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Abstract 

Background: Antibody formation can interfere with effects of enzyme replacement therapy 

(ERT) in lysosomal storage diseases. Biomarkers are used as surrogate marker for disease 

burden in MPS I, but large systematic studies evaluating the response of biomarkers to ERT 

are lacking. We, for the first time, investigated the response of a large panel of biomarkers 

to long term ERT in MPS I patients and correlate these responses with antibody formation 

and antibody mediated cellular uptake inhibition. 

Methods: A total of 428 blood and urine samples were collected during long-term ERT in 24 

MPS I patients and an extensive set of biomarkers was analyzed, including heparan sulfate 

(HS) and dermatan sulfate (DS) derived disaccharides; total urinary GAGs (DMBu); urinary 

DS:CS ratio and serum heparin co-factor II thrombin levels (HCII-T). IgG antibody titers and 

the effect of antibodies on cellular uptake of the enzyme were determined for 23 patients.  

Results: Median follow up was 2.3 yrs. In blood, HS reached normal levels more frequently 

than DS (50% vs 12.5%, p=0.001), though normalization could take several years. DMBu 

normalized more rapidly than disaccharide levels in urine (p = 0.02). Nineteen patients (83%) 

developed high antibody titers. Significant antibody-mediated inhibition of enzyme uptake 

was observed in 8 patients (35%), and this correlated strongly with a poorer biomarker 

response for HS and DS in blood and urine as well as for DMBu, DS:CS-ratio and HCII-T (all p 

< 0.006). 

Conclusions: This study shows that, despite a response of all studied biomarkers to initiation 

of ERT, some biomarkers were less responsive than others, suggesting residual disease 

activity. In addition, the correlation of cellular uptake inhibitory antibodies with a decreased 

biomarker response demonstrates a functional role of these antibodies which may have 

important clinical consequences.  

  

 
 

INTRODUCTION 

Mucopolysaccharidosis type I (MPS I, OMIM 252800) is a progressive lysosomal storage 

disease in which insufficient activity of the lysosomal hydrolase alpha-L-iduronidase (IDUA, 

EC 3.2.1.76) leads to accumulation of the glycosaminoglycans (GAGs) heparan sulfate (HS) 

and dermatan sulfate (DS) in virtually all tissues. MPS I is a heterogeneous disease 

encompassing a variety of progressive clinical signs and symptoms, including skeletal 

abnormalities, hepatosplenomegaly, cardiopulmonary disease and sleep apnea and, at the 

severe end of the phenotypic spectrum, central nervous system disease. Patients are 

commonly classified into three categories representing the spectrum of disease severity, 

ranging from the severe Hurler syndrome to the attenuated Scheie syndrome with the 

Hurler-Scheie syndrome representing the intermediate phenotype [1].  

 

Intravenous enzyme replacement therapy (ERT) with the recombinant enzyme laronidase 

(Aldurazyme) is the treatment of choice for patients with more attenuated disease [2]. 

Weekly ERT ameliorates several of the symptoms in MPS I, including restricted mobility, 

poor endurance and decreased quality of life [3,4]. However,  skeletal and cardiac valve 

disease are generally poorly responsive to ERT  [3–7]. Almost all patients initially show a 

significant clinical response to introduction of ERT, with increased forced vital capacity and 

improvement of endurance as measured by a 6-minute walk test, generally followed by a 

plateau phase [3,4,8]. Some patients, however, show a significantly less favorable response 

with only moderate initial improvement or with a gradual loss of treatment efficacy after the 

plateau phase [3,6,9,10]. 

 

Antibody formation against the infused enzyme is commonly reported in MPS I [3,4,11,12]. 

Correlation of antibody formation and unfavorable clinical and histopathological outcomes 

were demonstrated in animal studies [13,14], but the effect in patients remains unclear. 

Cross sectional data from two prospective open-label studies showed that sustained 

antibody response may be related to poorer biomarker response [3,11]. Further functional 

characterization of antibodies against laronidase showed that they may either inhibit 

catalytic activity of the enzyme, inhibit uptake in fibroblasts or both [15].   
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A potential negative effect of antibodies on clinical signs and symptoms is difficult to 

ascertain, given the variability in clinical disease, burden of irreversible disease and timing of 

treatment. Several biomarkers, potentially reflecting disease severity and/or efficacy of 

treatment, have therefore been examined. The total concentration of GAGs in urine, 

measured by the dimethylmethylene blue based spectrophotometric method (DMBu), is 

used as biomarker in the pivotal trials on efficacy of ERT in MPS I, as well as in the phase IV 

extension study and the study on safety and tolerability in patients aged < 5 years 

[4,8,11,16]. Other potential biomarkers include GAG-derived oligosaccharides [17] , GAG-

derived disaccharides [18,19], non-reducing ends of GAGs [20], the ratio of DS over 

chondroitin sulfate in urine (DS/CS-ratio) [21] and heparan cofactor II-thrombin complex 

(HCII-T) [22], which is a more indirect marker of mainly DS storage [23]. 

Robust surrogate biomarkers are essential for treatment optimization and appraisal of the 

role of antibody formation. However, there are only a few studies reporting on the effect of 

ERT on biomarkers other than DMBu over an extended period of time [19,24–26].  

In this study, we evaluate the time course of several biomarkers in a relatively large cohort 

of MPS I patients and describe the effects of antibodies against laronidase on biochemical 

efficacy of long term ERT. 

 
METHODS 

PATIENTS 

All patients with an enzymatically confirmed diagnosis of MPS I and under the care of the 

Royal Manchester Children’s Hospital in Manchester, UK, or the Academic Medical Centre in 

Amsterdam, the Netherlands, were considered for inclusion. Only patients who were 

treatment naïve and who received ERT for at least 2 months at the labelled dose of 0.58 

mg/kg/week were included. 

SAMPLES 

Samples were collected within the scope of care and stored following the institute’s ethical 

guidelines. UK patient samples were collected with informed consent under ethics 

 
 

08H101063. Serum and EDTA plasma samples and the majority of the urine samples were 

collected just prior to weekly enzyme infusions. Aliquots were stored at -80° Celsius until 

analysis.  

We measured biomarkers values in baseline samples from before initiation of ERT and in all 

available samples from the first year on ERT. After 12 months of treatment, samples 

collected at an interval of approximately 3 months were used. Antibody titres were analysed 

in all available samples from the first 3 months on ERT and at an interval of approximately 3 

months for subsequent samples. Uptake inhibition was analysed in two to five samples per 

patient, depending on follow up duration.  

BIOMARKERS 

Total GAG levels in urine were measured by the DMB-binding assay, as first described by De 

Jong et al [16]. 

Levels of HS and DS derived disaccharides were determined in EDTA plasma or serum and in 

urine, as described previously [19]. To correct for any heparin contamination from samples 

drawn from central venous catheters, the level of endogenous non-sulfated D0A0 

disaccharide (nomenclature as described by Lawrence et al [27]) was calculated as described 

in De Ru et al [19] and -after analysis of correlation with total heparan sulfate derived 

disaccharides- used to represent heparan sulfate. For dermatan sulfate, the most abundant 

disaccharide D0a4 as obtained after digestion with chondroitinase B was used. Total HS and 

DS (HSDS) consisted of cumulative levels of D0A0 and D0a4. 

 

DS/CS ratio was determined in urine by two-dimensional electrophoresis [21] and/or LC-

MS/MS [19]. A subset of samples was analysed by both methods. Chondroitinase ABC1 from 

Proteus vulgaris was expressed in E. coli (BL21 AI, Invitrogen) as a His-tagged fusion proteins 

and purified as described for Chondroitinase B in De Ru et al [19]. The plasmid containing 

Chondroitinase ABC1 was a generous gift from prof. Cygler, university of Saskatchewan. 

Before each experiment, the activity of the enzyme was tested spectrophotometrically using 

DS as substrate as described before [19].  Urine CS was enzymatically digested into 

disaccharides with 100 mIU Chondroitinase ABC1 and quantified  as previously described for 

HS and DS [19]. The transition m/z 458>97 was used for D0a6. All samples were digested and 
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analysed in triplicate and the mean was calculated. The concentration of D0a6 was 

calculated using a calibration curve of this disaccharide with 4UA-2S-GlcNCOEt-6S (HD009, 

Iduron) as an internal standard.  

Chondroitinase ABC1 digests both CS and DS whilst Chondroitinase B specifically digests DS. 

D0a6 was only detected after digestion with Chondroitinase ABC1 and was therefore used as 

a unique marker of CS. The DS:CS ratio was subsequently based on D0a4 as derived after 

digestion with Chondroitinase B and D0a6 as derived after digestion with Chondroitinase 

ABC1.  

 

Data was collected on heparin co-factor II thrombin complex levels (HCII-T complex), 

quantified by sandwich ELISA, with an upper limit of normal of 18.8nM [24,25,28].  

ANTIBODIES 

Antibody titres were determined by IgG ELISA and the percentage of antibody mediated 

cellular uptake inhibition in IDUA deficient fibroblasts was assessed as described by Saif et al. 

[15]  with a minor modification using serum from healthy subjects to define a baseline. 

CLINICAL RESPONSE 

The clinical condition was scored for all patients who received ERT for over 12 months. 

Summaries of the patients’ clinical file were made by two members of the clinical teams (EJL 

and JM). These included all available data on cardiac and pulmonary function, 6 minute walk 

test, surgical interventions, growth, infections, cognitive development, obstructive sleep 

apnea and hearing problems. These case reports were presented to the principal clinicians 

(CEMH, SAJ and FAW) who scored the patients’ overall clinical condition during every 

consecutive year on ERT treatment as either stable, improved or worsened as compared to 

the previous year. Clinicians were blinded for the biochemical data at the time of scoring. 

STATISTICAL ANALYSIS 

Thirty-five control plasma samples and 63 control urine samples were used to construct 

reference values for GAG derived disaccharides and DMBu as a function of age. Trends over 

 
 

age were fitted using restricted cubic splines. The upper level of the 95% prediction interval 

was used as upper limit of normal.  

Correlation coefficients were calculated with Spearman’s rho for values that were not 

normally distributed and small data sets. 

For GAG derived disaccharides and DMBu normalization was defined as two consecutive 

samples below the upper limit of the reference range, with none of the consecutive samples 

reaching levels above the reference range. The time to reach normal levels was calculated 

from start of ERT to the interpolated intersection of patient biomarker levels with upper 

limit of normal levels.  Individuals that did not reach normal levels were censored at the 

penultimate measurement. Kaplan-Meier curves were calculated and subgroup differences 

were investigated via log-rank tests in unpaired data. For paired data, we tested for 

differences using a Cox model with the biomarker as only covariable. We used a random 

effect to correct for the fact that the both marker values were from the same individual. The 

coxme package in R was used. 

For the analysis of the relation between antibodies with biomarkers several analyses were 

performed. Dichotomous data was analysed by chi-square or Fisher’s exact test. The 

association between time-updated antibody titres and the cumulative area under the curve 

for antibody titres and normalization of biomarkers were analysed by Cox regression 

analysis.  

To describe the longitudinal changes in GAG derived disaccharides and DMBu over time, the 

biomarker levels were corrected for the age-dependent reference value, by subtraction of 

the upper limit of the 95% prediction interval. We plotted individual trajectories and fitted 

average trends using mixed effects models. We allowed for smoothly varying average trends 

over time since start ERT via restricted cubic splines. We allowed for inter-individual 

variation via random intercepts and slopes. This was done simultaneously for HS and DS in 

blood for the three phenotypes and for all biomarkers separately for patients with or 

without antibody uptake inhibition. 68% uptake inhibition was identified as the lower limit of 

inhibition as this correlated with clinical outcomes (Pal, in submission). For each outcome we 

first tested for difference in trends. If the interaction was not significant, we also tested for 

difference in average level. For the analyses IBM SPSS statistics version 20.0 and R version 

3.0.2 were used.  
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RESULTS 

COHORT 

Twenty-five patients fulfilled the inclusion criteria. Twenty-four were included in this study 

(table 1) and one patient was excluded because ERT was initiated 6 years after a previous 

successful HSCT. The median duration of follow up during ERT was 27 months (range: 2 - 92 

months).  

Table 1. Patients and follow-up duration. 

 Hurler Hurler-Scheie Scheie Total 

No of patients 
 

12 6 6 24 

Median age at start ERT 

1.2 years (1 
month – 10 
years) 
 

4.0 years (1 
month – 4.5 
years) 

21 years (9 – 35 
years) 

4.1 years (1 
month – 35 
years) 

Median duration of 
follow-up 

4 months (2 – 
87 months) 

35 months (4 – 
56 months) 

84 months (33 – 
92 months) 

27 months (2 – 
92 months) 

 
No. of patients 
receiving ERT > 1 year 

 
4 

 
4 

 
6 

 
14 

 

GAG DERIVED DISACCHARIDES 

D0A0 levels in samples drawn from clear venepuncture and in urine highly correlated with 

total heparan sulfate disaccharide levels (fig. 1A+B) and D0a4 correlated highly with total 

dermatan sulfate disaccharide levels (fig 1C+D). 

Heparan sulfate and dermatan sulfate derived disaccharide levels were analysed in 251 EDTA 

plasma and 53 serum samples of 24 patients and in 124 urine samples of 15 patients. All 

patients showed a rapid decline in HS and DS levels after the initiation of therapy in both 

blood and urine (fig 2A-D). After this initial decline, levels slowly decreased further in most 

patients. In 12 out of the 24 patients levels of HS in blood reached normal values with a 

median time to normalization of 22 months on ERT. For DS in blood this was 3/24, at a 

 
 

median of 5 years and 3 months on treatment (HS vs. DS p < 0.001, fig 3). None of the 

patients reached control levels in urine for HS, DS or total HSDS disaccharide levels (total 

HSDS disaccharides urine vs. blood: p = 0.002). After correction for the age-dependent 

reference value, the trend over time was different for HS and DS in blood, and for the three 

phenotype categories (both p <0.001) (fig 4).  

 

 

Figure 1. Correlation of disaccharide levels with total of heparan sulfate 
and dermatan sulfate derived disaccharides in plasma or urine of healthy 
subjects. 

A: D0A0 and total heparan sulfate in plasma. 
B: D0A0 and total heparan sulfate in urine. 
C: D0a4 and total dermatan sulfate in plasma. 
D: D0a4 and total dermatan sulfate in urine. 

TOTAL URINARY GAGS 

Total urinary GAGs by DMBu was analysed in 181 available samples of 15 patients and 

showed a decline in all patients after initiation of ERT (figure 2E). Levels within the reference  
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RESULTS 

COHORT 

Twenty-five patients fulfilled the inclusion criteria. Twenty-four were included in this study 

(table 1) and one patient was excluded because ERT was initiated 6 years after a previous 

successful HSCT. The median duration of follow up during ERT was 27 months (range: 2 - 92 

months).  

Table 1. Patients and follow-up duration. 

 Hurler Hurler-Scheie Scheie Total 

No of patients 
 

12 6 6 24 

Median age at start ERT 

1.2 years (1 
month – 10 
years) 
 

4.0 years (1 
month – 4.5 
years) 

21 years (9 – 35 
years) 

4.1 years (1 
month – 35 
years) 

Median duration of 
follow-up 

4 months (2 – 
87 months) 

35 months (4 – 
56 months) 

84 months (33 – 
92 months) 

27 months (2 – 
92 months) 

 
No. of patients 
receiving ERT > 1 year 

 
4 

 
4 

 
6 

 
14 

 

GAG DERIVED DISACCHARIDES 

D0A0 levels in samples drawn from clear venepuncture and in urine highly correlated with 

total heparan sulfate disaccharide levels (fig. 1A+B) and D0a4 correlated highly with total 

dermatan sulfate disaccharide levels (fig 1C+D). 

Heparan sulfate and dermatan sulfate derived disaccharide levels were analysed in 251 EDTA 

plasma and 53 serum samples of 24 patients and in 124 urine samples of 15 patients. All 

patients showed a rapid decline in HS and DS levels after the initiation of therapy in both 

blood and urine (fig 2A-D). After this initial decline, levels slowly decreased further in most 

patients. In 12 out of the 24 patients levels of HS in blood reached normal values with a 

median time to normalization of 22 months on ERT. For DS in blood this was 3/24, at a 

 
 

median of 5 years and 3 months on treatment (HS vs. DS p < 0.001, fig 3). None of the 

patients reached control levels in urine for HS, DS or total HSDS disaccharide levels (total 

HSDS disaccharides urine vs. blood: p = 0.002). After correction for the age-dependent 

reference value, the trend over time was different for HS and DS in blood, and for the three 

phenotype categories (both p <0.001) (fig 4).  

 

 

Figure 1. Correlation of disaccharide levels with total of heparan sulfate 
and dermatan sulfate derived disaccharides in plasma or urine of healthy 
subjects. 

A: D0A0 and total heparan sulfate in plasma. 
B: D0A0 and total heparan sulfate in urine. 
C: D0a4 and total dermatan sulfate in plasma. 
D: D0a4 and total dermatan sulfate in urine. 
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Figure 2. Biomarker levels during ERT treatment minus the upper limit of 
the age-dependent reference value. 

A: Heparan sulfate in blood. B: Dermatan sulfate in blood. C: Heparan sulfate in urine. 
D: Dermatan sulfate in urine. E: Total urinary GAGs by DMBu. F: DS:CS ratio (disaccharides), reference 
value: 0.20. 
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range were eventually reached in 30% of patients (first quartile normalized at 1y9m, total  

urinary HSDS disaccharides vs total urinary GAGs by DMBu: p = 0.009). 

DS:CS-RATIO IN URINE 

The ratio of DS- and CS-derived disaccharides was analysed in 123 urine samples in 15 

patients. DS:CS-ratio by electrophoresis was analysed in 34 urine samples in 15 patients. In a 

subset of 10 samples, DS:CS ratio was analysed by both methods. The two methods showed 

a significant linear correlation (Spearman’s rho 0.80, p = 0.006). 

CS disaccharide levels at baseline were elevated in all patients when compared to age 

matched references. A rapid decrease to normal values after start of treatment was seen in 

some patients, but in others this response was delayed and CS levels remain elevated after 

years of ERT. 

Over time, the DS:CS disaccharide ratio decreased in most patients, although in the majority 

of patients the response was more slow than that of HS and DS (figure 2F). Also, DS:CS 

showed more variability after the initial decline. None of the patients reached a normal 

DS:CS disaccharide ratio of 0.20. 

 

 

Figure 3. Kaplan-Meier curve of normalization of heparan sulfate and 
dermatan sulfate in blood. 
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range were eventually reached in 30% of patients (first quartile normalized at 1y9m, total  

urinary HSDS disaccharides vs total urinary GAGs by DMBu: p = 0.009). 

DS:CS-RATIO IN URINE 

The ratio of DS- and CS-derived disaccharides was analysed in 123 urine samples in 15 

patients. DS:CS-ratio by electrophoresis was analysed in 34 urine samples in 15 patients. In a 

subset of 10 samples, DS:CS ratio was analysed by both methods. The two methods showed 

a significant linear correlation (Spearman’s rho 0.80, p = 0.006). 

CS disaccharide levels at baseline were elevated in all patients when compared to age 

matched references. A rapid decrease to normal values after start of treatment was seen in 

some patients, but in others this response was delayed and CS levels remain elevated after 

years of ERT. 

Over time, the DS:CS disaccharide ratio decreased in most patients, although in the majority 

of patients the response was more slow than that of HS and DS (figure 2F). Also, DS:CS 

showed more variability after the initial decline. None of the patients reached a normal 

DS:CS disaccharide ratio of 0.20. 

 

 

Figure 3. Kaplan-Meier curve of normalization of heparan sulfate and 
dermatan sulfate in blood. 
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HCII-T 

Sixty-nine samples of 23 patients were available to be used for HCII-T analysis. A baseline 

sample was available only in one patient. In 35% of patients, HCII-T was normal in the last 

available sample. Forty-four percent of patients did not reach normal levels and in 22% of 

patients normalization was followed by elevation of levels of HCII-T. The mean follow up 

time in these groups was not different (normal 3y10m; elevated 1y10m; relapse 2y2m, one-

way ANOVA p=0.28). 

 

Figure 4. Fitted curves per phenotype with 95% prediction interval for 
heparan sulfate and dermatan sulfate. 

ANTIBODIES 

Titres of antibodies against laronidase were analysed in 207 samples of 23 patients. In 83% 

(N=19) of the patients a significant antibody response (titres > 1:1024) was observed. Of the 

14 patients with more than one year of follow-up, 43% (N=6) showed a sustained significant 

antibody response after one year of treatment. The majority of patients had samples 

collected at baseline with the next sample at 2-3 months of treatment initiation, but for a 

subset of 6 patients, samples were available for baseline as well as after two and four weeks 

of ERT. In 5 of them, elevated titres were seen for the first time after four weeks of ERT, with 

 
 

titres up to 1:262144.The sixth patient had no detectable antibodies at day 28, but 

developed an antibody response one week later and reached only moderately elevated 

levels.  

Uptake inhibition was analysed in 66 samples of 23 patients. Eight patients (35%) formed 

antibodies with a significant uptake inhibition (>68%, see statistical analysis). 

CORRELATION BETWEEN BIOMARKER LEVELS AND ANTIBODY TITRES + ANTIBODY MEDIATED 

UPTAKE INHIBITION 

Univariate analysis in a Cox regression model showed no significant association between 

time-updated IgG antibody titres or cumulative area under the curve for IgG antibody titres 

and time to normalisation of HS in blood (p=0.31 and p=0.21 respectively), DS in 

blood(p=0.91, p=0.96) , HSDS in blood(p=0.16, p=0.47) or DMBu (p=0.86, p=0.51). However, 

HS levels in blood normalized less frequently in patients with a sustained antibody response 

compared to patients with low or non-sustained antibody response (Fisher’s exact test, p = 

0.015). An antibody mediated uptake inhibition of >68% was strongly associated with a 

higher biomarker level, both in the survival analysis of time to normalisation (figure 5) as 

well as in the mixed model analyses (figure 6). This was observed in HS and DS disaccharide 

markers in blood and urine, as well as total urinary GAGs and (disaccharide based) DS:CS 

ratio (all p<0.001). In addition to absolute levels, the trend over time between patients with 

or without uptake inhibition was significantly different for HS, DS and HSDS in blood (p 

<0.0001), but not for any of the markers in urine (p = 0.14 to 0.88). Too few data were 

available to perform repeated measurements analysis on HCII-T and antibody response. 

However, less normalization of HCII-T was observed in patients with significant uptake 

inhibition (chi-square p = 0.006). 

SUMMARIZED CLINICAL RESPONSE 

The overall clinical response was evaluated in 14 patients who received ERT for over 1 year. 

In six patients (5 Scheie, 1 Hurler-Scheie phenotype) the clinical response after initiation of 

ERT was scored as improved in the first year, followed by a period of clinical stability 

(phenotype vs. clinical improvement chi-square: p = 0.023). One of these patients (Scheie  
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Figure 5. Survival analysis of normalization of heparan sulfate in blood, 
in pateints with/without significant uptake inhibition. 

 

phenotype) subsequently showed some deterioration in the 6th year of ERT. Six of the eight 

patients that did not show obvious improvement in the first year were considered stable 

throughout the follow up (mean follow up 4y3m). Finally, in two patients the clinical 

condition was considered to have deteriorated during the second year of ERT in one (Hurler 

phentoype) and after 4 years of ERT in the other patient (Hurler-Scheie phenotype). 

CORRELATION BETWEEN BIOMARKERS, ANTIBODIES AND SUMMARIZED CLINICAL RESPONSE 

In patients that were considered to show clinical improvement during the first year of ERT (6 

patients, 43%), the frequency of plasma HS normalisation was similar to patients that 

appeared less clinically responsive (improved vs. stable, log rank, p=0.9). The same was 

observed for HSDS in blood (p=0.37) and for total urinary GAGs (p=0.19).  

In addition, clinical improvement or eventual clinical deterioration was not observed more 

often in patients with significant antibody mediated uptake inhibition (both p=1.0).  
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Figure 6. Fitted curves for patients with/without significant uptake 
inhbition with 95% prediction interval.  

The mentioned p-values indicate difference in trends over time. Difference in average level over time 
was significant in all tested biomarkers  with p<0.001. A: Heparan sulfate in blood. B: Dermatan 
sulfate in blood. C: Heparan sulfate and dermatan sulfate in blood. D: Heparan sulfate in urine. E: 
Dermatan sulfate in urine. F: Heparan sulfate and dermatan sulfate in urine. G: Total urinary GAGs by 
DMBu. H: DS:CS ratio (disaccharides). 
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DISCUSSION 

In this paper we report for the first time on the response of a large panel of biomarkers to 

long-term treatment with ERT in patients with MPS I and correlate biomarker responses with 

antibody status and clinical response. 

The different biomarkers varied in normalization and stability of the response, but observed 

general trends for individual patients were similar. 

HS in blood showed the most extensive normalization which allows for statistical analysis of 

correlation of biomarker normalization with different variables.   

However, as other biomarkers remained elevated, normalization of HS does not necessarily 

equal complete biochemical correction.  In addition, even for this most responsive 

biomarker, full normalization occurred only in 50% of the patients and frequently after a 

relatively long period of ERT.  

Secondly, DS in blood showed a similar response to ERT, but normalization appears to be 

even rarer, with full normalization in only 12.5% of the patients after a median time of ERT 

of 5 years and 2 months. This slower response of DS to ERT might be due to differences in 

tissue distribution of DS and HS.  A relatively large share of DS is found in cartilaginous 

tissue, bone and cardiac valves [29,30], all tissues that are notoriously hard-to-treat by ERT 

[31]. The delayed response of DS may thus reflect the insusceptibility of these tissues to the 

infused enzyme [32–34]. 

Thirdly, while a certain number of patients normalize in HS and DS levels in blood, in urine 

neither HS nor DS reached normal values during long-term ERT. As circulating HS and DS are 

rapidly excreted in urine [35], the elevated disaccharide levels  probably reflect  incomplete 

correction of stored GAGs by ERT, even after several years of treatment.  

Fourthly, in contrast to the slow and often incomplete response of HS and DS, total urinary 

GAG excretion in urine as measured by the DMBu test, showed full normalization in 30% of 

patients after a median period of treatment of 1 year and 5 months. The DMBu is currently 

the most widely used biomarker in MPS I [6,8,11,36,37] and is reported to either approach 

normal levels [6], or displays great variability [25,38] during long term ERT. The discrepancy 

in observations in these different biomarkers underlines that the DMBu may overestimate 

the biochemical correction in MPS I patients treated with ERT [19]. 

 

 
 

The two methods used to analyze DS:CS ratio in urine show a significant linear correlation 

and therefore outcomes of studies using either method are likely to be comparable. Relative 

to disaccharide markers, DS:CS showed a similar initial decrease, but levels were significantly 

more variable during long term follow up. The qualitative nature of the disaccharide analysis 

revealed elevated levels of chondroitin sulfate in urine in patients with MPS I which, to our 

knowledge, has not been reported previously.  Urinary CS excretion has been studied semi-

quantitatively in studies on the ratio of DS:CS ratio as potential biomarkers , but no absolute 

levels have been reported [21]. Secondary accumulation of metabolites other than the 

primary storage material has been reported in several lysosomal storage disorders, and 

include GAGs and complex lipids [39,40]. In these studies general lysosomal dysfunction and 

direct effect of storage material on activity of some other lysosomal enzymes have been 

proposed as underlying mechanism. Accumulation of CS in MPS I might also be caused by 

impaired degradation of the iduronic acid at the non-reducing end of a GAG chain. As DS and 

CS are copolymers in which the iduronic acid content may vary [41], this may lead to 

accumulation of very heterogeneous polysaccharides, some of which may contain a 

relatively large fraction of CS disaccharides.  

 

Our study does not show a significant correlation between IgG antibody titres and the 

response of the panel of biomarkers. This may be due to a lack of statistical power which is a 

result of a limited number of patients with a follow up duration of more than one year. This 

is supported by the observed suboptimal reduction of HS in blood of patients with a 

sustained antibody response and  the previously reported tendency to slower normalization 

of biomarkers in patients with high antibody titers  [3,11]. In addition, animal studies show 

that immune tolerance to iduronidase improved the efficacy of enzyme replacement therapy 

(14). Moreover, our study reveals a striking difference between patients with and without 

significant antibody mediated uptake inhibition (>68%) on the levels of all studied 

biomarkers. This effect was observed even in biomarkers for which only a small sample size 

was available, such as HCII-T. These results strongly suggest that the functional nature of 

anti-IDUA antibodies rather than serum titers determines the biochemical consequences.  

The persistently elevated levels of HS and DS in blood and urine, reflecting the lack of 

depletion of tissues from these molecules, may well be of clinical significance.  Research on 

the role of glycosaminoglycans in health and disease indeed provides increasing evidence of 
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response of the panel of biomarkers. This may be due to a lack of statistical power which is a 

result of a limited number of patients with a follow up duration of more than one year. This 

is supported by the observed suboptimal reduction of HS in blood of patients with a 

sustained antibody response and  the previously reported tendency to slower normalization 

of biomarkers in patients with high antibody titers  [3,11]. In addition, animal studies show 

that immune tolerance to iduronidase improved the efficacy of enzyme replacement therapy 

(14). Moreover, our study reveals a striking difference between patients with and without 

significant antibody mediated uptake inhibition (>68%) on the levels of all studied 

biomarkers. This effect was observed even in biomarkers for which only a small sample size 

was available, such as HCII-T. These results strongly suggest that the functional nature of 

anti-IDUA antibodies rather than serum titers determines the biochemical consequences.  

The persistently elevated levels of HS and DS in blood and urine, reflecting the lack of 

depletion of tissues from these molecules, may well be of clinical significance.  Research on 

the role of glycosaminoglycans in health and disease indeed provides increasing evidence of 
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the important bioactivity of these molecules [42–44]. Elevated tissue concentrations of GAGs 

and GAG derived polysaccharides are therefore likely to correlate with clinical symptoms and 

disease progression. 

Our study failed to detect a correlation between levels of biomarkers and/or antibody 

mediated uptake inhibition and clinical outcomes. As the course and progression of 

symptoms in MPS I patients is both slow and highly variable with age and phenotypic 

severity, long term studies in larger patients groups will be needed to demonstrate clinical 

relevance of these biochemical observations. Continued collection of samples, preferably 

within the setting of international multi-center collaborations, will be essential to achieve 

this. In addition, there is a need for the development of reliable, quantitative and clinically 

relevant outcome parameters which are potentially susceptible to ERT to allow such studies. 

Previous prospective studies in MPS I patients on ERT report on antibodies in the light of 

safety and infusion associated reactions rather than treatment efficacy [3,4,8,11]. However, 

cellular uptake inhibition was not assessed in any of these studies and this assay is generally 

not incorporated in the evaluation of the response to ERT in MPS I. The impact of antibody 

formation on efficacy of ERT has been clearly recognized in other LSDs, in particular in 

Pompe disease. High levels of antibodies against alglucosidase alfa (Myozyme) in infantile 

Pompe patients may lead to treatment failure and early demise due to cardiorespiratory 

failure [45,46]. This was shown to be related to the cross-reactive immunogenic material 

(CRIM) status of the patients, with the highest antibody response in CRIM negative patients 

[46]. Pretreatment with immunomodulating drugs prior to the initiation of ERT may 

effectively prevent the generation of antibodies and improve treatment outcome [14,47]. If 

future studies show that an antibody response in MPS I correlates with a significant 

quenching of the clinical response to ERT, immunomodulation prior to initiation of ERT 

should also be considered for MPS I. 
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the important bioactivity of these molecules [42–44]. Elevated tissue concentrations of GAGs 

and GAG derived polysaccharides are therefore likely to correlate with clinical symptoms and 

disease progression. 

Our study failed to detect a correlation between levels of biomarkers and/or antibody 

mediated uptake inhibition and clinical outcomes. As the course and progression of 

symptoms in MPS I patients is both slow and highly variable with age and phenotypic 

severity, long term studies in larger patients groups will be needed to demonstrate clinical 

relevance of these biochemical observations. Continued collection of samples, preferably 

within the setting of international multi-center collaborations, will be essential to achieve 

this. In addition, there is a need for the development of reliable, quantitative and clinically 

relevant outcome parameters which are potentially susceptible to ERT to allow such studies. 

Previous prospective studies in MPS I patients on ERT report on antibodies in the light of 

safety and infusion associated reactions rather than treatment efficacy [3,4,8,11]. However, 

cellular uptake inhibition was not assessed in any of these studies and this assay is generally 

not incorporated in the evaluation of the response to ERT in MPS I. The impact of antibody 

formation on efficacy of ERT has been clearly recognized in other LSDs, in particular in 

Pompe disease. High levels of antibodies against alglucosidase alfa (Myozyme) in infantile 

Pompe patients may lead to treatment failure and early demise due to cardiorespiratory 

failure [45,46]. This was shown to be related to the cross-reactive immunogenic material 

(CRIM) status of the patients, with the highest antibody response in CRIM negative patients 

[46]. Pretreatment with immunomodulating drugs prior to the initiation of ERT may 

effectively prevent the generation of antibodies and improve treatment outcome [14,47]. If 

future studies show that an antibody response in MPS I correlates with a significant 

quenching of the clinical response to ERT, immunomodulation prior to initiation of ERT 

should also be considered for MPS I. 
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