75) 4 (57)
female 2  (29) 3 (37.5) 2 (25) 3 (43)

MPS IIIa Χ2 = 22.85 0.001
A 0 (0) 5 (62.5) 4 (50) 4 (57)
B 7 (100) 1 (12.5) 0 (0) 1 (14)
C 0 (0) 2 (25) 4 (50) 2  (29)

a Number of cases (%)
KW Kruskal-Wallis test, X2 Chi-square statistic
Quartiles (Q): Q1: <8.3; Q2: 8.3-21.3; Q3: 21.3-34.3; Q4: >34.3.
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Table 3. Speech loss and loss of walking by quartile of pHS and uGAGs.

Median 
pHS levels  

ng/ml  
(range)

Number  
of 

patients 

Median 
age of 

patients 
until loss 
(years)

Number  
of 

patients

Median 
age of 

patients 
until loss 
(years)

Median 
uGAGs  
levels  

mg/mmol 
creat 

(range)

Number  
of 

patients 

Median 
age of 

patients 
until loss 
(years)

Speech loss Loss of walking Speech loss
Q1
n=11

531
(219-562)

2 * 2 * Q1
n=7

6.2  
(3.9-8.3)

1 *

Q2
n=11

638
(562-838)

6 16 6 42 Q2
n=8

17.1 
(8.3-21.3)

2 *

Q3
n=11

1043
(838-1207)

8 21 3 32 Q3
n=8

27.4 
(21.3-34.3)

3 15

Q4
n=11

1452 
(1207-2434)

8 12 4 17 Q4
n=7

48.4 
(34.3-68.9)

5 7

* No median could be computed of less than 50% of patients had loss of function
Q= quartile.

Correlation between pHS and uGAGs
There was a strong correlation between pHS and uGAGs levels (both corrected for age) 
using Pearson correlation: R=0.69 p<0.01. 

Receiver operation characteristic for pHS 
Of the 44 patients of whom plasma was available, 25 patients could be categorized as 
severe vs. less severe based on genotype and 15 patients based on full loss of speech 
(severe: < 12 years). Four patients could not be included in this analysis because genotype 
was not available and they were under 12 years of age and had still retained their ability 
to speak.  Ten patients were classified as severe and 30 patients as less severely affected.

The sensitivity for pHS to determine a severe phenotype was 90% with a specificity of 
73.3% at a cut-off value of 990 ng/ml (positive predictive value (PPV) 52.9% and negative 

Figure 3. Hazard ratios of loss of speech in relation to increase of (A) pHS and (B) uGAGS.
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predictive value (NPV) 95.7%). The area under the ROC curve for pHS was 0.85 (Figure 4), 
indicating good discrimination. 

Because of too few data, no reliable ROC-characteristics curve could be calculated for 
uGAGs.

Figure 4. ROC-curve of pHS for determination of disease severity.

Correlating disease severity in MPS IIIA (assessed by genotype) with pHS
Twenty of the 24 patients with MPS IIIA included in this study had a genotype considered to 
be predictive of the phenotype 8. Six patients had a genotype predicting a severe phenotype 
(homozygous or compound heterozygous for the p.R245H, p.Q380R or c.1080delC 
mutations). Eight patients had a genotype predicting an intermediate phenotype (compound 
heterozygous for the p.S298P mutation in combination with either the p.R245H, p.Q380R 
or c.1080delC mutation). Six patients had a genotype predicting an attenuated phenotype 
(either homozygous for the p.S298P mutation, or compound heterozygous for the p.S298P 
in combination with the missense changes (p.T421R or p.P180L), or the missense change 
p.L12Q in combination with the c.1080delC mutation). Four patients could not be categorized 
according to their mutation as they had previously unreported mutations in combination 
with one of the three severe mutations (p.R245H, p.Q380R or c.1080delC). 

Kruskal-Wallis analysis showed a significant difference between the levels of plasma 
HS in the three groups of predictive mutations (H(2) =13.4, p=0.001). The median 
concentration of HS in the severe group was 1434 ng/ml (range 821-1708), in the 
intermediate group 780 ng/ml (range 531-1133), and in the attenuated group 521 ng/ml 
(range 514-623). Mann-Whitney tests were used to follow this up. A Bonferroni correction 
was applied and all effects are reported at a 0.0167 level of significance. Results show that 
all three genotypes have significantly different HS levels in plasma: severe vs. intermediate 
genotype (U=4, r=-0.70), severe vs. attenuated genotype (U=0, r=-0.83) intermediate vs. 
attenuated genotype (U=5, r=-0.66). All p-values were 0.01 or smaller. 
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The smaller number of patients with MPS IIIB and IIIC, in combination with the general 
lack of predictive genotypes, precluded studies on correlating severity, based on genotype, 
with pHS.

Correlating disease severity (assessed by genotype) in MPS IIIA with uGAGs
Twelve of the 13 patients with MPS IIIA could be phenotypically categorized on the 
basis of a predictive genotype. Three patients were classified as severe (homozygous for 
R245H mutation or compound heterozygous for R245H and Q380R mutation), three as 
intermediate (compound heterozygous for the S298P with R245H or Q380R mutation) and 
six as attenuated (either homozygous for the p.S298P mutation, compound heterozygous 
for the common mutation p.S298P in combination with the missense changes (p.T421R or 
p.P180L) or the missense change p.L12Q in combination with the c.1080delC mutation). 
Median uGAGs concentration in the severe group was 50.7 mg/mmol creatinine (range 
48.4-55.1), in the intermediate group 28.1 (range 17.5-28.2) and in the attenuated 
group 17.9 (range 13.6-27.0). Kruskal-Wallis test showed a significant difference in GAGs 
concentration in the three groups (H(2) = 7.6, p=0.02). However, Mann-Whitney tests 
showed no significant results after Bonferroni correction. 

The smaller number of patients with MPS IIIB and IIIC, in combination with the general 
lack of predictive genotypes, precluded studies on correlating severity, based on genotype, 
with uGAGs.

Age at diagnosis and pHS and uGAGs
pHS
We compared the levels of pHS between patients who were diagnosed before the age of 6 
years (group 1) and patients diagnosed > 6 (group 2). Five of the 44 patients were excluded 
from this analysis, as the diagnosis was made because of sibling studies in four patients. 
In one patient the diagnosis was made serendipitously, based only on hepatomegaly 
detected by chance.

Twenty patients were diagnosed before the age of 6 years (group 1), and 19 patients at 
a later age (group 2). Median age at diagnosis for the whole group was 5.5 years (range 2-66 
years); in group 1: median age 4.5 years (range 2-5.5), in group 2: median age 9 years (range 
5.5-66). A significant difference (Mann-Whitney test) between the levels of HS was detected 
(group 1: median = 1088 ng/ml; group 2: median = 617 ng/ml, U=105, r=-0.39, p =0.017).

uGAGs
Twelve of the 30 patients were diagnosed < 6 years and 13 were diagnosed > 6 years. 
The Mann-Whitney test showed a significant difference in uGAGs levels between patients 
diagnosed < 6 years (median 28.0 mmol/mg creatinine) and patients diagnosed > 6 years 
(median 13.7 mg/mmol creatinine), U=36 , r=-0.46, p=0.02.
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DISCUSSION
The study reported here shows that pHS and uGAGs are significantly related to the severity 
of the disease in MPS III. pHS and uGAGs levels may be particularly useful for predicting 
disease severity in patients in whom the genotype is not informative, which is generally the 
case in MPS III B, C and D 7,9,13-15,30 and in a substantial portion of patients with MPS IIIA 8,13. 

In addition, pHS and uGAGs might be instrumental for assessment of efficacy of a 
potentially disease modifying treatment. The recent observations that the plasma HCII-T 
complex and the urinary DS:CS ratio, both depending on DS levels, reflect treatment effects 
in MPS I and II, supports our hypothesis that pHS may correlate with treatment efficacy in 
MPS III. Indeed, our recent study on genistein treatment in MPS III showed a significant 
negative slope in pHS as a result of treatment with genistein 28. However, a disease modifying 
treatment in MPS III will be primarily targeted to the central nervous system (CNS), as clinical 
disease in MPS III is predominantly caused by CNS involvement, in contrast to the attenuated 
phenotypes in MPS I and MPS II. Instead of pHS and uGAGs, HS levels in CSF, if proved to be 
elevated, may be useful as a biomarker to monitor treatment efficacy in MPS III.

Although the concentration of uGAGs has been used as outcome measure in pivotal 
trials demonstrating efficacy of ERT in MPS I, II and VI 31-33, uGAGs are generally considered 
to have limited value due to the non-specific nature of the DMB assay. Furthermore, it is 
not clear if, and to what extent, uGAGs only reflect storage in the urinary tract, an organ 
system which is clinically not involved in these disorders. Although early studies using 
ingestion of radio labeled GAGs did reveal partial clearance of these macromolecules via 
the kidney 34, later studies showed that urinary excretion of GAGs is independent of the 
serum concentration of GAGs 35. Our results show that uGAGs do correlate with disease 
severity in MPS III. In addition, the observation by Langforth-Smith and coworkers 27 that 
the ratio of DS:CS in the urine is correlated with long-term treatment effects supports the 
use of urinary excretion of GAGs as a biomarker.

Patient characteristics between the four quartiles of pHS and uGAGs were not evenly 
distributed for MPS subtype, and age. The higher age of patients in Q1 and Q2 (lowest 
two quartiles of pHS and uGAGs) is likely to be due to the longer survival of patients with 
milder phenotypes. The overrepresentation of MPS IIIB patients in these two quartiles 
can be explained by the higher proportion of MPS IIIB patients with a milder phenotype 
compared to MPS IIIA 9,10,12,36. 

Our study has several limitations. First, all our studies were done cross-sectional. 
Therefore, we can only speculate that pHS and uGAGs can be used to predict the severity 
of the phenotype and thus the course of the disease, at diagnosis. Second, in a previous 
study in MPS III, we showed that the mean variability of pHS was approximately 6% in 
plasma and for uGAGs 8% 28. However in some patients fluctuations as large as 21% for 
pHS and 30% for uGAGS were observed. These remarkable fluctuations may be due to 
other factors such as intercurrent infections 37. Undue reliance on a single measurement 
of pHS and uGAGs should therefore be avoided. Third, the ROC analysis for pHS is based 

84



HS in plasma and GAGs in urine correlate with disease severity in MPS III

5

on relatively few data. Therefore, the proposed cut-off levels for differentiation between 
severely affected and less severely affected patients should be used with caution. 

In conclusion, both pHS and uGAGs show a remarkably good correlation with disease 
severity in MPS III. Longitudinal data should be collected to identify the true predictive value 
of these storage products. In addition, it can be of interest to compare pHS and uGAGs with 
hair morphology, as this was recently reported as a potential biomarker in MPS III 38.

For assessment of treatment efficacy, the use of HS in CSF, in combination with other 
potentially relevant CSF biomarkers such as the macrophage inflammatory protein 1 alpha 
(MIP-1α) and phosphorylated tau (P-tau) 39,40 may prove to be essential.   
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CHAPTER SIX

ABSTRACT
Background Sanfilippo disease, or Mucopolysaccharidosis type III (MPS III), is a lysosomal 
storage disorder and a member of the mucopolysaccharidoses (MPSs). MPS III is clinically 
characterized by progressive neurodegeneration. Skeletal disease is not felt to be an 
important clinical component in MPS III patients, unlike in the other MPSs.

We conducted radiographic studies in a relatively large group of MPS III patients and 
detected a high prevalence of osteonecrosis of the femoral head (ONFH). 

Methods Thirty-three patients were included in the study. All the patients underwent an 
X-ray of the pelvis (anteroposterior view). All the X-rays were evaluated by a single, blinded 
radiologist using a modified Ficat classification system for ONFH (the stages ranged from 
0 to IV, with increasing stages signifying more severe abnormalities). Clinical symptoms 
possibly related to hip disease were recorded. The patients were divided into different 
phenotypes based on mutational analysis and their plasma heparan sulfate (HS) levels.

Results In 21 of the 33 patients, the disease severity could be predicted by genotype.. 
In 11 of the 12 remaining patients, the phenotype could be assessed via the plasma HS 
levels. Eight patients (24%) exhibited signs of ONFH (Ficat stage > I), and 6 (75%) of them 
had bilateral changes. None of the patients with attenuated MPS III (n = 14) had ONFH. 
In 6 of the patients with a severe phenotype, hip dysplasia was detected as an additional 
finding. The 7 patients with Ficat stages ≥ II reported hip pain. 

Conclusions Femoral head disease, which resembles ONFH, is common in patients with 
the severe MPS III phenotype. An evaluation of hip disease should be included in follow-up 
visits with MPS III patients.

90



High prevelance of femoral head necrosis in Mucopolysaccharidosis type III

6

INTRODUCTION
Mucopolysaccharidosis type III (MPS III), or Sanfilippo disease, is a rare autosomal recessive 
lysosomal storage disease characterized by progressive cognitive and motor dysfunction. 
MPS III is caused by a deficiency in the enzymatic degradation of the glycosaminoglycan 
(GAG) heparan sulfate (HS). These patients have a deficiency in heparan N-sulfamidase 
(NS; EC 3.10.1.1), α-N-acetylglucosaminidase  (NAGLU; EC: 3.2.1.50), acetyl-coenzyme 
A:α-glucosaminide N-acetyltransferase (HGSNAT; E.C. 2.3.1.3) or N-acetylglucosamine-6-
sulfatase (GNS; EC 3.1.6.14), dividing them in 4 biochemically different subtypes: types A, 
B, C and D, respectively (OMIM#’s 252900, 252920, 252930, and 252940).

The birth prevalence of MPS III is estimated to be 0.28-4.1 per 100.000 newborns 1. 
The clinical signs, symptoms and disease development in the different MPS III subtypes 
are indistinguishable 1. In all patients, an initial, symptom-free interval with normal 
development is followed by developmental slowing and arrest, and a progressive 
cognitive decline follows. Behavioral problems including severe hyperactivity, aggressive 
and/or anxious behavior and sleep problems usually begin around the onset of cognitive 
decline. Other common symptoms are recurrent ear, nose and throat infections, episodes 
of diarrhea and hepatomegaly. Patients often have mild facial dysmorphisms. 

The somatic signs and symptoms of MPS III are relatively mild compared to those 
observed in the other mucopolysaccharidoses (MPSs). In the other MPSs, which are 
caused by the deficient degradation of other GAGs (dermatan and heparan sulfate in MPS 
I and II; keratan sulfate in MPS IV; dermatan sulfate in MPS VI; and dermatan, heparan and 
chondroitin sulfate in MPS VII), skeletal disease is one of the most prominent symptoms. 
Abnormal skeletal remodeling and endochondral and intramembranous ossification lead 
to a group of multiple radiographic skeletal changes termed ‘dysostosis multiplex’ 2. 
The causes of skeletal disease in these MPSs have not yet been fully elucidated, but the 
accumulation of dermatan and keratan sulfate is regarded as the primary cause, producing 
inflammation with the destruction of the bone and cartilage and disturbances in the 
integrity of the growth plates 3-6.

Hip dysplasia is part of the dysostosis multiplex in MPS I and VI and, to a lesser extent, 
in MPS II and IV. In addition, proximal femoral epiphyseal dysplasia with the flattening of 
the femoral head followed by progressive destruction is frequently reported in MPS IV and 
VI 7-10, consistent with the hypothesis that the accumulation of dermatan and keratan sulfate 
is the primary cause of the pathophysiology of skeletal disease in the MPSs 11.  Skeletal 
disease was not considered to have a significant impact in MPS III, until White et al. (2011) 
examined 18 MPS III patients for skeletal manifestations and detected hip pathology in 10 
patients, with dysplasia in 8 and signs of osteonecrosis of the femoral head (ONFH) in 4 12.

Here, we studied the prevalence of ONFH and hip dysplasia in a radiographic cross-
sectional study of 33 patients with MPS III; we found signs of ONFH in 8 patients (24%) and 
dysplasia in 6 (18%). Because patients with MPS III are generally unable to reliably report 
and/or localize pain due to cognitive impairment, the optimal care of MPS III patients 
should include assessments of hip pathology during regular follow-up visits.
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METHODS
Study population
Participants were recruited between April and August 2012. A total of 46 patients with 
MPS III who live in the Netherlands are currently under the direct care of our center 
and were considered for inclusion in this study. Patients who were fully institutionalized 
due to advanced cognitive impairment (n = 10), were not approached for participation in 
this study due to potential logistic problems with hospital transfers for X-ray studies. The 
families of 3 of the remaining 36 patients refused participation because of the potential 
psychological impact of participation on the child. Therefore, 33 patients were included 
in the study. 

Disease severity
The patients with MPS IIIA and IIIB were divided into 3 phenotypes, severe, intermediate 
and attenuated, in the presence of a predictive genotype 13,14. The disease severity of all 
the MPS IIIC patients, and of the MPS IIIA and IIIB patients with uninformative genotypes, 
was assessed based on plasma HS levels 15. Patients with HS levels > 990 ng/ml were 
classified as severely affected, whereas patients with HS levels < 990 ng/ml were classified 
as less severely affected.

Radiographic studies
Anteroposterior (AP) and frog-leg lateral X-ray studies of the hips were performed in one 
session. If hip X-rays of sufficient quality had been produced during the 12 months prior 
to the start of the study, they were examined instead. 

Ethical approval
This study was approved by the Medical Ethics Committee of the Academic Medical 
Center, Amsterdam. Written informed consent was obtained for all the study participants.

Radiographic evaluation
All the X-rays were evaluated by a single, experienced radiologist who was blinded to 
the patients’ clinical condition. An adapted version of the modified classification system 
of Ficat and Arlet 16, which was designed for the classification of ONFH, was used to 
quantify the radiographic changes. The modified Ficat scoring system consisted of 6 
stages, with stage 0 characterized by the absence of radiographic findings. In stage I, 
the changes observed on radiographic studies are either absent or mild; stages IIA, IIB, 
III and IV indicate radiographic changes of increasing severity. Because the Ficat system 
was designed for patients who have osteonecrosis or are expected to develop it, we 
modified the classifications as follows: the patient was scored as stage 0 if there were no 
radiological signs of ONFH, and stage I was scored if there were mild radiological changes, 
independent of clinical signs (Table 1).

Acetabular dysplasia was indicated by a lateral center-edge angle of less than 20° on 
an AP pelvic radiograph 17.
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Questionnaire for clinical symptoms
We utilized a brief questionnaire to collect information about the potential clinical signs 
and symptoms of femoral head disease in MPS III patients. The following questions were 
asked: Do you think that the patient experiences hip pain? (0 = no pain, 1 = very mild pain, 
2 = mild pain, 3 = moderate pain and 4 = severe pain). On which side do you think that the 
pain is located? (0 = no hip pain, 1 = left hip, 2 = right hip and 3 = both hips).

Statistical analysis
Differences between the groups (ONFH and no ONFH) were assessed with an independent 
t-test for the normally distributed continuous variable of patient age and with Fisher’s 
exact test for categorical variables. Statistical analyses were performed using SPSS, version 
19.0. A p-value < 0.05 was considered significant.

RESULTS
Patients
Thirty-three patients were included in the study. Sixteen of the patients had MPS subtype 
IIIA, 9 had MPS IIIB, and 8 had MPS IIIC. Nineteen of the 33 patients (57.6%) were male. 

Assessment of phenotype
In 21 of the 25 patients with MPS III type A or B, the disease severity could be predicted 
by genotype 13,14. Of the 12 patients (4 with type A or B and 8 with type C) who lacked a 
predictive genotype, 11 were classified on the basis of the plasma level of HS 15. Eight of 
these patients were classified as severe, and 3 were classified as less severe. A phenotypic 
prediction was impossible for one (MPS IIIC) patient because no blood sample was available.

Radiography
All 33 patients underwent plain radiography of the hips with an AP view. Frog-leg lateral 
view radiographs were also obtained for 30 (91%) but were impossible in 3 patients due 
to severe hyperactivity. Signs of ONFH (Ficat stage > I, Table 2) were detected in 8 patients 
(24%). Six patients had bilateral ONFH, and 2 had unilateral ONFH. The Ficat stages of the 
14 affected hips were classified as follows: stage I, 2 hips; stage IIA, 1 hip; stage IIB, 2 hips; 

Table 1. The modification of the modified Ficat classification used in this study.

Ficat stages

Stage 0 Normal radiograph
Stage I Minor changes on plain radiograph
Stage IIA Sclerosis or cysts of femoral head, diffuse porosis
Stage IIB Crescentic subchondral line, flattening of the femoral head
Stage III Broken contour of the head, normal joint space
Stage IV Collapse, flattened contour of the femoral head, decreased joint space, osteoarthritis
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stage III, 5 hips; and stage IV, 4 hips. ONFH was more prevalent among the patients with 
the severe phenotype (Figure 2). In 7 of the 15 patients with the severe phenotype, signs 
of ONFH were detected. No differences in the presence of ONFH were observed between 
the sexes (Table 2). Figure 1 shows the progression of ONFH on the X-rays of one MPS IIIC 
patient over a period of 4 years.

The mean age of the patients with ONFH tended to be lower than that of the patients 
without ONFH, although this difference was not statistically significant (Table 2). Seven 
patients with Ficat stages ≥ II were between 10 and 17 years of age. 

Table 2. Differences between the groups with and without ONFH.

Patients with ONFH
(n = 8)

Patients without ONFH 
(n = 25) p-value

Gender
Male 6 (75) 13 (52) 0.42
Female 2 (25) 12 (48)

Hip pain
Pain reported 7 (87) 8 (32) 0.01

Age
Age in years (mean, range) 12.4 (3-17) 16.6 (5-33) 0.09

The numbers indicate the number of patients per group, with the percentage of the total given 
between brackets.

Other skeletal changes on radiography 
Five patients had unilateral dysplasia, and one had bilateral dysplasia. All the patients with 
dysplasia exhibited a severe phenotype. Four of these 6 patients (66%) also had ONFH.

Several other abnormalities were detected with radiography. In 8 patients, abnormal 
contours of the pubic bones were observed. In these patients, the outer ends of the pubic 
bones (where the symphysis pubis is formed) were shaped irregularly. Cystic lesions in locations 
other than the femoral head were noted in 4 patients; these included the acetabular roof, the 
pubic bone and the sacroiliac joint. The acetabulum had an immature or ragged aspect in 
8 patients, and the iliac side of the sacroiliac joint had a ragged aspect in one patient. One 
patient exhibited prominently rounded iliac wings with mild inferior tapering of the ilea, and 
another patient had a dislocated hip. Six patients exhibited hip dysplasia. 

Clinical symptoms and ONFH
For 15 of the 33 patients, the parents or caregivers indicated that the patient might have 
pain in one or both hips. Seven of these 15 patients had significant ONFH (Ficat stage ≥ II). 
One patient with an abnormal Ficat score (stage I) exhibited no clinical symptoms of ONFH. 
In 8 patients for whom the parents or caregivers indicated hip pain, no abnormalities were 
detected with radiography. Two patients with severe hip pain, both Ficat stage IV, later 
underwent surgery (the removal of the femoral head or a girdle-stone procedure; Figure 1). 
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Figure 1. Pelvic X-ray of one patient with MPS IIIC. A. X-ray at age 13.9 years: Ficat stage III on the 
right and left sides (lucencies and interruptions of the femoral heads). B. X-ray at age 17.0 years: Ficat 
stage IV on the right and left sides (increased subchondral cystic abnormalities in the femoral heads 
and decreased joint spaces on both sides). C. X-ray from 2012 after surgery at age 17.9 years: right 
femoral head removed, Ficat stage IV on the left side.

A

B

C
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DISCUSSION
In this study, we showed that femoral head disease is common among patients with MPS 
III. The observed changes in the femoral head closely resembled those reported in young 
patients with ONFH (head avascular necrosis or Legg-Calvé-Perthes (LCP) syndrome). We 
demonstrated that a minor modification of the modified Ficat classification could be used 
to distinguish the different stages of progressive femoral head pathology in MPS III 16. The 
prevalence of ONFH in our cross-sectional study (24%) is highly similar to the prevalence 
(22%) reported in the only other (smaller) study on this subject 12. In addition, we found 
several other changes in the hip and pelvic bones, demonstrating that patients with MPS 
III have a more general skeletal disease (not limited to ONFH), which is in accordance 
with previous reports of deformities of the spinal column and extremities in MPS III 
patients 12. There is some overlap between patients with hip dysplasia and those with 
ONFH; hip dysplasia may therefore be a risk factor for developing ONFH. However, not all 
the patients with ONFH had hip dysplasia, and the hip dysplasia was unilateral in almost 
all our patients, whereas the ONFH was often bilateral.

Because none of the patients with the attenuated MPS III phenotype showed signs of 
ONFH, disease severity appears to be a risk factor for ONFH in MPS III patients. There was no 
significant difference in age between the patients with and without ONFH (Table 2). However, 
all the patients with severe ONFH (Ficat stage III-IV) had already reached adolescence.

The primary cause of the dysostosis multiplex in MPS I, II and VI is generally considered 
to be the accumulation of dermatan sulfate; in MPS IV, the accumulation of keratan sulfate 
is considered responsible. Our findings regarding femoral head disease in MPS III patients 
suggest that the accumulation of HS alone may also lead to bone disease, although to a 
lesser extent than the accumulation of the other GAGs. Another source of the dysostosis 

Figure 2. Phenotype classification of the MPS III patients participating in this study.
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multiplex in MPS III might be the secondary intracellular accumulation of smaller 
quantities of dermatan sulfate, as has been demonstrated in MPS III fibroblasts 18. The 
general pathogenesis of GAG-induced skeletal disease is complex; it involves osteoclast 
dysfunction mediated by the inhibition of the collagenase activity of cathepsin K by the 
accumulation of GAGs, reductions in chondrocyte proliferation and inflammatory changes 
in the growth plates 19. The identification of the precise roles of these mechanisms in 
bone disease in MPSs may lead to targeted therapeutic approaches. As future therapies 
will  probably target mainly CNS disease, and have the potential to increase the lifespan 
of patients, skeletal disease will likely to become a more prominent feature in MPS III 
patients. Therefore this study might have implications for the design of the currently and 
future treatment studies in MPS III patients. The radiographic changes that indicate the 
presence of ONFH as part of the dysostosis multiplex are most commonly observed in 
MPS III, IV and VI. White et al. have suggested that epiphyseal dysplasia causes these 
radiological changes and resembles LCP or idiopathic femoral head osteonecrosis in 
childhood 5. The femoral head abnormalities seen in MPSs, which we reported as ONFH 
here, differ from LCP in several aspects. LCP is usually unilateral 20, whereas ONFH in MPSs 
is generally bilateral 9,12. Indeed, we observed bilateral ONFH in 6 of the 8 cases with 
ONFH. Moreover, LCP is a self-limiting disease that involves bone remodeling in its final 
stage, whereas MPS-related ONFH is not associated with healing or the progression of 
femoral head abnormalities over time 21. The progression over time of ONFH in an MPS 
III patient, without any signs of healing, is shown in Figure 1. Finally, most cystic lesions 
in LCP occur in the metaphysis 22, whereas the cystic lesions in MPSs are present in the 
epiphysis and the acetabulum, as reported in the present series of MPS III patients.

MPS III patients with ONFH may experience severe hip pain, necessitating chronic 
pain medication. Hip disease in MPS III may necessitate surgery if the pain medication is 
insufficient. Two patients in our series, both of whom had a Ficat stage of IV in both hips 
and were non-ambulant at the time of surgery due to advanced central nervous system 
disease, underwent a unilateral removal of the femoral head on the most painful side. 
Both patients were pain free on the operated side after surgery, and their quality of life 
had significantly improved. Because of the possible psychological impact of surgery on 
MPS III patients and their possible difficulties during rehabilitation, surgery should be 
considered carefully and might best be reserved for MPS III patients with incapacitating 
hip pain who demonstrate an insufficient response to pain medication.  Furthermore, 
future management with anti-inflammatory medicines such as pentosan polysulfate (PPS) 
might provide significant clinical benefits in treating ONFH 23.

This study has several potential limitations. First, patients who were fully 
institutionalized were not included. Because these patients probably have more advanced 
forms of disease, our observation that ONFH occurs in approximately 25% of MPS III 
patients may underestimate its true prevalence. Second, the parents of significant 
numbers of patients with no signs of ONFH on radiography reported hip pain in their 
children. Patient pain or discomfort caused by factors other than ONFH may have been 
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erroneously attributed to hip pain because the parents were aware of the focus of the 
study, which may have prompted the attribution of discomfort or pain to hip disease.

CONCLUSIONS
Because pain may be difficult to assess and localize in MPS III patients with advanced 
cognitive decline and behavioral disturbances, radiographic studies of the hips may detect 
pathology in MPS III patients with otherwise unexplained signs of discomfort or pain. 
We recommend that these studies be conducted at regular intervals (e.g., yearly) during 
follow-up from the age of 10 years onward, at least for patients with intermediate or severe 
phenotypes.  More-over, this study shows that dysostosis multiplex is a part of MPS III 
disease, and therefore further skeletal involvement should be studied in MPS III patients.
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CHAPTER SEVEN

ABSTRACT
Background: Mucopolysaccharidosis III (Sanfilippo disease) is a lysosomal storage disorder 
mainly characterized by progressive neurodegeneration with cognitive decline and 
relatively attenuated somatic signs and symptoms. Although short stature is invariably 
present in patients with the other mucopolysaccharidoses, it has not been sufficiently 
addressed in MPS III. The aim of this study was to investigate growth data of a large Dutch 
MPS III cohort in order to construct growth charts for MPS III patients. 

Methods: Height, weight, head circumference (HC) and body mass index (BMI) data from 
118 MPS III patients were used to construct reference curves, using the lambda, mu, sigma 
(LMS) method. Genotype-group comparisons for height standard deviation scores (SDS) 
were performed by Kruskal-Wallis analysis for different age-groups.

Results: Birth weight and length were within normal ranges for gestational age and 
showed a significantly stunted growth from age 6 years onwards. Mean final heights were 
169.7 cm (-2.0 SDS) and 165.4 cm (-0.84 SDS) for adult males and females, respectively. 
Phenotypic severity, as assessed by genotyping, correlated with growth pattern and final 
height. In addition, mean BMI and HC SDS were significantly higher when compared to 
Dutch standards for both boys and girls. 

Conclusions: Growth in MPS III is stunted mainly in patients with the severe phenotype. 
We provide disease specific growth references that can be used for clinical management 
of MPS III patients and may be of value for future treatment studies.
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INTRODUCTION
Mucopolysaccharidosis type III (Sanfilippo disease, MPS III; OMIM #252900, 252920, 
252930, 252940) is a rare autosomal recessive disorder primarily characterized by 
progressive neurodegeneration, which affects approximately 1 in 50.000 newborns 1 
MPS III belongs to the mucopolysaccharidoses, a group of lysosomal storage disorders 
caused by deficient breakdown of glycosaminoglycans (GAGs) 2.  MPS III can be caused 
by the deficient activity of one of four lysosomal enzymes involved in the degradation of 
heparan sulfate (HS), a GAG. Depending on the deficient enzyme, four subtypes (A, B, C 
or D) of MPS III are recognized. The continuous accumulation of HS results in progressive 
neurodegeneration, initially characterized by progressive cognitive impairment and 
behavioural problems, later followed by motor impairment and early demise.  There 
is a wide variability in the clinical course of the disease, which is in part related to the 
genotype 3-10. In addition to the progressive neurological disease, a number of somatic 
symptoms may occur, including macrocephaly, mild coarsening of facial features, 
hepatomegaly, inguinal and umbilical hernias and osteonecrosis of the hip 11-13. While 
short stature is a prominent symptom in all other mucopolysaccharidoses (MPSs) (MPS I 
(OMIM #607014, 607015, 607016) , II (OMIM #309900), IV (OMIM #253000, 253010) , VI 
(OMIM #253200) and VII (OMIM #253220)14-17, patients with MPS III have generally been 
reported to have normal growth 18. Only one publication suggests the presence of growth 
retardation in MPS III, based on cross-sectional data of 64 MPS III patients 19. 

As information on growth patterns in MPS III can be important for providing optimal 
care, helping to avoid unnecessary investigations, and for assessment of somatic efficacy 
in future therapeutic studies. Therefore we studied growth patterns in a large unselected 
cohort of patients with MPS III, allowing assessment of differences between patients with 
the severe and the more attenuated phenotypes. 

METHODS
Study Population
One-hundred and twenty-one patients with MPS III (70 males, 51 females) had 
anthropometric evaluations between the neonatal period and adulthood. Hundred-three 
(85%) patients were from Dutch ancestry, 7 patients (6%) were from Turkish ancestry and 
6 (5%) patients were from Moroccan ancestry. Five other patients were respectively from 
Pakistani, Iranian (two patients), Hispanic and Austrian origin.  In all patients, the diagnosis 
of MPS III was made by enzyme testing and/or mutational analysis.  Data on height and 
weight were collected in a mixed retrospective and cross-sectional mode, from 1962 till 
2013.  If height and head circumference (HC) were assessed after 21 20, or, for weight 
after 20 21 years of age, this was recorded as final height, HC and weight. Weight and 
length at birth were expressed as standard deviation scores (SDS) for gestational age 22.  
Height, weight and head circumference (HC) were expressed as SDS for age and sex for 
constructed MPS III specific standards.
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Data were collected from medical charts from hospitals or institutions, or from the 
growth charts used in the Dutch child-health centers, of all Sanfilippo patients diagnosed 
in the Netherlands.

Calculation of SDS
Patients from Dutch ancestry
Four successive Dutch national growth studies (in 1955, 1965, 1980, and 1997) showed 
a clear secular trend in height and weight 21,23-25. However, the fifth growth study in 2010 
showed no secular trend for Dutch children 20. Measurements in the patient population in 
this study were done in a period of five decades (1960–2013) and we therefore corrected 
the growth data obtained in the period from 1960 to 1997 for the secular trend. This was 
done by calculation of the SDS for the growth chart applicable for the date when height 
measurement was performed. We could not calculate SDS for height measurements 
below the 10th of above the 90th percentile for the 1955 and 1965 growth studies because 
SDS data for height according to age were not presented in both of these growth studies. 
In these cases height was corrected for secular growth between 1955 /1965 and 1997 
according to age 24.  Although there is also a secular trend in weight in Dutch children 26, 
normal values for weight according to age have not been changed since the growth study 
of 1980. No secular trend is observed for head circumference over the last decades; 
therefore the data of head circumference were calculated using the 2010 growth charts.  

Patients from non-Dutch ancestry
In 1997 and 2010 growth studies were performed for children from Turkish and Moroccan 
ancestry living in the Netherlands and also for them a secular trend was observed for 
height and weight in 2010. SDS for height of these patients were calculated for the 
appropriate growth chart according to date of height measurement.  Because of lack of 
growth charts from before 1997, SDS of data on height recorded for patients from Turkish 
and Moroccan ancestry measured before 1997 were calculated using the 1997 growth 
charts. SDS of weight was calculated according to the Dutch 2010 growth charts.  HC was 
also calculated according the Dutch 2010 growth charts, because no head circumference 
reference charts were available for Moroccan and Turkish patients aged over two years. 
For the two patients from Hispanic and Austrian ancestry, SDS were calculated using 
the corresponding Dutch growth charts. The three patients from Pakistani and Iranian 
ancestry were not analyzed in this study because of lack of appropriate growth charts. 

Assessment of phenotypic severity
Of the 118 patients included in this growth study, 81 patients had MPS III subtype A, 22 
patients subtype B and 15 patients type C (Table 1).

If feasible, patients with MPS IIIA were subdivided into three phenotypic groups 
based on their genotypes and according to the literature: severe 7,27, intermediate 7,27,28 
and attenuated 7, and for patients with MPS IIIB into two phenotypic groups: severe 8,29-33 
and attenuated 8,29,30,34. In patients with MPS IIIC only a limited genotype-phenotype 
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correlation has been established 6, and they were therefore not included in genotype-
phenotype comparisons.

Statistical analyses
Sex-specific centile curves for height, weight, and head circumference were constructed 
using the lambda, mu, and sigma (LMS) method by the Growth Analyser Research 
Calculation Tools software Version 4.0 (Ed. Dutch Growth Foundation, Rotterdam, 
Netherlands). This method is based on the principle that anthropometric data can be 
converted to a standard normal distribution by a Box-Cox transformation for any given 
age 35. To achieve this transformation, three smoothed age-related curves are used, 
namely the median curve (M curve), the coefficient of variation of the measurement as 
it changes with age (S curve), and the Box-Cox power needed at each age, in order to 
convert the data to a Gaussian distribution (L curve). A table of corresponding smoothed 
L, M, and S values is accessible and these values can be used to calculate any required 
centile or SDS curve using a simple formula that involves the L, M, and S values at any given 
age 35. The Growth Analyser software could not plot calculated SDS data (data corrected 
for secular trend and for other nationalities) in the same graph as the Dutch growth charts 
of 2010. Therefore, the calculated SDS were converted back to height as they would have 
been according to the Dutch growth charts of 2010, using these 2010 charts.  All data 
were recorded in Statistical Package of Social Sciences (SPSS), version 19.0 SPSS Inc., 
Chicago, IL). Mean height, weight, HC, and BMI were compared with the healthy Dutch 
population (0 SDS) using one sample t-test. Phenotype-group comparisons for height SDS 
were made with a Kruskal-Wallis test for each age period of two years. However, due to 
few height measurements after 16 years of age the last age group consisted of a 5 year 
period. A p-value <0.05 was considered statistically significant.

RESULTS
Length and weight at birth
Information on gestational age, weight and length at birth was available for 93 MPS IIIA, 89 
MPS IIIB and 24 MPS IIIC patients respectively.  Since 1985, birth length In the Netherlands 
is  infrequently measured because of a supposed increased risk for development of hip 
dysplasia 36. Therefore no Dutch reference curve is available for length a birth, and growth 
curves of Swedish neonates are being used in clinical practice 37. Ninety-one (98%) patients 
were born between the 37th and 42nd weeks of gestational age. Two children were born in 
the 36th week of gestation. Sanfilippo patients had normal birth weight (mean +/- SDS was 
3504 +/- 582 gram, corresponding to 0.1 +/- 1.21 SDS); the mean birth length was 50.6 cm 
+/- 1.7 cm, corresponding to 0,07 +/- 1.06 SDS.

Construction of a MPS III specific growth chart 
Of the 118 patients who were included in the study, height was recorded at 796 time 
points (mean: 8.3 height measurements per patient) and weight at 774 weight time points 
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(mean of 10.0 weight measurements per patient). In addition, head circumference was 
recorded at 387 time points in these 118 patients (mean: 4.6 measurements per patient). 
The growth charts for male and female MPS III patients are presented Figures 1 and 2. 
The mean height SDS according to age was -0.48 SDS for all patients (boys -0.45 and girls 
-0.49 SDS). Mean height was significantly stunted in both genders (one sample t-test 
p <0.001). The mean final height of males was 169.7 cm (+/- 9.3 cm) and females was 165.4 
(+/- 9.9 cm). Compared to the normal growth charts for Dutch males and females, adult 
MPS III patients have a mean SDS of -2.4 and -1.0, respectively 20. The mean weight SDS 
according to age was 0.48 SDS for all patients, (boys 0.44 and girls 0.52 SDS). Mean weight 
was significantly elevated in both genders, p<0.001.The mean adult weight of males was 
60.1 +/- 9.9 kg and of females 61.1 +/- 11.6 kg, corresponding to weight SDS -1.6 and 0.22 
for Dutch healthy men and women respectively. The mean BMI SDS according to age was 
0.96 SDS for all patients (boys 0.89 and girls 1.0 SDS, p <0.001). Forty patients (34%) were 
overweighed (BMI > 2 SDS) at one or more time points during the study. The mean adult 
BMI of males was 20.4 +/- 2.2 kg/m2 and females 20.2 +/- 2.7 kg/m2.The mean HC SDS 
according to age was 0.88 SDS for all patients (boys 0.71 and girls 1.1 SDS, p <0.001). The 
mean adult HC of males was 57.8 cm, +/- 2.1 cm and of females 57.1 cm, corresponding 
to HC SDS of 0.1 and 1.0 SDS for healthy Dutch men and women. 

The comparison between MPS III and standard growth charts for height are depicted 
in Figure 3.

INFLUENCES OF SEVERITY ON GROWTH
In 84 of the 103 patients with MPS III type A or B, the genotype was predictive of the 
phenotype (Table 1).Gestational age and weight and length at birth did not differ between 
the three phenotypic groups. Kruskal-Wallis tests showed significant differences in the 
SDS for height for the different phenotypic groups in the following age groups: at ages 
0-2 years (p <0.001), 2-4 years (p = 0.01), 4-6 years (p = 0.002), 12-14 years (p = 0.02), 
and 16-21 years (p= 0.001) (Figure 4A). Growth of patients with the severe genotype 
seems to be accelerated during the first six years of life, while the postnatal growth of the 
intermediate is slightly accelerated, but only in the first two years of life. Finally, growth 
of the attenuated patients showed mild but constant growth impairment starting already 
in the first years of life.  Growth is significantly impaired in patients with the severe 
phenotype after the age of 10 years. 

DISCUSSION
By studying growth data in 118 unselected patients with MPS III we were able to 
construct disease specific standardized growth charts for this rare genetic disorder and 
we demonstrate a significantly stunted growth from the age of 6 years.  In addition, we 
show that phenotypic severity, as assessed by genotyping, correlates with growth pattern 
and final height (Figure 4).  Length and weight at birth do not differ from the control 
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Table 1. Clinical Characteristics.

MPS III subtype

Phenotypea

TotalSevere Intermediate Attenuated Unknown
A 34 (42) 27 (33) 10 (12) 10 (12) 81 (69)
B 3 (14) 0 (0) 10 (45) 9 (41) 22  (19)
C 0 (0) 0 (0) 0 (0) 15 (100) 15 (13)
Gender

Male 24 (35) 15 (22) 13 (19) 17 (25) 69 (58)
Female 13 (27) 12 (24) 7 (14) 17 (29) 49 (42)

a Number of cases (%).

population, which is in line with the observation that clinical signs and symptoms are 
rarely present in MPS III before the age of 2 years 12.  Head circumference appears to be 
augmented during the first ten years of life, followed by gradual normalization, probably 
caused by progressive loss of brain tissue 38. 

Our study also shows that MPS III patients in general have a higher BMI than the 
control population. Overweight and obesity are common in children en adolescents with 
intellectual disabilities 39. The high BMI in our MPS III cohort might be due to loss of motor 
function resulting in a lack of physical activity. A higher BMI might also be explained by 
the use of psychotropic medication (e.g. risperidon) which is frequently used for MPS III 
patients to control the behavioral disturbances 40

Remarkably, growth in MPS III patients with the severe phenotype seems to be 
accelerated during the first 6 years of life. Accelerated initial growth followed by a 
deceleration of growth, finally resulting in short stature, has also been reported in 
MPS II (Hunter syndrome) in which the deceleration generally becomes evident at an age 
of approximately 8–10 years 41,42. Linear growth is under the control of the endocrine 
system and hormone-binding proteins, In addition, growth factors and their binding 
proteins play an additional important role 43. HS proteoglycans are involved in various 
cell signaling processes, including regulation of growth factor receptors 44,45 and the 
accelerated growth in the first years of life might be due interference of accumulating HS 
or HS derived disaccharides with these delicately balanced processes. After several years, 
the accumulating HS and HS fragments apparently results in a shift in this balance, which 
might be caused by secondary mechanisms such as inflammation and induced apoptosis 
in the growth plates, as has been found in the MPS I and MPS II mouse models 46,47, finally 
resulting in growth retardation.  

The predicted final height of men and women with MPS III was 169.7 cm and 165.4 
cm respectively. However, the standard deviation from the predicted adult stature was 9.3 
and 9.9 cm for MPS III males and females, compared to 7.1 and 6.3 cm for normal Dutch 
males and females respectively. This wider spectrum of final height values is most likely 
due to the broad spectrum of phenotypic severity.  

107



CHAPTER SEVEN

Fi
gu

re
 1

. H
ei

gh
t (

A 
an

d 
B)

 a
nd

 w
ei

gh
t (

C 
an

d 
D)

 a
cc

or
di

ng
 to

 a
ge

 in
 b

oy
s (

bl
ue

,  
A 

an
d 

C)
 a

nd
 g

irl
s (

pi
nk

,  
B 

an
d 

D)
 w

ith
 M

PS
 II

I s
ho

w
in

g 
in

di
vi

du
al

 d
at

a 
po

in
ts

.

108



Growth in patients with mucopolysaccharidosis type III (Sanfilippo disease)

7
Fi

gu
re

 2
. B

M
I (

A 
an

d 
B)

 a
nd

 h
ea

d 
ci

rc
um

fe
re

nc
e 

(C
 a

nd
 D

) a
cc

or
di

ng
 to

 a
ge

 in
 b

oy
s (

bl
ue

, A
 a

nd
 C

) a
nd

 g
irl

s (
pi

nk
 o

r B
 a

nd
 D

) w
ith

 M
PS

 II
I (

w
ith

 in
di

vi
du

al
 d

at
a 

po
in

t).

109



CHAPTER SEVEN

Figure 3. Comparison of the constructed growth chart for MPS III (blue for boys and pink for girls) 
with Dutch reference chart 2010 height for age (green).

Growth studies have been reported for MPS I 48,49, MPS II 42,50, MPS IV 51, and 
MPS VI 52. Growth in MPS III is significantly less affected compared to these other MPSs. 
This demonstrates that HS is less deleterious on growth plates than the GAGs dermatan 
sulfate (DS) and keratan sulfate (KS) which accumulate in these other MPSs (in MPS I and 
II: DS in addition to HS, in MPS IV: KS and in MPS VI only DS).
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Our study has some limitations. First, there are relatively few adult patients in the 

studied population as, in general, only the more attenuated patients survive into 
adulthood. Therefore, the final adult heights in our study may be an overestimation for the 
patients with a more severe phenotype if they would reach adulthood. Second, accurate 
measurement of height in MPS III patients can be challenging due to the behavioral 
problems and this may have resulted in less accurate data. Finally, the Dutch population 
belongs to the tallest in the world, and our disease specific standardized growth chart 
should therefore be used with some caution when studying MPS III patients from other 
ethnic backgrounds and cultural settings. However, SDS scores can be used to compare 
growth in MPS III patients from other regions of the world.

Growth charts are used to compare growth parameters to an applicable reference 
population and specific growth charts for rare genetic disorders are important to understand 
the natural course of growth in patients and may help management. Our study provides 
reliable data on growth in patients with MPS III and we demonstrate a significant effect of 
phenotypic severity as determined by genotype on growth. These results can be used for 
management of MPS III patients and can be of value for future therapeutic studies.

ACKNOWLEDGEMENTS
This study was funded by a grant from the foundation “Kinderen en Kansen”. We would 
like to thank S. Spaans for creating the figure with comparisons of the MPS III and Dutch 
reference growth curves.

Figure 4. Mean SDS according to phenotype at different age periods. *: statistical significant SDS 
values between phenotypes.

111



CHAPTER SEVEN

REFERENCES
1. Poorthuis, BJ, Wevers, RA, Kleijer, WJ, et 

al.  The frequency of lysosomal storage 
diseases in The Netherlands. Hum Genet. 
1999; 105:151-156.

2. Giugliani, R. Mucopolysacccharidoses: From 
understanding to treatment, a century of 
discoveries. Genet Mol Biol. 2012; 35:924-931.

3. Beesley, CE, Jackson, M, Young, EP, et al.  
Molecular defects in Sanfilippo syndrome 
type B (mucopolysaccharidosis IIIB). J 
Inherit Metab Dis. 2005; 28:759-767.

4. Muschol, N, Storch, S, Ballhausen, D, et al.  
Transport, enzymatic activity, and stability 
of mutant sulfamidase (SGSH) identified in 
patients with mucopolysaccharidosis type 
III A. Hum Mutat. 2004; 23:559-566.

5. Muschol, N, Pohl, S, Meyer, A, et al.  
Residual activity and proteasomal 
degradation of p.Ser298Pro sulfamidase 
identified in patients with a mild clinical 
phenotype of Sanfilippo A syndrome. Am J 
Med Genet A. 2011; 155A:1634-1639.

6. Ruijter, GJ, Valstar, MJ, van de Kamp, JM, 
et al.  Clinical and genetic spectrum of 
Sanfilippo type C (MPS IIIC) disease in The 
Netherlands. Mol Genet Metab. 2008; 
93:104-111.

7. Valstar, MJ, Neijs, S, Bruggenwirth, HT, 
et al.  Mucopolysaccharidosis type IIIA: 
clinical spectrum and genotype-phenotype 
correlations. Ann Neurol. 2010; 68:876-887.

8. Valstar, MJ, Bruggenwirth, HT, Olmer, R, et 
al.  Mucopolysaccharidosis type IIIB may 
predominantly present with an attenuated 
clinical phenotype. J Inherit Metab Dis. 
2010; 33:759-767.

9. Yogalingam, G and Hopwood, JJ. Molecular 
genetics of mucopolysaccharidosis type IIIA 
and IIIB: Diagnostic, clinical, and biological 
implications. Hum Mutat. 2001; 18:264-281.

10. Zhao, HG, Aronovich, EL, and Whitley, CB. 
Genotype-phenotype correspondence 
in Sanfilippo syndrome type B. Am J Hum 
Genet. 1998; 62:53-63.

11. Cleary, MA and Wraith, JE. Management 
of mucopolysaccharidosis type III. Arch Dis 
Child. 1993; 69:403-406.

12. Valstar, MJ, Ruijter, GJ, van Diggelen, OP, et 
al.  Sanfilippo syndrome: A mini-review. J 
Inherit Metab Dis. 2008.

13. de Ruijter, J, Maas, M, Janssen, A, et al.  
High prevalence of femoral head necrosis in 
Mucopolysaccharidosis type III (Sanfilippo 

disease): A national, observational, cross-
sectional study. Mol Genet Metab. 2013.

14. Aldenhoven, M, Sakkers, RJ, Boelens, J, 
et al.  Musculoskeletal manifestations of 
lysosomal storage disorders. Ann Rheum 
Dis. 2009; 68:1659-1665.

15. Morishita, K and Petty, RE. Musculoskeletal 
manifestations of mucopolysaccharidoses. 
Rheumatology (Oxford). 2011; 50 Suppl 
5:v19-v25.

16. White, KK. Orthopaedic aspects of 
mucopolysaccharidoses. Rheumatology 
(Oxford). 2011; 50 Suppl 5:v26-v33.

17. Young, ID and Harper, PS. The natural 
history of the severe form of Hunter’s 
syndrome: a study based on 52 cases. Dev 
Med Child Neurol. 1983; 25:481-489.

18. Polgreen, LE and Miller, BS. Growth patterns 
and the use of growth hormone in the 
mucopolysaccharidoses. J Pediatr Rehabil 
Med. 2010; 3:25-38.

19. van de Kamp, JJ, Niermeijer, MF, von Figura, 
K, et al.  Genetic heterogeneity and clinical 
variability in the Sanfilippo syndrome (types 
A, B, and C). Clin Genet. 1981; 20:152-160.

20. Schonbeck, Y, Talma, H, van, DP, et al.  The 
world’s tallest nation has stopped growing 
taller: the height of Dutch children 1955-
2009. Pediatr Res. 2012.

21. Roede, MJ. The secular trend in The 
Netherlands. The third nation-wide growth 
study. Arztl Jugendkd. 1990; 81:330-336.

22. Kloosterman, GJ. [Intrauterine growth and 
intrauterine growth curves]. Ned Tijdschr 
Verloskd Gynaecol. 1969; 69:349-365.

23. de Wijn, J, and de Haas, J. Growth diagrams 
for ages 1-25 years in The Netherlands. 
[Leiden: Wolters-noordhoff]. 1960; 1-29. 

24. Fredriks, AM, van, BS, Burgmeijer, RJ, et al.  
Continuing positive secular growth change 
in The Netherlands 1955-1997. Pediatr Res. 
2000; 47:316-323.

25. van Wieringen J, Wafelbakker F, 
Verbrugge H, et al.  Growth diagrams 1965 
Netherlands. [Leiden/Groningen: Wolters-
Noordhoff], 1971; 1-69. 

26. Schonbeck, Y, Talma, H, van Dommelen, P, et 
al.  Increase in prevalence of overweight in 
Dutch children and adolescents: a comparison 
of nationwide growth studies in 1980, 1997 
and 2009. PLoS One. 2011; 6:e27608.

27. Di Natale, P, Balzano, N, Esposito, S, et al.  
Identification of molecular defects in Italian 

112



Growth in patients with mucopolysaccharidosis type III (Sanfilippo disease)

7

Sanfilippo A patients including 13 novel 
mutations. Hum Mutat. 1998; 11:313-320.

28. Weber, B, Guo, XH, Wraith, JE, et al.  Novel 
mutations in Sanfilippo A syndrome: 
implications for enzyme function. Hum Mol 
Genet. 1997; 6:1573-1579.

29. Bunge, S, Ince, H, Steglich, C, et al.  
Identification of 16 sulfamidase gene 
mutations including the common R74C 
in patients with mucopolysaccharidosis 
type IIIA (Sanfilippo A). Hum Mutat. 1997; 
10:479-485.

30. Tessitore, A, Villani, GR, Di Domenico, 
C, et al.  Molecular defects in the alpha-
N-acetylglucosaminidase gene in Italian 
Sanfilippo type B patients. Hum Genet. 
2000; 107:568-576.

31. Weber, B, Guo, XH, Kleijer, WJ, et 
al.  Sanfilippo type B syndrome 
(mucopolysaccharidosis III B): allelic 
heterogeneity corresponds to the wide 
spectrum of clinical phenotypes. Eur J Hum 
Genet. 1999; 7:34-44.

32. Zhao, HG, Li, HH, Bach, G, et al.  The molecular 
basis of Sanfilippo syndrome type B. Proc Natl 
Acad Sci U S A. 1996; 93:6101-6105.

33. Zhao, HG, Aronovich, EL, and Whitley, CB. 
Genotype-phenotype correspondence 
in Sanfilippo syndrome type B. Am J Hum 
Genet. 1998; 62:53-63.

34. Verhoeven, WM, Csepan, R, Marcelis, CL, 
et al.  Sanfilippo B in an elderly female 
psychiatric patient: a rare but relevant 
diagnosis in presenile dementia. Acta 
Psychiatr Scand. 2010; 122:162-165.

35. Cole, TJ and Green, PJ. Smoothing reference 
centile curves: the LMS method and 
penalized likelihood. Stat Med. 1992; 
11:1305-1319.

36. de Jonge GA. Primaire en secundaire 
preventie van congenitale heupluxatie.  Ned 
Tijdschr Geneeskd 1986; 17:12-13.

37. Niklasson, A and Albertsson-Wikland, K. 
Continuous growth reference from 24th 
week of gestation to 24 months by gender. 
BMC Pediatr. 2008; 8:8.

38. Woods, CG. Human microcephaly. Curr Opin 
Neurobiol. 2004; 14:112-117.

39. Maiano, C. Prevalence and risk factors of 
overweight and obesity among children and 
adolescents with intellectual disabilities. 
Obes Rev. 2011; 12:189-197.

40. Kalkan, US, Ozbaran, B, Demiral, N, et 
al.  Clinical overview of children with 
mucopolysaccharidosis type III A and effect 

of Risperidone treatment on children and 
their mothers psychological status. Brain 
Dev. 2010; 32:156-161.

41. Rozdzynska, A, Tylki-Szymanska, A, Jurecka, 
A, et al.  Growth pattern and growth 
prediction of body height in children 
with mucopolysaccharidosis type II. Acta 
Paediatr. 2011; 100:456-460.

42. Wraith, JE, Beck, M, Giugliani, R, et al.  Initial 
report from the Hunter Outcome Survey. 
Genet Med. 2008; 10:508-516.

43. Cianfarani, S and Holly, JM. Somatomedin-
binding proteins: what role do they play in 
the growth process? Eur J Pediatr. 1989; 
149:76-79.

44. Gesslbauer, B, Rek, A, Falsone, F, et al.  
Proteoglycanomics: tools to unravel the 
biological function of glycosaminoglycans. 
Proteomics. 2007; 7:2870-2880.

45. Sasisekharan, R, Raman, R, and Prabhakar, 
V. Glycomics approach to structure-function 
relationships of glycosaminoglycans. Annu 
Rev Biomed Eng. 2006; 8:181-231.

46. Simonaro, CM, D’Angelo, M, He, X, et al.  
Mechanism of glycosaminoglycan-mediated 
bone and joint disease: implications for 
the mucopolysaccharidoses and other 
connective tissue diseases. Am J Pathol. 
2008; 172:112-122.

47. Clarke, LA. Pathogenesis of skeletal and 
connective tissue involvement in the 
mucopolysaccharidoses: glycosaminoglycan 
storage is merely the instigator. 
Rheumatology (Oxford). 2011; 50 Suppl 
5:v13-v18.

48. Polgreen, LE, Tolar, J, Plog, M, et al.  Growth 
and endocrine function in patients with 
Hurler syndrome after hematopoietic 
stem cell transplantation. Bone Marrow 
Transplant. 2008; 41:1005-1011.

49. Tylki-Szymanska, A, Rozdzynska, A, Jurecka, 
A, et al.  Anthropometric data of 14 patients 
with mucopolysaccharidosis I: retrospective 
analysis and efficacy of recombinant human 
alpha-L-iduronidase (laronidase). Mol 
Genet Metab. 2010; 99:10-17.

50. Jones, SA, Parini, R, Harmatz, P, et al.  The 
effect of idursulfase on growth in patients 
with Hunter syndrome: data from the 
Hunter Outcome Survey (HOS). Mol Genet 
Metab. 2013; 109:41-48.

51. Montano, AM, Tomatsu, S, Brusius, A, et 
al.  Growth charts for patients affected with 
Morquio A disease. Am J Med Genet A. 
2008; 146A:1286-1295.

113



CHAPTER SEVEN

52. Swiedler, SJ, Beck, M, Bajbouj, M, 
et al.  Threshold effect of urinary 
glycosaminoglycans and the walk test as 
indicators of disease progression in a survey 
of subjects with Mucopolysaccharidosis VI 
(Maroteaux-Lamy syndrome). Am J Med 
Genet A. 2005; 134A:144-150.

114





EIGHT



GENERAL DISCUSSION AND FUTURE PERSPECTIVES





General discussion and future perspectives

8

FUTURE TREATMENT OF SANFILIPPO DISEASE: CHANGING  
THE PHENOTYPE?
Over the last decades much has been learned about the pathophysiology and the clinical 
course of Sanfilippo disease as well as about potential treatments options. However, much 
still needs to be done to achieve optimal treatment and care for Sanfilippo patients. Drugs 
that are currently studied for treatment of Sanfilippo syndrome are either specific for 
the type of Sanfilippo (A t/m D; intrathecal enzyme replacement therapy or chaperone 
therapy) or are aimed at pathophysiological mechanisms involved in all subtypes (substrate 
inhibition therapy and therapies aimed at diminishing the inflammatory processes in the 
brain). However, in view of the complex pathophysiology of brain disease in Sanfilippo, 
it may be argued that treatment for Sanfilippo disease should always be a multidrug 
approach, at least in symptomatic patients.

Finally, the contribution of reference centers of expertise for Sanfilippo disease 
is essential to continuously improve the quality of care for patients and families by 
facilitating diagnosis, defining the therapeutic and psychological goals of treatment as 
well as providing tailor made support for patients and their families.

In this chapter I will briefly discuss those issues that, to my opinion, need to be high on 
the agenda for research on Sanfilippo.

BIOMARKERS, BIOCHEMICAL ABNORMALITIES, AND SURROGATE 
MARKERS OF DISEASE
Heparan sulfate (HS) in plasma and urinary glycosaminoglycans (GAGs) show a remarkably 
good correlation with disease severity in Sanfilippo patients. Since we performed a cross-
sectional study, longitudinal data need be obtained in order to identify the true prognostic 
value of these biomarkers. For assessment of treatment efficacy, the use of CSF biomarkers, 
such as HS in CSF, Macrophage Inflammatory Protein 1α (MIP-1 α) 1, and phosphorylated tau 
(P-tau) 2 may prove to be essential.  However, to obtain more information on potential CNS 
biomarkers, natural history studies in the different types of Sanfilippo disease, and in patients 
with different phenotypes at different stages of the disease, urgently need to be done. For 
type IIIA, such a study is ongoing (HGT-SAN-053, NCT01047306) and the first results from 
this study are expected soon. Preferably, data on the natural course of Sanfilippo disease 
and on biomarker profiles should be available before the start of new therapeutic trials. 
Furthermore, these studies need to be longitudinally, collecting CSF and plasma and serum 
samples at different time points, e.g. every 6 or 12 months, in combination with clinical data. 

TREATMENT: NOT-ONE-DRUG-WILL-FITT -ALL!
Given the complex pathophysiology of the CNS disease in Sanfilippo disease it is likely that 
treatment of patients diagnosed on the basis of clinical signs and symptoms will require 
combination therapy. As the process of neurodegeneration has already been initiated 
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in symptomatic patients and as this is characterized by secondary events including 
neuro-inflammation 3, the use of small molecules with anti-inflammatory properties in 
combination with drugs preventing ongoing accumulation of HS may improve treatment 
efficacy. Anti-inflammatory drugs for Sanfilippo disease may include corticosteroids and 
NSAIDs. Indeed, one study in MPS IIIA mice showed that treatment with acetylsalicylic 
acid ameliorated brain pathology 4. It may well be that a combination of two different 
treatment modalities, such as substrate inhibition therapy, e.g. isoflavone therapy, with 
enzyme replacement therapy (i.e. intrathecal ERT) may lead to greater efficacy with a 
more rapid reduction of stored HS. 

In addition, some therapies will only be an option in a subset of patients. For instance, 
chaperone therapy, aimed at protecting synthesized enzymes with significant residual 
enzyme activity from rapid degradation by the cellular quality control mechanisms because 
of abnormal folding, will only be effective in patients with certain missense mutations 5,6. In 
addition, it is likely that different chemical chaperones need to be developed for the different 
MPS III subtypes.  For this reason, it is important to genotype all newly diagnosed Sanfilippo 
patients and to test the consequences of the different mutations at the cellular level. 

Finally, patients at different stages of the disease will probably benefit from different 
medication or combinations of medication. For instance, if patients are detected very 
early in their disease, e.g. by sib-screening or by newborn screening (NBS), monotherapy 
with intrathecal ERT or gene therapy may be sufficient to prevent the onset of the cascade 
of neuropathologic events causing the neurodegeneration, while patients with more 
advanced disease may need additional therapies such as anti-inflammatory agents.

NEWBORN SCREENING
In 2007, the national newborn screening (NBS) program in the Netherlands was expanded 
from 3 to 17 disorders, including 14 metabolic diseases. The World Health Organization’s 
Wilson and Jungner screening criteria 7, especially on the subject of treatability, was used 
as a basis for decision making on inclusion in the NBS panel by a committee of the Dutch 
Health Council.  Participation in this voluntary screening program is almost 100% (99.8% 
in 2007; www.rivm.nl). Sanfilippo disease was not considered for inclusion in the NBS 
program, because of lack of a disease modifying treatment. However, a strong impulse for 
research on Sanfilippo disease was generated after disease modifying treatment became 
available for other lysosomal storage disorders (LSDs). Intravenous enzyme replacement 
therapy (ERT) is now available for Gaucher disease, Pompe disease and Fabry disease 
and the mucopolysaccharidoses (MPSs) types I, II and VI 8, and is under investigation for 
MPS IV. Because of the increased research-focus on Sanfilippo disease and the improved 
knowledge on the pathophysiological mechanisms involved, it seems reasonable to 
assume that, an effective disease modifying treatment will be developed and approved 
for Sanfilippo disease. Therefore, potential approaches for NBS for this disorder should be 
studied, as pre-symptomatic diagnosis will be the key to successful treatment. 

120



General discussion and future perspectives

8

Although Sanfilippo disease should still be regarded as an ‘untreatable’ condition; there 
is a lot to achieve with programs of prevention by family planning and by early support for 
the affected individuals and their families. Benefits of NBS include an early diagnosis which 
enables earlier access to supportive interventions, and informed reproductive choices for 
parents and extended family members. Furthermore, families often undergo a lengthy 
‘diagnostic odyssey’ before the right diagnosis is finally made. Improper diagnosis could 
hamper the appropriate care of the patient, and may have significant psychological impact on 
the parents and other family members. Moreover, early diagnosis may have direct benefit for 
the patient by enabling participation at a very early age in clinical trials, as pre-symptomatic 
or early symptomatic treatment is likely to be associated with a better clinical outcome.

CENTERS OF EXCELLENCE FOR SANFILIPPO DISEASE
Patients with a confirmed diagnosis of Sanfilippo disease should be promptly referred to a 
specialized center of excellence and referral, as parents and caregivers may easily become 
overwhelmed with the demands of care, and symptomatic treatment options should 
be discussed at an early stage of the disease. The child may need to be seen by multiple 
specialists, including specialists in cardiology, neurodevelopment, ophthalmology, orthopedics, 
otorhinolaryngology, psychiatry and pulmonology. In addition, supportive services such as 
physiotherapy, occupational therapy, audiology and behavioral therapy are usually required. 
The managing metabolic pediatrician may also guide the family when seeking out additional 
support through patient/family support organizations. A multi-disciplinary team with expert 
knowledge on Sanfilippo disease is the best approach for securing optimal care.

A center of excellence for Sanfilippo disease should combine easy access to optimal 
patient care with clinical research aimed at improvement of both symptomatic as well 
as disease modifying therapy. In addition, close collaboration with other (international) 
centers for Sanfilippo disease is a prerequisite to remain updated on ongoing research and 
new treatment options. Finally, to continuously improve the quality of care and research, 
a Sanfilippo center of excellence should be subject to regular and rigorous quality control, 
which can best be done by external, preferably international, visitation.

For day-to-day management of symptoms, direct medical care in case of urgent 
medical needs and for overseeing local supportive care, a Sanfilippo expert center should 
work closely with local hospitals (paediatricians or internists) and institutes for mentally 
challenged individuals (physicians for the mentally handicapped), thus establishing a 
shared services system.

Indeed, the Dutch patient and family support organization for inborn errors of 
metabolism (VKS, Adults, Children and Metabolic Disorders) recently published a roadmap 
for care and follow up for Sanfilippo disease (www.stofwisselingsziekten.nl) in which the 
need for a Sanfilippo expert center is underpinned. 
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Summary

SUMMARY
Mucopolysaccharidoses (MPS) are severe, inherited metabolic disorders caused by 
defective lysosmal degradation glycosaminoglycans (GAGs). The subsequent progressive 
accumulation of GAGs in cells and tissues in MPS patients results in extensive, severe 
and progressive disease, generally limiting quality of life and life expectancy. Sanfilippo 
disease (mucopolysaccharidosis type III, MPS III) is one of the 7 MPSs and is characterized 
by storage of the GAG heparan sulfate (HS), primarily leading to severe neurological 
symptoms, caused by rapid deterioration of brain functions.  This thesis comprises several 
studies, all initiated with the purpose to obtain more insight in the pathophysiology of the 
disease and to improve treatment and care of Sanfilippo patients.

Chapter 1 presents a concise overview of the history, pathophysiology, clinical features 
and molecular genetics of Sanfilippo disease, together with information on the diagnostic 
procedures and potential treatment options. 

In chapter 2 we summarize and discuss the available and potential future therapeutic 
options for patients with MPS III. This includes enzyme replacement therapy (ERT), 
hematopoietic stem cell transplantation (HSCT), substrate reduction therapy (SRT), 
chaperone-mediated therapy, and gene therapy.  Although clinical efficacy has not yet 
been convincingly demonstrated for any of these therapies, it is likely that the continuous 
focus on development of disease modifying treatments for MPS III will lead to a efficacious 
treatment in the near feature.

Chapter 3 presents the outcomes of our study on the effects of genistein as potential 
substrate reduction therapy in 30 MPS III patients.  The therapeutic efficacy of genistein 
was determined in a randomized, crossover, placebo-controlled intervention with a 
genistein-rich soy isoflavone extract (10 mg/kg/day of genistein) followed by an open-label 
extension study for patients who were on genistein during the last part of the crossover. 
Genistein resulted in a significant decrease in urinary excretion of total GAGs (p = 0.02, 
slope: -0,68 mg GAGs/mmol creatinine/month) and in plasma concentrations of HS 
(p = 0.01,  slope -15.85 ng HS/ml/month). However, the absolute reduction in GAGs and in 
HS was small and values after 12 months of treatment remain within the range as observed 
in untreated patients. No clinical efficacy was detected.  Substantially higher doses of 
genistein might be more effective as suggested by recent studies in animal models. 

Early initiation of treatment, before the onset of irreversible tissue damage, appears 
to be critical in obtaining optimal outcomes. In order to identify MPS III patients in time as 
soon as  a disease modifying treatment will become available, newborn screening (NBS) will be 
indispensible.

In chapter 4 we demonstrate that measurement of heparan and dermatan sulfate 
derived disaccharides in dried blood spots (DBS) may be suitable for NBS for MPS I, II 
and MPS III. This concerns a relatively simple and sensitive method to measure levels 
of dermatan and heparan sulfate derived disaccharides in DBS using HPLC-MS/MS after 
enzymatic digestion of the GAGs. The levels of dermatan and heparan sulfate derived 
disaccharides were clearly elevated in all newborn DBS of MPS I, II and III patients when 
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compared to controls. In contrast, DBS of MPS I and III heterozygotes showed similar 
disaccharide levels when compared to control DBS.

In chapter 5 we evaluate the value of the plasma concentration of HS and urinary 
total level of GAGs for predicting disease severity in a cross-sectional cohort of 44 MPS 
III patients. Disease severity was established on the basis of the age of complete loss of 
independent walking and of full loss of speech in all patients. Hazard ratios (HR) were 
obtained with cox-regression analysis. Plasma HS and urinary GAGs were independently 
and linearly associated with an increased risk of speech loss with a HR of 1.8 (95% CI 
1.3-2.7) per 500 ng/ml increase of HS in plasma (p=0.002), and a HR of 2.7 (95% CI 1.6-4.4) 
per 10 mg/mmol creatinine increase of urinary GAGs (p<0.001). Plasma HS and urinary 
GAGS were less strongly associated with loss of walking. Plasma HS and urinary GAGs may 
be useful biomarkers for prediction of severity in MPS III.  Longitudinal data should be 
collected to identify the true predictive value of these storage products. 

The results of a cross-sectional study on the prevalence of osteonecrosis of the femoral 
heads (ONFH) are described in chapter 6. Skeletal symptoms are thought to be rare in MPS 
III, in contrast to the other MPSs. We conducted radiographic studies in 33 MPS III patients 
and detected a high prevalence (24%) of ONFH. Therefore, evaluation of hip disease should 
be included in the follow-up of MPS III patients in order to optimize patient care.

In chapter 7 we present the results of our study on growth in Sanfilippo patients.  
We show that there is a significantly stunted growth from the age of 6 years onwards. In 
addition, we show that phenotypic severity, as assessed by genotyping, correlates with 
the growth pattern and final height. Knowledge on normal growth pattern in this rare 
disease is important for management of patients, preventing unnecessary investigations, 
and might be important in future therapeutic studies for assessment of somatic effects of 
a treatment. Finally, chapter 8 presents a general discussion on management of Sanfilippo 
disease and directions for potential future studies.
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Samenvatting

SAMENVATTING
De mucopolysaccharidosen (MPS-en) zijn een groep ernstige, erfelijke stofwisselingsziekten 
veroorzaakt door een defect in de lysosomale afbraak van glycosaminoglycanen (GAG’s). 
GAG’s zijn lange onvertakte suikerketens en komen voor in collageenrijke weefsels, met 
name in kraakbeen. Ook in het hoornvlies en in de wanden van bloedvaten komen veel 
GAG’s voor. De hoge stroperigheid van GAG’s maakt deze moleculen zeer geschikt voor 
‘smering’ in de gewrichten. Tevens spelen GAG’s een belangrijke rol bij veel biologische 
processen, waaronder de communicatie tussen cellen, het vormen van nieuwe bloedvaten, 
de groei van zenuwcellen en antistolling.

Bij patiënten met MPS-en ontstaat een progressieve ophoping van GAG’s in het 
lysosomale compartiment van cellen en weefsels. Dit resulteert in een uitgebreide, 
ernstige en progressieve ziekte, met een meestal beperkte kwaliteit van leven en 
levensverwachting. De ziekte van Sanfilippo (mucopolysaccharidose type III, MPS III) is 
één van de 7 MPS-en en wordt gekenmerkt door stapeling van het GAG   heparan sulfaat 
(HS). Deze stapeling leidt voornamelijk tot ernstige neurologische symptomen, die worden 
veroorzaakt door een progressieve hersenziekte. Dit proefschrift bestaat uit meerdere 
studies, die ten doel hadden meer inzicht te krijgen in de pathofysiologie van de ziekte 
en daarnaast om de behandeling van en de zorg voor Sanfilippo patiënten te verbeteren.

Hoofdstuk 1 geeft een korte samenvatting van de geschiedenis, de pathofysiologie, de 
klinische kenmerken en de moleculaire genetica van de ziekte van Sanfilippo en bevat tevens 
informatie over de diagnostische procedures en de mogelijke behandelingsopties van de ziekte.

In hoofdstuk 2 worden de beschikbare en mogelijke toekomstige therapeutische 
mogelijkheden voor patiënten met MPS III besproken. Dit betreft enzymvervangingstherapie 
(EVT), hematopoietische stamceltransplantatie (HSCT), substraat reductie therapie (SRT), 
chaperone therapie en gentherapie. Hoewel voor geen van deze behandelopties op dit 
moment de klinische werkzaamheid overtuigend bewezen is, is het aannemelijk dat het 
voortdurende onderzoek naar deze behandelingen uiteindelijk zal leiden tot een effectieve 
therapie voor patiënten met de ziekte van Sanfilippo.

In hoofdstuk 3 presenteren wij de uitkomsten van ons onderzoek naar het effect van 
genisteïne als substraat remmer bij 30 MPS III patiënten. De therapeutische werkzaamheid van 
genisteïne werd bepaald in een gerandomiseerd, cross-over, placebo-gecontroleerd onderzoek 
met een extract rijk aan genisteïne bevattende soja-isoflavonen (10 mg genisteïne / kg / dag). Dit 
onderzoek werd gevolgd door een open-label studie van patiënten die gedurende het laatste 
deel van de cross-over genisteïne gebruikten. Genisteïne resulteerde in een significante daling 
van de excretie van totale GAG’s in de urine (p = 0.02, helling: -0,68 mg GAG / mmol creatinine 
/ maand) en plasmaconcentraties van HS (p = 0,01, helling -15,85 ng HS / ml / maand). De 
absolute vermindering van GAG’s en HS was klein en de waarden na 12 maanden behandeling 
waren nog steeds binnen de grenzen van onbehandelde patiënten. Verbetering van klinische 
symptomen werd niet waargenomen. Aanzienlijk hogere doses genisteïne zouden mogelijk 
wel effectief kunnen zijn, zoals gesuggereerd wordt in recente studies waarin muizen met MPS 
III met hoge doses genisteïne werden behandeld.
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Tijdige start van behandeling, voordat onherstelbare weefselschade is opgetreden, 
blijkt van groot belang te zijn voor het verkrijgen van optimale resultaten. Neonatale 
screening zal onmisbaar zijn om MPS III patiënten tijdig te identificeren zodra er een 
werkzame behandeling beschikbaar komt. 

In hoofdstuk 4 beschrijven wij een gevoelige techniek, gebruik makend van HPLC-MS/
MS na enzymatische digestie, om de disacchariden afkomstig van heparan en dermatan 
sulfaat in hielprikkaartjes te meten als mogelijke screeningsmethode voor MPS I, II en III. 
De disacchariden afkomstig van dermatan en/of heparan sulfaat waren duidelijk verhoogd 
in alle neonatale hielprikkaartjes van MPS I, II en III patiënten in vergelijking met controles. 
Daarentegen vertoonden hielprikkaartjes van individuen die heterozygoot zijn voor MPS 
I en III heterozygoten geen afwijkingen. Deze resultaten laten zien dat de beschreven 
techniek zeer bruikbaar kan zijn voor neonatale hielprikscreening voor MPS-en.

Hoofdstuk 5 beschrijft het onderzoek naar de bruikbaarheid van de plasmaconcentratie 
van HS en het totale niveau van GAG’s in de urine voor het voorspellen van de ernst van de 
ziekte in een cross-sectioneel cohort van 44 MPS III patiënten. Ziekte-ernst werd vastgesteld 
op basis van de leeftijd van volledig verlies van lopen en volledig verlies van spraak bij 
alle patiënten. Hazard ratio’s (HR) werden verkregen met een cox-regressie analyse. 
De concentraties van HS in plasma HS en GAG’s in urine   waren onafhankelijk en lineair 
geassocieerd met een verhoogd risico op verlies van spraak met een HR van 1.8 (95% CI 
1.3-2.7) per 500 ng / ml toename van HS in plasma (p = 0.002) en een HR van 2.7 (95% BI 
1.6-4.4) per 10 mg / mmol creatinine stijging van uGAG’s (p <0.001). De concentraties van 
HS in plasma en urine waren minder sterk geassocieerd met verlies van het lopen. Bepaling 
van de concentraties van HS in plasma en van GAG’s in urine kunnen dus mogelijk gebruikt 
worden als biomarkers voor het voorspellen van de ernst van de ziekte bij MPS III patiënten. 
Longitudinale, prospectieve gegevens moeten worden verzameld om de werkelijke 
voorspellende waarde van deze stapelingsproducten te identificeren.

De resultaten van een cross-sectionele studie naar de prevalentie van osteonecrose 
van de heupkoppen (ONHK) worden beschreven in hoofdstuk 6. Botproblemen zijn relatief 
zeldzaam bij MPS III, in tegenstelling tot de andere MPS-en. Wij verrichtten röntgenonderzoek 
bij 33 MPS III patiënten en ontdekten een opvallend hoge prevalentie (24%) van ONHK. 
Vanwege deze hoge prevalentie moet de evaluatie van de heupkopnecrose in de follow-up 
van MPS III patiënten worden opgenomen om de patiëntenzorg te optimaliseren.

In hoofdstuk 7 presenteren wij de resultaten van een onderzoek naar de groei van Sanfilippo 
patiënten. We laten zien dat er een significant vertraagde lengtegroei is vanaf de leeftijd van 
6 jaar. Daarnaast tonen wij aan dat de ernst van het fenotype, vastgesteld door middel van 
genotypering, correleert met het groeipatroon en de eindlengte. Kennis over het normale 
groeipatroon in deze zeldzame ziekte is belangrijk voor de goede begeleiding tijdens follow-up 
van patiënten, het voorkomen van onnodige onderzoeken en voor de beoordeling van een deel 
van de effectiviteit van therapeutische studies in de toekomst. Tot slot wordt in hoofdstuk 8 
de behandeling van en zorg voor patiënten met de ziekte van Sanfilippo in algemene zin kort 
besproken en wordt besproken welk onderzoek in de nabije toekomst noodzakelijk is.
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DANKWOORD
Dit proefschrift is mogelijk gemaakt door de bijdrage en steun van veel mensen. Het is 
helaas niet mogelijk om iedereen persoonlijk te bedanken in dit proefschrift, maar ik wil 
wel graag een aantal personen in het bijzonder noemen:

Gepke Visser
Lieve Gepke, dankzij jou is het allemaal begonnen. Met mijn keuzestage in het Sylvia 
Tóth Centrum in Utrecht onder jouw begeleiding, werd mijn interesse voor de metabole 
ziekten gewekt. Twee jaar later heb ik met heel veel plezier nog een semi-arts stage bij de 
metabole ziekten gedaan, destijds in mijn laatste jaar van de geneeskunde opleiding. Een 
promotieonderzoek zat er bij jou (toen) nog niet in, maar gelukkig had jij goede contacten 
in Amsterdam en mocht ik hier beginnen met een prachtig onderzoek! Bedankt voor je 
vertrouwen in mij en je enthousiasme en vrolijkheid die altijd aanstekelijk werkten.

De Sanfilippo patiënten en hun familieleden
Heel erg veel dank voor jullie medewerking aan alle onderzoeken. Zonder jullie deelname 
hadden deze onderzoeken namelijk nooit kunnen plaats vinden. Ik vind het heel bijzonder 
hoe open en warm ik door jullie ben ontvangen. Het is ongelooflijk hoeveel positiviteit 
jullie uitstralen en hoeveel kracht jullie bezitten om met deze verschrikkelijke ziekte om 
te gaan. Ik vind het bewonderenswaardig om te zien hoe jullie meestrijden voor een 
behandeling van deze ziekte, sommigen van jullie wetend dat het voor jullie kind(eren) 
niet op tijd zal zijn. Ik heb veel respect voor jullie en ik ga jullie oprecht erg missen.

Mijn promotor
Beste Frits, mijn promotor, mijn dagelijkse copromotor, mijn inspirerende mentor en 
uitdagende gesprekspartner, allemaal ineen. Ik wil je bedanken voor het vertrouwen in 
mij en de vrijheid die ik kreeg tijdens mijn promotie. De manier waarop jij mij begeleidde; 
enthousiast, vriendelijk en motiverend, zorgde ervoor dat ik mijn promotietijd als bijzonder 
fijn heb ervaren. Ik vind het heel mooi om te zien hoeveel passie jij voor je vak hebt, maar 
ook zo kan genieten van de dingen daarbuiten. Ik had me geen betere en fijnere promotor 
kunnen wensen, bedankt voor alles!

AVG-artsen, (metabole) kinderartsen en internisten, (kinder)neurologen en 
andere zorgverleners van Sanfilippo patiënten
Helaas is het niet mogelijk om ieder van jullie persoonlijk te noemen, maar ik wil graag 
iedereen bedanken die betrokken is geweest bij mijn onderzoek en met name bedanken 
voor de goede samenwerking.

De leden van de promotiecommissie
Prof. dr. D.A.J.P. Denys, Prof. dr. R.C.M. Hennekam, Prof. dr. C.E.M. Hollak, Prof. dr. B.T. 
Poll-The, Dr. G. Visser en Prof. dr. R.J.A. Wanders, graag wil ik u hartelijk danken voor de 
bereidheid mijn proefschrift te beoordelen en zitting te nemen in de promotiecommissie.
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De mensen die hebben bijgedragen aan de verschillende onderzoeken
Dr. N. van Vlies, ir. L. Lijlst, dr. W. Kulik, dhr. H. van Lenthe en dhr. T. Wagemans, beste 
Naomi, Lodewijk, Wim, Henk en Tom, ik wil jullie heel graag danken voor het uitvoeren 
van alle analyses die nodig waren voor de verscheidene onderzoeken. Ik heb ontzettend 
veel geleerd van al jullie input tijdens onze besprekingen. Hadden we eerst alleen de 
‘GAG-bespreking’ in klein gezelschap op plein F, breidde dit zich later uit tot een officiële 
MPS-bespreking op H7, zelfs geheel gevoerd in het Engels. Heel erg leuk om te zien hoe de 
samenwerking tussen het GMZ-lab en de afdeling metabole ziekten alleen maar nauwer is 
geworden in de loop van mijn promotie!

Dr. W.M. van der Wal, beste Willem, ik wil jou heel hartelijk danken voor jouw 
statistische hulp en vakkennis bij het genisteïne onderzoek. Jouw bijdrage is zeker 
essentieel geweest voor de kwaliteit van dit artikel, veel dank hiervoor!

Minke de Ru, lieve Minke, dank je wel voor de fijne samenwerking. Ik ken niemand die 
zo attent is als jij! Dank ook voor al je goede tips m.b.t. het promoveren. Ik wens je heel 
veel geluk als kinderarts in het Groene Hart ziekenhuis.

Dear Polish colleagues, Prof. dr. Grzegorz Wegrzyn, Dr. Magdalena Narajczyk, Ewa 
Piotrowska and Prof. dr. Anna Tylki-Szymańska, I would like to thank you for the nice 
cooperation between our centers.

Mensen van de HGT-SAN studie
Ook al is dit onderzoek niet in mijn boekje opgenomen, dit onderzoek met intrathecale 
enzymtherapie is wel een belangrijk onderdeel geweest van mijn onderzoekstijd. Ik 
wil graag iedereen bedanken die heeft geholpen om deze uitdagende studie met zeer 
complexe logistiek in goede banen te leiden. In het bijzonder wil ik bedanken:

Dr. P. van den Munckhof, beste Pepijn, dank je wel voor je blijvende inzet en 
betrokkenheid bij het implanteren van de IDDD’s (die we meerdere malen hebben 
vervloekt!). Bedankt voor de gastvrijheid op de OK en veel dank voor je flexibiliteit en 
doorzettingsvermogen, met hopelijk als uiteindelijke uitkomst een werkzame behandeling 
voor MPS IIIA patiënten in handen te hebben.

Dr. Rick van Rijn, Anneke Heutinck, Marieke Heman, Patrick Brienesse, Sabine Engels, 
Prof. Dr. M.W. Hollmann, en Drs. Z.M. de Jong-Kepel: dank jullie wel voor het mogelijk 
maken van deze studie. Zonder jullie inzet en flexibiliteit was het onmogelijk geweest om 
de MRI’s en de BAER’s onder narcose te realiseren.

Jan Pieter Marchal, beste JP, dank je wel voor jouw bedrevenheid in het testen van de 
ontwikkeling van de Sanfilippo patiënten. Ik wil je heel graag bedanken, niet alleen voor 
je deelname aan dit onderzoek, maar ook voor je bijdrage in de klinische zorg bij MPS (III) 
patiënten. Bijzonder om te zien hoe jouw natuurlijke manier van omgang ervoor zorgt dat 
patiënten zich vaak onmiddellijk op hun gemak bij jou voelen en daardoor heb jij dan vaak 
een automatische ‘klik’ met hen! Heel veel succes ook met je eigen promotieonderzoek 
en ik hoop dat je nog een hele tijd bij de zorg van ‘mijn’ patiënten betrokken zal blijven!
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Beste tienerafdeling! Ik wil jullie ALLEMAAL bedanken voor de zorg rondom en voor de 
MPS III patiënten. Heel bijzonder om te zien hoe welkom de patiënten en ik altijd op jullie 
afdeling zijn/was en bedankt voor jullie betrokkenheid bij de patiënten en de studie. Dank 
jullie wel dat jullie er altijd een feestje van proberen te maken op de afdeling!

Beste Sandra, Simone, Karin, Krista en Esther, dank jullie wel voor jullie ondersteuning 
en hulp bij deze studie!

Metabole team
Annet Bosch, Hidde Huidekoper, Thessa Westphal, Klaske Honig en Evelien Tump, bedankt 
voor de gezelligheid en dat ik onderdeel mocht uitmaken van jullie team! Annet, toch een 
beetje de moeder van de metabole, dank voor de fijne samenwerking! Hidde, wat fijn dat 
je ook voor lysosomaal kiest! We hebben niet heel lang mogen samenwerken, maar ik kan 
met een geruster hart weg, nu ik weet dat jij ook een deel van de zorg van de patiënten op je 
neemt! Lieve Thes, de hoeksteen van de metabole ziekten! Jouw inzet en toewijding aan je 
werk is bijzonder en daarnaast ben je ook nog eens een ontzettend lieve collega! Lieve Eef, met 
jou had ik gelijk een klik en ik vind het zo fijn dat ik mijn werk de afgelopen tijd heb kunnen 
delen met jou. Wat had ik zonder jou en Klas gemoeten?! Ik zal jou en onze cola-light breakjes 
zeker missen, maar kom zeker nog buurten hoor (en jullie misschien ook wel bij mij)!

Lieve Klas, nu ben jij weer terug bij de metabole en ga ik weer weg. Nu je er weer bent, lijkt 
het alsof je nooit weg bent geweest. Samenwerken met jou ging helemaal vanzelf en bedankt 
voor alle gezellige en leuke momenten! Ik waardeer je eerlijkheid en humor oprecht!

Collega’s van de rode luifel
Lieve tafelgenootjes (Eveline Langereis, Serwet Demirdas, Veronica van der Land, Imke 
van Kessel en Sarah Clement), bedankt dat jullie altijd met me mee wilden denken en 
altijd klaar stonden met goede raad voor elk probleem dat zich maar voordeed tijdens 
mijn onderzoek! Lieve Eveline, met jouw boekje komt het wel goed! Als jij aan iets begint 
dan werk je het helemaal uit tot in detail! Je opgewektheid in combinatie met je humor 
en gedrevenheid maakt dat jij een aanwinst bent voor de metabole.

Lieve Vroni, harde werkster! Onze temperatuursregulatie was wat anders ingesteld, 
maar gelukkig leidde dat nooit tot problemen! Jij bent nu inmiddels Sanfilippo expert 
geworden door het geluk (of de pech) te hebben om naast mij te zitten. En mij heb je 
bijgeschoold in de geheimen van de sikkelcel (geen ziekte!). Ik zeg: win-win situatie, dank 
je wel dat je er altijd was!

Lieve Serwet, zowel lysosomaal als van de aminozuren, een bijzondere combinatie! Uit het 
JKZ kennen wij elkaar en het is leuk om nu te zien dat we elkaar weer zijn tegengekomen in het 
AMC. Wie weet in de toekomst zomaar weer! Lieve Sara en Imke, jullie wisselden elkaar af aan 
het hoofd van onze tafel, een belangrijke positie die jullie beide op jullie eigen manier invulden. 
Imke, bedankt voor je stralende persoonlijkheid en Sarah bedankt voor de gezellige gesprekken!

Alle andere onderzoekers en collega’s van de rode luifel, bedankt voor de gezellige 
(lunch)-momenten!
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Collega’s interne geneeskunde
Prof. Dr. C.E. Hollak en Dr. G. Linthorst, beste Carla en Gabor, dank jullie wel voor de 
gezelligheid en leerzame overlegmomenten. Mijn collegae promovendi, Linda van der Tol, 
Bouwien Smid, Laura van Dussen, Saskia Rombach en Marieke Biegstraaten, dank jullie 
wel voor de gezellige lunches en de tijd op congressen.

Oud-collega’s
Mijn oud-promovendi groepje: Marlies Valstar, Machtelt Bouwman, Femkje Jonker, 
Amber ten Hoed, dank jullie wel voor het wegwijs maken in het onderzoek. Lieve Marlies, 
bijzonder om jouw opvolgster te zijn, omdat ik dacht dat ik jouw contact met je patiënten 
nooit kon evenaren! Dank je wel dat je me toch alle ruimte hebt gegeven en dank voor 
je vertrouwen in mij en dat we nog altijd konden overleggen over ‘onze patiënten’. Ik 
wens je veel geluk toe als AVG-arts en prachtig om te zien hoe jij toewerkt naar een groot 
gelukkig gezin! Lieve Maggie, ongelooflijk hoe snel en goed jij je promotietijd hebt weten 
te doorlopen en dat met het krijgen van twee kinderen tussendoor! Nu alweer bezig met 
je opleiding tot kinderarts, heel veel respect hoe jij het allemaal voor elkaar krijgt. En dan 
als persoon ook nog eens lief, meevoelend en grappig: een perfecte combinatie! Lieve 
Fem, ik mis je enthousiasme en getier en gevloek zoals alleen jij dat kon doen achter je 
bureau! Heerlijk om jou nu als moeder te zien en dat je nog steeds zo jezelf bent gebleven! 
Lieve Amber, zo knap hoe jij je droom waarmaakt, want makkelijk is dat zeker niet. Fijn dat 
ik je echt heb mogen leren kennen met jouw prachtige gelaagde persoonlijkheid! 

Quirine Teunissen
Lieve Quirine, toen ik begon met mijn onderzoek, had jij net gehoord dat je ongeneeslijk 
ziek was. Ik vond het zo bijzonder om te zien hoeveel vechtlust jij had en hoe positief 
jij in het leven bleef staan. Jij bleef nog zo genieten van de kleine dingen in het leven 
tot het allerlaatste moment. Heel bijzonder om te zien hoe sociaal ingesteld jij was en 
hoe betrokken jij was bij iedereen. Het is zo verdrietig dat je dit leven veel te vroeg hebt 
moeten verlaten. Ik neem jou als voorbeeld hoe ik in het leven wil staan. Ik denk aan jou 
op de momenten dat ik het even niet zie zitten en denk dan aan jouw positieve instelling! 

Vriendinnen
Lieve Laia, ook jij bent er niet meer om mijn promotie mee te maken. Hoe oneerlijk kan het leven 
zijn en soms onverwacht lopen. Onze tijd samen ging ver terug en we hebben veel bijzondere 
momenten meegemaakt. Heel jammer dat je er niet meer bij kan zijn, ik mis je nog veel! 

Lieve Ilja, mijn bijzondere paranimf! Wat ben ik blij dat je naast mij zal staan op ‘de 
dag’. Ik ken niemand die zo lief en zorgzaam is als jij! Wij hebben zo’n hechte band en jij 
hebt een heel speciaal plekje in mijn hart.

My high-school sweethearts (and way before that time!): Lieve Char, met jou kan ik 
onwijs lachen, maar ook heel serieuze en diepe gesprekken hebben. We hebben zo’n 
sterke vriendschap dat zelfs de afstand nu er niet voor zorgt dat de vriendschap minder 
wordt. Bedankt dat je er altijd voor me bent! Lieve Mas, ook jij bent al zo lang een kostbaar 
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onderdeel van mijn leven. Bij jou kan ik heerlijk mijzelf zijn en wij hebben aan weinig 
woorden genoeg. Ik heb veel respect voor hoe je door het leven gaat. Lieve San, jij bent zo 
heerlijk nuchter en wij kunnen altijd uren kletsen! Het is altijd genieten als ik je weer zie 
en ik hoop dat dit altijd blijft!

Lieve San H, Ellen, Meik en Frouk: ‘Mijn geneeskunde-buddies’. Leuk om nog steeds 
contact te hebben en te zien hoe ieder zijn weg volgt! Ik vind het heerlijk om met jullie 
vakinhoudelijk te kletsen, maar ook heel fijn om het over de dagelijkse dingen te hebben. 
Dank voor jullie interesse en steun!

Lieve Sandy, Tas, Nous. Jan en Do: Ik wil jullie bedanken voor alle gezellige momenten. 
Meestal waren het mooie feestjes, maar soms ook wel bijzondere intieme gesprekken. 
Dank dat jullie zoveel gezelligheid aan mijn leven geven!

Lieve overige vrienden van mij (en Bart), dank jullie voor alle leuke feestjes en etentjes!

Familie
Veel (schoon)familieleden hebben de afgelopen tijd geregeld gevraagd hoe het met mijn 
promotie ging. Heel veel dank!

Lieve pap en mam: ik prijs me zo gelukkig met zulke liefdevolle ouders! Jullie staan 
altijd voor mij klaar en jullie zijn voor mij het voorbeeld hoe de liefde er overduidelijk nog 
steeds kan zijn na tientallen jaren samen! Dank voor jullie vertrouwen, liefde, adviezen 
en steun! Lieve zusjes, Barbara en Carmen, wat ben ik blij met jullie! Lieve Bar, wij zijn zo 
anders, bijna als Yin en Yang, maar daardoor wel ontzettend evenwaardig met veel begrip 
en respect voor elkaar. Jij staat altijd voor mij klaar en ik heb bewondering voor hoe jij je 
eigen weg gaat. Mijn liefde voor jou is onvoorwaardelijk. Carmpje, mijn kleine zusje; ruwe 
bolster, blanke pit. Ik ken jou zo goed en wij lijken soms bijna ‘telepathisch’. Ik ben heel erg 
trots op je en zal er altijd voor je zijn. 

En mijn opa en oma’s niet te vergeten! Jullie leven altijd zo met mij mee, wat ontzettend 
kostbaar om jullie in mijn leven te hebben. 

Lieve Bart, jij bent de zon in mijn hart. Jij laat mij stralen en ik kan zo ontzettend 
genieten met jou! Bedankt voor je onvoorwaardelijke steun en liefde! Ik hoor bij jou, ik 
hou van jou, voor altijd.
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CURRICULUM VITAE
Jessica de Ruijter werd op 28 maart 1985 geboren in Den Haag. Zij groeide op in Rijswijk en 
behaalde in 2003 haar Gymnasium diploma aan het Christelijk Lyceum te Delft. Hierna begon 
zij aan haar studie geneeskunde aan de Universiteit van Utrecht. Na een gecombineerde 
wetenschappelijke en klinische stage bij de metabole ziekten, een keuzecoschap klinische 
genetica en een keuzecoschap in de kinder-en jeugd psychiatrie in Australië, haalde Jessica 
in 2009 haar artsexamen. Hierna startte zij meteen met haar eerste baan als arts-assistent 
kindergeneeskunde in het Juliana Kinderziekenhuis. In 2010 kreeg zij de mogelijkheid 
om onderzoek te doen bij de afdeling metabole ziekten van het Emma Kinderziekenhuis 
AMC, onder leiding van prof. dr. F.A. Wijburg. Dit heeft geresulteerd in het proefschrift dat 
nu voor u ligt. Op 1 oktober 2013 zal zij starten met de specialisatie tot psychiater in het 
opleidingscluster van het AMC, met als opleider Prof. dr. A.H. Schene.
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