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INTRODUCTION 

Much progress has been made in the treatment of mucopolysaccharidosis type I (MPS I) over 

the last four decades and the available disease modifying treatments, hematopoietic stem 

cell transplantation (HSCT) and enzyme replacement therapy (ERT), have altered the course 

of the disease significantly. However, despite this achievement, a significant disease burden 

remains and this provides a challenge for patients, families and caregivers. 

In part I of this thesis the focus lies on enabling an early and reliable diagnosis for future 

patients. A shorter time to diagnosis saves patients and parents a burdensome “diagnostic 

odyssey” and allows for an early treatment initiation.  

Next, in part II we evaluate current therapeutic strategies and study a novel method to 

improve ERT. Understanding why there is variability in patients’ response to disease 

modifying treatments, and how to measure this, will be essential in improving therapy.  

In part III we focus on the skeletal system. Dysostosis multiplex has a significant impact on a 

patient’s disease burden, as it may affect mobility, lead to pain and require surgical 

intervention. Documenting the severity is essential to capture disease progression and to be 

able to evaluate future therapies. Reporting the expertise and considerations of treating 

physicians that care for patients with rare diseases will contribute to more deliberate 

decision making.  

This chapter provides a general discussion of the results described in this thesis, indicating 

the added value of the research and pointing out the possibilities for future studies.  

 
WHY THERE IS STILL A LOT TO RESEARCH 

EFFECTS OF DISEASE MODIFYING TREATMENTS 

Since the first successful stem cell transplantation in an MPS I Hurler patients was reported 

in 1981 by Hobbs et al. [1] the prognosis for MPS I patients has improved significantly. As no 

randomized controlled trials (RCTs) have been performed to evaluate HSCT, much of what 

we know about treatment efficacy is derived from case series. Beneficial effects have been 

 
 

described for CNS disease, hepatomegaly, hearing impairment, cardiomyopathy, obstructive 

airway disease and corneal clouding [2–9].  

Enzyme replacement therapy is available since 2003 after being studied in RCTs. Treatment 

effects are reported on improved forced vital capacity, decreased left-ventricular mass, 

improved apnea-hypopnea index, reduction of liver size, improved joint mobility and 6 

minute walk test [10–13].  

However, despite these successes there are still many patients who display progressive 

disease manifestations. There is still residual disease. 

WHY IS IT THAT THERE IS RESIDUAL DISEASE? 

When discussing residual disease in MPS I, and especially ways to improve disease 

outcomes, two principal mechanisms need to be discussed. 

For one thing, a certain fraction of the disease manifestations that patients display at 

diagnosis will be irreversible. Once established, these symptoms may in itself progress, 

independent of ongoing MPS disease. For example, the femoral head in hip dysplasia may 

become (sub)luxated due to altered mechanical forces.  

Second, there are limitations to the current therapies which lead to ongoing disease, most 

notably in hard-to-reach organs. In the extensive evaluation of biochemical efficacy of ERT in 

a large cohort of patients , reported in chapter 4 of this thesis, we show that all patients in 

this cohort –some even after 7 years of ERT– still have urinary GAG levels above the 

reference range [14]. Considering the complex role of GAGs in many biological processes, a 

suboptimal correction of the accumulation is undesirable. As many previous studies report 

on percent-change rather than absolute values, this suboptimal biochemical correction has 

probably been obscured.  

As a result of these two mechanisms, many patients still suffer from a significant residual 

disease burden, impacting daily living [15]. Major contributors to the residual disease burden 

are dysostosis multiplex and central nervous system (CNS) complications [13,16,17]. 

 
CONSIDERATIONS IN MEASURING TREATMENT OUTCOMES 

The fact that so many organ systems are involved in MPS I and that disease manifestations 
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can vary considerably from patient to patient pose huge challenges for both research and 

clinical care. Improvement of clinical outcomes is difficult to research when it is unclear what 

exactly needs to show improvement. With symptoms ranging from corneal clouding to 

carpal tunnel syndrome and sleep apnea, there is not a single parameter available that fully 

reflects the clinical status of the patient. In addition, a distinction should be made between 

parameters that are supposedly irreversible, e.g. vertebral deformity, versus more dynamic 

outcome measures, such as sleep oximetry studies. Evaluating therapeutic effect should 

therefore always rely on multiple endpoints. Preferably, these endpoints are based on more 

or less objective parameters, especially in multicenter studies. For example: while the 

number of surgical procedures a patient has undergone might depend on the approach of 

the treating physicians, other parameters such as the 6 minute walk test are more easily 

standardized across centers.  

Dysostosis multiplex is one of the most important and debilitating elements of the residual 

disease seen in MPS I. In chapter 7 we provide an extensive assessment of radiological 

progression of hip dysplasia in MPS I-H patients after HSCT. The progression described in a 

large, well-defined cohort with a reliable method of assessment provides much needed 

insight in this aspect of the disease. The data can be used in clinical practice, but may also 

serve as a historic cohort when the effect on bone disease is assessed for future therapeutic 

strategies. 

As the clinical parameters are so variable and difficult to obtain, biomarkers are sought that 

may provide a reliable, objective parameter of treatment efficacy. In chapter 4 we evaluate 

the use of GAG derived disaccharide quantification in the follow up of ERT treated patients. 

This new assay is much more sensitive than the conventional DMB and will provide an 

excellent tool to evaluate biochemical response to therapy. Also, the disaccharides 

correlated well with other methods, such as DS:CS ratio. These biomarkers may not only be 

used to follow-up on biochemical correction, but at the same time tell us something about 

the pathophysiology and ongoing disease processes in these patients. For example, 

dermatan levels remained elevated despite treatment opposed to heparan sulfate that 

reached normal plasma levels in 50% of patients. Similar observations are described by 

others [18]. This may well reflect the insusceptibility to ERT of bone and as these tissues 

contain a relative high content of dermatan sulfate. With dermatan sulfate levels reflecting 

 
 

ongoing disease, its correction should be a secondary endpoint in future studies of 

therapeutic efficacy, rather than total GAG content.  

In our study, a correlation with a very general assessment of clinical condition could not be 

established. Most likely, our approach was too general and possible correlations were 

obscured. This is in contrast to chapter 5, where we could perform a more detailed analysis, 

as it focusses only on the outcomes of sleep disordered breathing (SDB). The DS:CS ratio is 

clearly correlated with severity of SDB. Further studies correlating these biomarkers with 

other clinical parameters will provide an important tool that can be used both for future 

studies and in clinical practice. 

 
TOWARDS BETTER DISEASE OUTCOMES 

PREVENTION OF DISEASE MANIFESTATIONS 

Of all the possible ways to improve disease outcomes in MPS I patients, prevention will 

prove the most essential as not all clinical manifestations are reversible. Initiation of therapy 

before clinical manifestation of the disease is therefore essential when trying to maximize 

treatment efficacy. The benefits of this “early treatment initiation” have been clearly 

illustrated in HSCT, which if performed before the onset of overt neurocognitive decline is 

able to rescue cognitive abilities [5–7]. A recent large study by Aldenhoven et al. identifies 

younger age at transplantation as a major predictor for multiple clinical outcomes [62]. Also, 

a number of sibling cases and animal studies report beneficial effects of early ERT on bones 

and other hard-to-treat tissues [19–23].  

EARLY DIAGNOSIS 

To enable early treatment initiation, diagnosis needs to be made before the onset of 

symptoms. Newborn screening (NBS) programs will be crucial in establishing this, but 

provide a number of challenges. For instance, the choice for ERT or HSCT will depend on 

disease severity and at present phenotypic determination is usually based on clinical 

presentation. In a NBS setting, the assessment of disease severity will need to be performed 

in a very early, pre-symptomatic stage of the disease. In chapter 2 we propose an algorithm 
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to distinguish Hurler and non-Hurler patients in the first four weeks of life. The choice to 

make this particular distinction is based on current treatment recommendations: the first 

choice of treatment is HSCT for MPS I-H patients and ERT for the more attenuated patients  

[24,25]. However, with improved safety of HSCT, the more severely affected MPS I-H/S 

(intermediate phenotype) patients will likely also become eligible for HSCT. As these criteria 

for HSCT shift, the proposed algorithm will need to be amended. For practical reasons, a 

single parameter to establish phenotypic severity would be preferred over an algorithm. As 

genotype is the most robust of the included parameters, this would be an obvious candidate. 

However, with large population screening, such as NBS, an increase of genotypic variations 

of unknown significance is to be expected. When also taking into account the considerable 

phenotypic variation seen within certain genotypes, it is unlikely that mutation analysis will 

provide sufficient information for disease severity prediction in all patients in the near 

future. Furthermore, although the Hurler phenotype may be established at so young an age 

(leading to initiation of HSCT) the remainder of the clinical spectrum is still very wide and if 

and when to start ERT in in these more attenuated patients diagnosed via NBS will need 

careful consideration. The introduction of NBS in Taiwan, the announcement of the Health 

Council of the Netherlands in April 2015 to include MPS I in the neonatal screening program 

and implementation of NBS in several states of the US has led to a need for international 

guidelines on treatment initiation and follow up of the clinical progression. 

Due to demanding logistics, varying ethical considerations, technical requirements and costs, 

newborn screening will probably not be implemented in the near future in many countries. 

Also, not all MPSs might be eligible to be included in NBS programs, due to the lack of 

disease modifying treatments. Continuous efforts to improve the diagnostic process are 

therefore needed to provide a timely diagnosis. In a regular clinical setting, often the first 

test performed when a diagnosis of a mucopolysaccharidosis is suspected, is the 

quantifications of glycosaminoglycans (GAGs) in urine by a dye binding assay such as the 

dimethylmethylene blue assay (DMB) [26]. False-negative results have been reported, 

especially in MPS IV patients. In chapter 3 we therefore evaluate a quantification of urinary 

GAGs by tandem mass spectrometry. This provides a much more sensitive test for MPSs and 

will therefore shorten the time to diagnosis. Interestingly, we also managed to identify 

patients with MPS related disorders such as mucolipidosis II and III. A more rapid diagnosis 

 
 

allows for timely treatment initiation, but can also be very valuable if no treatment is (yet) 

available as supportive care and consultation can be provided. 

IMPROVING CURRENT THERAPIES 

Early diagnosis and treatment initiation are crucial in prevention of many symptoms, but will 

not suffice in achieving optimal clinical outcomes. In part, this can be attributed to the fact 

that currently available therapies fail to reach the so called hard-to-treat organs, such as 

heart valves, cartilage and bone [27–29]. Several alterations to the current treatment 

regimens might address this issue. For instance, ERT and HSCT might be complimentary; 

where HCST provides a continuous source of enzyme and might result in 

immunomodulation, intravenous ERT provides short high peaks in plasma enzyme 

concentration with a different pharmacokinetic profile [10]. Beneficial effects of ERT in the 

peri-transplantation period have been described for neurocognitive outcome and there are 

trends towards better event free survival and less graft-versus-host disease [30–32]. Studies 

to systematically assess the additional effect of ERT in the post-transplantation setting on 

survival and engraftment are currently carried out [33]. Similar studies will be needed to 

determine the effect on residual disease of continued ERT administration post-HSCT. 

Another strategy is a dose increase of ERT which probably augments its beneficial effects.  

This is supported by several animal studies [21,34]. A dose optimization study suggested that 

higher doses might lead to more adverse effects [35], although in our center patients have 

on occasion received double dose ERT without complications (personal communication). 

Furthermore, alternative administration routes of recombinant enzyme might provide ERT to 

hard-to-reach tissues. Intrathecal ERT reduces meningeal GAG storage in canine MPS I 

[36,37] and is currently under investigation for the prevention of cord compression in 

humans [38]. Likewise, intra-articular administration of recombinant IDUA in MPS I dogs 

reduced GAG storage in synovium and to a lesser extent in articular cartilage [39]. Long-term 

studies are needed to determine the effect on arthritis and dysostosis multiplex, although 

clinical applications may be challenging.  

Lastly, antibody formation is frequently observed in patients with lysosomal storage diseases 

who are treated with recombinant enzyme and this may significantly hamper effectiveness 

of treatment [40–43]. In infantile Pompe disease, treatment outcome is highly correlated 
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with antibody status, and induction of immune tolerance has greatly improved the prognosis 

of these children [41,44,45]. Evaluating this correlation in MPS I is challenging due to the 

slower progression and heterogenic nature of the disease. Nonetheless, we were able to 

correlate the presence of inhibitory antibodies with biomarker response (chapter 4) and 

subsequently with sleep disordered breathing (chapter 5), thereby providing important 

evidence that immune response in ERT patients may be one of the contributors to 

suboptimal treatment effects. Immune tolerance improved clinical outcome in animal 

models, suggesting that some patients with MPS I may benefit from immune modulation 

[22,10,46,14,13]. 

DEVELOPING NEW THERAPIES 

In addition to these alternative applications of currently available treatments, new therapies 

are being developed. For instance ex-vivo gene therapy could make autologous HSCT 

possible, with a lower complication rate and possibly higher enzyme levels [47–50]. Also, 

therapeutic properties of small molecules, including stop codon read-through, are currently 

explored in pre-clinical studies [51]. Modification of recombinant IDUA may enable the 

enzyme to cross the blood brain barrier [52,53]. In chapter 6 we show that GSH-PEGylated 

liposomal encapsulation of ERT provides no advantage over regular ERT in treating the CNS 

in an MPS I mouse model. However, both regular ERT and liposomal ERT led to a very slight 

reduction of GAG levels in the brain, suggesting that a very small fraction of intravenous 

administered enzyme might cross the blood-brain barrier. Similar observations have been 

made in MPS IIIB and clinical studies for intravenous enzyme administration to treat this 

primarily CNS disease are under way [54]. 

Despite these options to enhance enzyme delivery, complete reversal of pre-existing disease 

manifestations in hard-to-treat tissues will often not be possible. It may therefore prove 

essential to not only try to correct the enzyme deficiency and GAG storage, but to also act 

upon other pathophysiological mechanisms to minimize the downstream effects. For 

example, animal studies have been performed using anti-inflammatory therapies in models 

of other MPSs with promising effects on skeletal pathology and joint mobility [55–57]. 

Prospective studies of clinical efficacy and safety are needed to determine the role of these 

adjuvant therapies in MPS I.  

 
 

 

Figure 1. Systematic overview of modes to improve treatment outcomes.  

 
FOLLOW-UP AND TREATMENT OF RESIDUAL DISEASE 

ORGANIZING MULTIDISCIPLINARY CARE 

Besides these new therapeutic strategies, the clinical management of residual disease 

manifestations should be further optimized. In daily practice the complex clinical issues that 

patients may experience should never be considered and treated as isolated problems. This 

requires a specific dedication of all the involved health care professionals. In a 

multidisciplinary team, everyone needs to have expert knowledge on the unique aspects of 

the MPS related problems within their field, while also taking into account all other issues at 

hand. Regular multidisciplinary clinics and shared decision making are essential in facilitating 

this. Patients and family members should take an active part in such shared decision making 

and patient reported outcome measures should be integrated in the follow up scheme. The 

complexity of the disease, the lack of evidence on the efficacy of different treatments and 

the risk of peri-operative complications all necessitate careful deliberations with patients 

and families and informed decision making.  
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primarily CNS disease are under way [54]. 

Despite these options to enhance enzyme delivery, complete reversal of pre-existing disease 

manifestations in hard-to-treat tissues will often not be possible. It may therefore prove 

essential to not only try to correct the enzyme deficiency and GAG storage, but to also act 

upon other pathophysiological mechanisms to minimize the downstream effects. For 
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Figure 1. Systematic overview of modes to improve treatment outcomes.  
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requires a specific dedication of all the involved health care professionals. In a 
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the risk of peri-operative complications all necessitate careful deliberations with patients 

and families and informed decision making.  
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ESTABLISHING BEST CLINICAL PRACTICE 

In the absence of evidence, best-practice guidelines can be constructed based on expert 

opinion via consensus procedures [24,25,58–60]. These procedures at the same time provide 

a platform to identify the most pressing gaps in current knowledge and may trigger new 

research initiatives. Ideally, consensus procedures are therefore followed up after some 

time, providing the opportunity to integrate the most recently acquired knowledge in the 

clinical practice guidelines.  

In chapter 8 we describe such an international consensus procedure. For the treatment of 

hip dysplasia in MPS I-H patients there are case series describing radiological outcomes of 

surgical intervention, but correlations of this with physical functioning and well-being are 

lacking. The lack of evidence might have contributed to the fact that no full consensus was 

reached on the topic of surgical intervention. However, the added value of expert consensus 

procedures might, in the case of so little evidence, not so much lie in reaching a single 

conclusion, but rather in providing an overview of the collected experiences, considerations 

and opinions. Sharing these allows treating physicians to make more deliberate decisions. 

Our consensus procedure revealed how little was known about the natural history of hip 

dysplasia in MPS I-H and triggered the research described in chapter 7. 

Even the most carefully executed consensus procedure can never replace the need for data 

collection and careful evaluation of initiated practice. In rare diseases, international 

collaborations will therefore be invaluable in gathering the clinical data that is required for 

addressing currently unmet needs. To some extent this is facilitated by industry sponsored 

databases, such as the MPS I registry [61], but as these data are not available to all 

contributors, its full potential is not utilized at present. Also, data collected in this registry is 

observational and unstandardized, rendering it unable to provide high quality data. 

IN CONCLUSION 

MPS I is an immensely diverse disease in presentation, in phenotypic spectrum, in 

pathological processes and, not in the least, in potential strategies to improve disease 

outcome. The recent advancements in newborn screening programs will provide excellent 

opportunities for early intervention and at the same time requires the development of new 

 
 

clinical practice guidelines and standardized follow up programs. However, whether 

diagnosis is made via NBS or based on symptomatology, MPS I patients will likely benefit 

most from a combination of treatments, including actors on downstream pathophysiological 

pathways such as anti-inflammatory therapy. In addition to pharmacological treatment, 

supportive care will remain a corner stone in the care for these patients.  

Collection, analysis and open access of clinical and biochemical data organized in 

international collaborations will be of utmost importance. Even though patients may be 

relatively few in number, the things we still need to learn are numerous. 
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