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Abstract

Introduction—Antibodies to intravenous idursulfase enzyme replacement therapy (ERT) for
patients with Hunter syndrome (mucopolysaccharidosis type 11, MPS I1) can have a harmful
clinical impact, including both increasing risk of infusion reactions and inhibiting therapeutic
activity. Thus, failure to monitor anti-idursulfase antibodies and neutralizing antibodies, and
delays in reporting results, may postpone critical clinical decisions.

Hypothesis—Urinary glycosaminoglycan (GAG) levels may be used as a biomarker for anti-
idursulfase antibodies and neutralizing antibodies to improve timeliness in monitoring and
managing ERT.

Methods—This is a case report describing a patient with MPS 11 with high levels of neutralizing
antibodies and worsened clinical status who was treated for five years with a non-
immunosuppressive and non-cytotoxic immune tolerance (NICIT) regimen, consisting of
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intravenous immune globulin and frequent infusions of idursulfase. Neutralizing antibodies and
total anti-idursulfase antibodies were measured by two different methods, the direct 1,9-
dimethylmethylene blue (DMB) assay and cetylpyridinium chloride carbazole-borate (CPC) assay.

Results—Neutralizing antibodies, measured as percent inhibition of enzyme activity and also by
total neutralizing antibody titer, were correlated with quantitative urinary GAG measured by DMB
assay (p = 0.026, p = 0.0067), and quantitative urinary GAG by CPC assay with percent inhibition
of enzyme activity by neutralizing antibodies (p = 0.0475). The NICIT regimen showed a
sustained immune tolerance after five years and was well-tolerated.

Conclusions—Urinary GAG, measured by DMB assay, may be a biomarker for anti-idursulfase
neutralizing antibodies and is useful for managing immune tolerance regimens for patients with
MPS Il who have high levels of anti-idursulfase neutralizing antibodies. This study highlights the
importance of regular and frequent monitoring of urinary GAG in patients with MPS Il who are
receiving ERT. The NICIT regimen, with less drug toxicities, may be preferred in patients with
MPS who have a high risk of infections and whose disease progresses less rapidly than some other
lysosomal storage diseases, such as infantile Pompe disease.
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1. Introduction

Mucopolysaccharidosis type 1l (MPS 11), also known as Hunter syndrome, is an X-linked
lysosomal disease caused by a deficiency in the enzyme iduronate-2-sulfatase, which is
encoded by the /DS gene [1]. This enzyme is a rate-limiting step in the catabolism of
glycosaminoglycans (GAG), heparan sulfate and dermatan sulfate [1]. In patients with MPS
I, GAG accumulates in tissues throughout the body, contributing to tissue damage and
multi-organ dysfunction [1,2]. The prevalence of MPS Il is estimated to be 1 in 170,000 live
male births [1,2]. The age of onset, disease severity, and rate of progression varies [1-3]. An
important distinction in the MPS Il phenotype is the presence or absence of cognitive
impairment [1]. Patients with the most severe MPS Il phenotype show signs of gradual
cognitive and neurodevelopmental decline within the first few years of life [1]. If untreated,
patients with the more severe phenotype do not survive past the first 15 years of life [1].
Patients with the most attenuated MPS Il phenotype exhibit normal intelligence and survive
well into adulthood [1]. Clinical features common to MPS I, with or without cognitive
impairment, include skeletal deformities with contractures, joint stiffness and decreased
range of movement, facial dysmorphism, heart valve dysfunction, reduced endurance, and
life-threatening respiratory failure [1]. Hepatosplenomegaly may be present. Patients may
also develop hydrocephalus and/or spinal cord compression [1]. MPS |1 is diagnosed by a
low iduronate-2-sulfatase enzyme activity measured in leukocytes, serum or tissue, and the
diagnosis should be refined by identification of the /DS gene mutation. Abnormally elevated
GAG i.e., GAG/creatinine ratio, is used as a screening tool for multiple MPS conditions, and
all patients with MPS 11 have high levels at diagnosis [1-3].
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At this time, intravenous enzyme replacement therapy (ERT) is the only widely recognized
therapy for MPS 11, i.e., idursulfase (Elaprase®) approved by the U.S. Food and Drug
Administration (FDA) and European Medicines Agency (EMA); and idursulfase beta
(Hunterase®) in seven countries. Clinical trials of idursulfase demonstrated improvement in
endurance, reduction in liver and spleen size, and reduction in urinary GAG [4,5]. ERT does
not cross the blood-brain barrier to any appreciable extent and therefore is not considered
useful for treating the central nervous system (CNS) aspects of MPS 1.

Anti-drug antibodies to idursulfase can develop in patients receiving idursulfase infusions
[9]. Although the presence of anti-idursulfase antibodies does not always translate into a
confirmed decrease in ERT efficacy, anti-idursulfase antibodies have been associated with
reduced systemic exposure to idursulfase and less reduction of urinary GAG in some
patients [4,6]. Clinical trials of idursulfase have shown that approximately half of the
patients developed anti-idursulfase 1gG antibodies [4,7]. Of patients developing antibodies,
21% to 35% developed neutralizing 1gG antibodies to idursulfase [4,7]. Neutralizing
antibodies to idursulfase were associated with decreased improvements in pulmonary
function [4,6]. Patients with MPS 11 who have more severe mutations, such as large gene
rearrangements or complete gene deletion, have a higher risk of developing anti-idursulfase
antibodies and neutralizing antibodies [6].

The presence of neutralizing antibodies is determined by methods that inhibit the catalytic
activity in vitro [8]. There are other potential ways in which antibodies can impact the
activity of ERT, including reduction in ERT stability, degradation of ERT in the bloodstream,
blockade of ERT cellular uptake, and misrouting of the ERT within the cell [9,10].
Laboratory methods to measure and differentiate these mechanisms are not readily available
in clinical practice [9,10].

Life-threatening consequences of neutralizing antibodies on ERT efficacy have been well
documented in another lysosomal disease, infantile Pompe disease [11]. In Pompe disease,
high neutralizing antibody titers were associated with a shortened survival and worsened
cardiac function [11]. Patients with infantile Pompe disease who are at the highest risk of
developing neutralizing antibodies are given immune tolerance regimens to eradicate such
antibodies. These regimens commonly include immunosuppressive and cytotoxic agents,
such as rituximab and methotrexate [11,12].

In contrast to Pompe disease, immune tolerance regimens have not been well studied in
patients with MPS Il who have neutralizing antibodies to idursulfase. Kishnani et al. have
reported achieving immune modulation in a patient with MPS 11 who had high levels of
neutralizing antibodies to idursulfase by using a regimen similar to the regimens used for
Pompe disease. The regimen included an anti-CD20 monoclonal antibody, methotrexate,
intermittent corticosteroids, and intravenous immune globulin (IVIG) [12]. The patient
experienced a significant decline in neutralizing antibodies over an 18-month period but not
full eradication of neutralizing antibodies. Toxicities of this regimen included painful
peripheral neuropathy (a common toxicity of bortezomib, which may have long-term
effects), hypokalemia, immune suppression due to B-cell elimination by anti-CD20
monoclonal antibody, steroid use which required weekly oral antibiotic prophylaxis, and
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diarrhea from antibiotics [13,14]. At the time of the publication, due to incomplete
eradication of neutralizing antibodies, the patient continued on a maintenance regimen,
anticipated to last one year, which included weekly methotrexate, IVIG, and quarterly anti-
CD20 monoclonal antibody. Long-term toxicities of methotrexate, even when given orally
once weekly, can include hepatotoxicity, pulmonary damage, nephrotoxicity and
myelosuppression [15,16].

That immunosuppressive-cytotoxic method for Pompe disease has been adapted to
successfully treat a patient with MPS I1. That patient, and preliminary results of the novel
non-immunosuppressive and non-cytotoxic approach reported here (NICIT regimen), were
discussed at a U.S. FDA and National Organization for Rare Disease (NORD) public
workshop in June 2014 [12].

Although it is recognized that anti-idursulfase neutralizing antibodies can decrease the
efficacy of idursulfase, clinical practice does not routinely include monitoring for
neutralizing anti-idursulfase antibodies [12]. Even when total anti-idursulfase antibodies are
measured, measuring neutralizing antibodies is seldom done. Current lab procedures require
a special request and justification for measuring neutralizing antibodies. This procedure also
requires special packaging and shipping of samples. Additionally, even when measured,
anti-idursulfase neutralizing antibody results are available from only a single CLIA-certified
laboratory and are not usually reported within a reasonable timeframe for making clinical
decisions [8]. Total anti-idursulfase antibodies often take 4 to 8 weeks to be reported, and
neutralizing antibody may take many months to be reported.

A more timely way to monitor total anti-idursulfase antibodies and neutralizing antibodies is
needed for effective clinical management of ERT. Previous studies have used urinary GAG
levels to assess the pharmacodynamic effect of idursulfase [4,5,7,17]. These studies have
shown a higher urinary GAG in patients who have anti-idursulfase antibodies [6]. Urinary
GAG measurements are reported within one to two weeks. To date, no studies have looked at
whether urinary GAG can be used as a biomarker for detecting changes in total anti-
idursulfase antibodies and neutralizing antibodies.

1.1. Hypothesis

This research was conducted with an operating hypothesis that urinary GAG is a potential
biomarker for monitoring changes in anti-idursulfase neutralizing antibodies in patients with
MPS 11 receiving idursulfase ERT. The relationship between urinary GAG, total anti-
idursulfase antibodies and neutralizing antibodies was explored through a retrospective
analysis of a patient with MPS Il who had high levels of neutralizing antibodies to
idursulfase ERT and was treated with an immune tolerance regimen.

2. Methods

This study was conducted at the University of Minnesota with Institutional Review Board
(IRB) approval and IRB-approved parental consent.
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2.1. Patient case

A male patient diagnosed with MPS 11 at 14 months of age began idursulfase ERT at 15
months of age. The idursulfase dose was 0.5 mg/kg, infused once weekly over 4 h via a Port-
a-Cath. Pre-treatment/diagnostic quantitative urinary GAG, measured by the cetylpyridinium
chloride-carbazole borate (CPC) assay was 109 mg GAG/mmol creatinine, or 9-fold the
upper limit of normal (normal reference value of <12 mg GAG/mmol creatinine). The
patient's initial response to ERT was represented by an approximate 80% reduction in the
urinary GAG after 1 month. During the first year of idursulfase, the frequency of respiratory
infections decreased and his range of motion and activity levels improved, per parent report.
He tolerated the idursulfase infusions well and transferred his infusion care from the clinic
to home infusion after 1 year. After receiving idursulfase for 26 months (at 41 months of
age), his parents noted that he was having more respiratory infections, reduced range of
motion and reduced endurance. He also began exhibiting more pronounced facial
dysmorphism. At this time, his dose of idursulfase was increased to 1 mg/kg/week. Despite
this dose increase, these symptoms persisted. Quantitative urinary GAG was measured and
found to have increased to 94.2 mg GAG/mmol creatinine, or approximately 6-fold the
upper limit of normal (normal reference value of <16 mg GAG/mmol creatinine, measured
by direct 1,9-dimethylmethylene blue (DMB) assay). Total anti-idursulfase antibodies and
neutralizing antibodies were requested. Neutralizing antibodies reported a 96% inhibition of
idursulfase activity in vitro. Two additional measurements taken at five months and 8 months
after the first measurement both reported 100% percent inhibition.

2.1.1. NICIT regimen—Due to concerns about immune suppression in the presence of
frequently recurring respiratory infections, and concerns for acute toxicities of cytotoxic
agents such as bortezomib and methotrexate and the potential long-term toxicities of
methotrexate therapy, an alternative immune tolerance regimen was initiated that was non-
immunosuppressive and also non-cytotoxic (NICIT). This regimen was described at the U.S.
FDA and NORD public workshop in June 2014, as well as later in a publication that
summarized the workshop [12]. The NICIT regimen design was based on principles used in
immune tolerance protocols for patients with severe hemophilia A, who have inhibitors to
factor V111 therapy. The NICIT regimen incorporated frequent exposures to antigen
combined with IVIG therapy [18,19]. The initial NICIT dose of idursulfase was 0.07 mg/kg,
with idursulfase infusions administered twice daily for a total weekly dose of 1 mg/kg/week.
This was a higher dose and higher frequency than the FDA-recommended dose of 0.5 mg/kg
once weekly, thus providing more frequent and more consistent antigen exposure over time.
IVIG was initiated at 200 mg/kg per week. It was initially administered over 6 h, and if
tolerated, reduced to a 4 hour infusion with subsequent infusions. Total and neutralizing
anti-idursulfase antibodies and quantitative urinary GAG were measured once monthly.

Achievement of immune tolerance was defined as reduction of neutralizing antibody levels
to zero or to values deemed negligible by the reference lab. Once immune tolerance was
achieved with the NICIT regimen, the next step was to taper the frequency of idursulfase
infusions, while keeping the total weekly dose of idursulfase at 1 mg/kg/week. Changes in
idursulfase dosing frequency were planned to occur approximately every 3 to 6 months, as
long as immune tolerance remained stable, with the eventual goal of returning the patient to
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once weekly dosing (e.g., from twice daily to once daily, then to 3 times weekly, then to
twice weekly, then to once weekly). The frequency and dose of 1VIG was to be decreased
after immune tolerance was achieved, by slow titration steps, every 3 to 6 months, until
eventual discontinuation of IVIG.

2.1.2. Patient's tapering of NICIT regimen—The tapering of both idursulfase and
IVIG dosing schedules was prolonged due to delays in receiving neutralizing antibody
results. Tapering of the idursulfase frequency did not occur until 18 months after starting the
NICIT regimen, at which time the dose was changed from 0.07 mg/kg twice daily to 0.14
mg/kg once daily and eventually to once weekly infusions (1 mg/kg per week). Currently,
the patient continues to receive idursulfase 1 mg/kg once weekly infused over 4 h.

The frequency and dosing of IVIG was gradually decreased from 200 mg/kg per week to 46
mg/kg every other week, with the titration steps occurring approximately every 6 to 12
months over a 60-month period. The patient continues to tolerate the regimen well and
maintains immune tolerance.

2.2. Total anti-idursulfase antibodies and neutralizing antibodies

Total anti-idursulfase antibodies and neutralizing antibody tests were processed by two
different labs during the course of this study. The pre-treatment values through month 25 of
the NICIT regimen were processed by Shire Human Genetic Therapies (HGT). After month
25, Shire HGT stopped offering the anti-idursulfase antibodies test. Month 26 through
month 59 specimens were processed by LabCorp. Total anti-idursulfase antibodies were
reported as titers by Shire HGT and LabCorp, but the different laboratories had different
reference ranges. Neutralizing antibody levels were reported in two ways. Shire HGT
reported results as neutralizing antibodies as the percent inhibition of the idursulfase activity
(i.e. NAb% inhibition). LabCorp reported results as neutralizing antibody titers.

The method used by Shire HGT and LabCorp are described elsewhere [20]. In brief, the
blood samples were screened for detection of idursulfase 1gG antibodies using the enzyme-
linked immunosorbent (ELISA) assay or conformation-specific antibody (CSA) assay.
Samples meeting pre-specified cutoff points were confirmed by radioimmunoprecipitation
(RIP) assay. If the sample was confirmed by RIP assay, then it was reported as positive and
the titer determined by ELISA or CSA assay. If the sample was negative by RIP assay, it was
reported as antibody negative. Antibody positive samples were further analyzed for presence
of neutralizing antibodies using an in vitro activity-neutralizing antibody assay [8].

2.3. Urinary GAG

Quantitative urinary GAG was measured using two assays: (1) the instant DMB dye-binding
assay at the Mayo Medical Laboratories; and (2) the assay employing CPC precipitation
followed by carbazole borate colorimetric quantification of uronic acid at the University of
Illinois Biochemical Genetics Laboratory [21-24].
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2.4, Statistical analysis

A Pearson's correlation coefficient was calculated to evaluate correlation between the
following: (1) total anti-idursulfase antibody titers and neutralizing antibodies; (2) anti-
idursulfase neutralizing antibodies and urinary GAG; (3) total anti-idursulfase antibody titers
and urinary GAG. Comparisons were made only for samples obtained on the same day.

3. Results

Sampling times are indicated in months, with negative values for samples obtained prior to
initiation of NICIT immune tolerance regimen. NICIT initiation is indicated at time zero and
samples obtained after beginning NICIT are designated in positive values.

3.1. Total anti-idursulfase antibodies and neutralizing antibodies

Two months after starting the NICIT regimen, the patient's parents reported less frequent
respiratory infections and improved endurance. Nine months after starting the NICIT
regimen, his neutralizing antibody levels decreased to approximately 40%. Sixteen months
after starting the NICIT regimen, his neutralizing antibody levels reached zero (Fig. 1).

Changes in neutralizing antibodies and total anti-idursulfase antibodies from month -11 to
month 25, measured by Shire HGT lab, showed significant correlation between NAb%
inhibition and total anti-idursulfase antibody titers (Fig. 1A): no transformation, r = 0.78, p <
0.0001, 95% CI (0.55, 0.90).

Changes in neutralizing antibodies titers and total anti-idursulfase antibodies from month 26
to month 59, by LabCorp, showed no significant correlation (Fig. 1B): 1/x and 1/y
transformation, r = —0.57, p = 0.083, 95% CI (-0.88, 0.089).

3.2. Neutralizing antibodies and urinary GAG

Significant correlation was found between neutralizing antibodies and urinary GAG by
DMB assay from month —11 to month 25 (Fig. 2A). This includes correlation between NAb
% inhibition and urinary GAG by DMB assay (Fig. 3A): log(x) transformation, r = 0.66, p =
0.026, 95% CI (0.11, 0.9). The correlation between NAb% inhibition and urinary GAG by
CPC assay (Fig. 3B) was: 1/x transformation, r = 0.58, p = 0.047, 95% CI (0.013, 0.87).

Neutralizing antibody titers and urinary GAG were measured by LabCorp from month 26 to
month 59 (Fig. 2B). A significant correlation was found when the DMB assay was used
(Fig. 3C): 1/x and 1/y transformation, r = 0.71, p = 0.0067, 95% CI (0.26, 0.91); but not
when CPC assay was used (Fig. 3D): sgrt(y) transformation, r = 0.25, p = 0.55, 95% CI
(-0.51, 0.81).

3.3. Total anti-idursulfase antibodies and urinary GAG

No significant correlation was found between total anti-idursulfase antibodies and urinary
GAG by DMB assay (Shire HGT lab, month —11 through month 25): 1/x transformation, r =
0.26, p = 0.54, 95% CI (-0.55, 0.81). There was a significant correlation, however, when
measured by CPC assay: 1/x transformation, r = 0.69, p = 0.04, 95% CI (0.039, 0.93).
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Significant correlation was found between total anti-idursulfase antibodies and urinary GAG
by DMB assay (LabCorp, month 25 through month 59): 1/x and 1/y transformation, r = 0.7,
p = 0.0059, 95% CI (0.26, 0.89); but not when measured by CPC assay: no transformation, r
=0.44, p =0.28, 95% CI (-0.39, 0.87).

4. Discussion

4.1. Delay in

This is the first case report to evaluate urinary GAG as a biomarker for monitoring
neutralizing antibodies to idursulfase ERT in patients with MPS Il. There was a significant
correlation between urinary GAG by DMB assay and both NAb% inhibition and neutralizing
antibody titers. Currently, only LabCorp offers the total anti-idursulfase antibody and
neutralizing antibody test.

The NICIT regimen and patient case described herein were previously reported by the
corresponding author of this paper at the June 2014 U.S. FDA and NORD public workshop
[12]. At that time, the author reported on the patient's response for two and a half years after
the NICIT regimen was initiated [12]. The study now presented is the first long-term follow-
up report on this same patient case, and it describes sustained immune tolerance after five
years. Importantly, this regimen does not use immunosuppressive or cytotoxic agents, but
still shows sustained efficacy. Such a non-immunosuppressive regimen may not be
appropriate for patients who require rapid immune tolerance, such as patients with infantile
Pompe disease who are cross-reactive immunologic material (CRIM) negative with high
levels of neutralizing antibodies. However, the NICIT regimen may offer an advantage for
patients in whom achieving an immune tolerance over a timeframe of 6 to 18 months is
clinically acceptable and for whom short-term and long-term toxicities of cytotoxic
regimens are of concern.

laboratory results

In this patient case, the results for total anti-ERT antibody were usually received several
months after the samples were submitted. Neutralizing antibody results were usually
reported longer than six months after samples were submitted. The delay in receiving these
laboratory reports postponed important decisions for titrating doses of the ERT and IVIG.
Difficulties with obtaining real-time antibody levels were also emphasized at the previously
mentioned FDA and NORD public workshop [12]. Ultimately, difficulties with reporting
these antibody results creates barriers to establishing effective protocols for monitoring anti-
idursulfase antibodies and managing ERT outcomes.

In contrast, quantitative urinary GAG results are available within a short time-frame of 7 to
14 days. Moreover, measuring quantitative urinary GAG is painless, low-cost, and non-
invasive.

The NICIT regimen was designed with the goal of achieving complete immune tolerance,
defined as sustained negligible neutralizing antibodies after discontinuing the immune
tolerance regimen. Complete immune tolerance for this patient case has not been determined
yet, as the patient continues to receive IVIG. To date, the IVIG has been reduced by 88%,
and the patient is receiving the ERT dose of 1 mg/kg infused once a week. The patient's
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neutralizing antibodies during the past 4.5 years have been stable in a low to negligible
range, even while ERT and IVIG doses were being reduced, consistent with at least a partial
immune tolerance.

4.2. Frequency of urinary GAG monitoring

While urinary GAG is used as a diagnostic test for MPS conditions, it is often not followed
closely once the diagnosis has been confirmed. In this case report, urinary GAG was not
only correlated with anti-idursulfase neutralizing antibody levels, but also coincided with
worsened clinical status, such as more frequent respiratory infections, reduced range of
motion, reduced endurance, and worsening facial dysmorphism. Consistent with this, a
decrease in urinary GAG coincided with improved clinical status, specifically less frequent
respiratory infections and improved endurance as reported by the parents.

This patient's clinical worsening did not initially cause the care team to question whether the
patient had a decreased response to idursulfase. Instead, his clinical worsening was initially
viewed as disease progression. But in fact, the patient had a greatly diminished response to
idursulfase from the neutralizing antibodies. This clinical scenario may be more common
than generally recognized. Frequent monitoring of urinary GAG, e.g., monthly, helps
differentiate whether clinical worsening is from disease progression or from changes in
idursulfase's efficacy. Loss of idursulfase's efficacy shows an increase in urinary GAG in
association with worsening clinical status, whereas disease progression alone, in the absence
of anti-idursulfase neutralizing antibodies, occurs in the setting of a stable urinary GAG [2-
5].

A proposed treatment algorithm using frequent urinary GAG monitoring as a biomarker for
identifying and managing anti-idursulfase neutralizing antibody is shown in Fig. 4.

4.3. Future considerations

This case report demonstrates how quantitative urinary GAG by DMB assay may be used as
a biomarker for managing neutralizing antibodies that threaten idursulfase efficacy in
patients with MPS Il. Multi-patient studies evaluating urinary GAG as a screening tool for
identifying neutralizing antibodies and monitoring response to immune tolerance regimens
would further enhance understanding of how urinary GAG can be used as a clinical tool in
management of idursulfase for patients with MPS I1.

5. Conclusion

This study highlights the importance of regular and frequent monitoring of urinary GAG for
patients with MPS 1l who are receiving ERT. To assure optimal monitoring, we recommend
obtaining at least 3 urinary GAG/creatinine determinations at the time of diagnosis and
before starting therapy, and to follow response to therapy by monitoring urinary GAG/
creatinine levels monthly. Because urinary GAG/creatinine methods very greatly between
laboratories, we recommend obtaining pretreatment and subsequent urinary GAG levels at a
single source with highly reproducible results to obtain interpretable results. Also, it is
important to recognize that urinary GAG/creatinine varies with age due to the normal
increase in urinary creatinine corresponding with increasing muscle mass [22], Fig. 2.
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The correlation between urinary GAG measured by DMB assay, and anti-idursulfase
neutralizing antibodies suggests that urinary GAG measured using DMB assay may be a
useful biomarker to monitor response to immune tolerance regimens. This may be especially
applicable during periods when anti-idursulfase neutralizing antibody results are not readily
available. Changes in urinary GAG coincide with changes in clinical status, as well as
neutralizing antibody status, thereby allowing urinary GAG to be used to differentiate
clinical worsening caused by loss of idursulfase efficacy, from clinical worsening caused by
disease progression. The timeframe for achieving negligible neutralizing antibodies was
similar at 18 months to that found in the regimen used by Kishnani et al. [12]. In contrast to
the case report by Kishnani et al., the patient in this case report did not experience increased
risk of infection from immune suppression, peripheral neuropathy, hypokalemia or diarrhea
[12]. The patient did not have to use steroids or weekly prophylactic antibiotics. Finally, this
study shows at least a partial and sustained immune tolerance after five years on a non-
immunosuppressive and non-cytotoxic immune tolerance regimen, making this a promising
regimen for clinical management of anti-ERT neutralizing antibodies in patients with MPS
.
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A) Changes in Neutralizing Antibodies and Total Anti-Idursulfase Antibodies From Month
-11 to Month 25
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B) Changes in Neutralizing Antibodies and Total Anti-idursulfase Antibodies From Month
26 to Month 59
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Fig. 1.
Changes in neutralizing antibodies and total anti-idursulfase antibodies. Neutralizing

antibodies were measured by two methods, percent inhibition of enzyme activity by
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neutralizing antibodies (NAb% inhibition) and neutralizing antibody titers. Total anti-
idursulfase antibody levels were measured by two labs, Shire HGT and LabCorp. The
method used to measure neutralizing antibodies and the lab that measured total anti-
idursulfase depended on the number of months since non-immunosuppressive and non-
cytotoxic immune tolerance (NICIT) regimen was started. Month 0 is the month that NICIT
regimen was started. A) Neutralizing antibodies measured as percent inhibition of enzyme
activity by neutralizing antibodies (NAb % inhibition) on month —11 to month 25 since
NICIT regimen was started. The left y-axis depicts neutralizing antibodies. The right y-axis
depicts total anti-idursulfase antibodies. Total anti-idursulfase antibodies were measured by
Shire HGT. B) Neutralizing antibodies measured as neutralizing antibody titers on month 26
to month 59 since NICIT regimen was started. The left y-axis depicts neutralizing
antibodies. The right y-axis depicts total anti-idursulfase antibodies. Total anti-idursulfase
antibodies were measured by LabCorp.
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Fig. 2.

Ngutralizing antibodies and urinary GAG. Neutralizing antibodies were measured by two
methods, percent inhibition of enzyme activity by neutralizing antibodies (NAb% inhibition)
and neutralizing antibody titers. The method used to measure neutralizing antibodies
depended on the number of months since non-immunosuppressive and non-cytotoxic
immune tolerance (NICIT) regimen was started. Month 0 is the month that NICIT regimen
was started. Quantitative urinary GAG was measured using DMB assay and CPC assay
throughout the study. A) Neutralizing antibodies measured as percent inhibition of enzyme
activity by neutralizing antibodies (NAb % inhibition) on month —11 to month 25 since
NICIT regimen was started. The left y-axis depicts neutralizing antibodies. The right y-axis
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depicts quantitative urinary GAG. B) Neutralizing antibodies measured as neutralizing
antibody titers on month 26 to month 59 since NICIT regimen was started. The left y-axis
depicts neutralizing antibodies. The right y-axis depicts quantitative urinary GAG.
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Fig. 3.

Correlation between neutralizing antibodies and urinary GAG. Neutralizing antibody was
measured using two methods, percent inhibition of enzyme activity (NAb% inhibition) and
neutralizing antibody titers. Quantitative urinary GAG was measured using two methods,
DMB and CPC assay. p-Values <0.05 are starred. A) Correlation between neutralizing
antibody measured as percent inhibition of enzyme activity and quantitative urinary GAG
measured by DMB assay. Log(x) transformation. B) Correlation between neutralizing
antibody measured as percent inhibition of enzyme activity and quantitative urinary GAG
measured by CPC assay. 1/x transformation. C) Correlation between neutralizing antibody

measured as titers and quantitative urinary GAG measured by DMB assay. 1/x and 1/y
transformation. D) Correlation between neutralizing antibody measured as titers and
quantitative urinary GAG measured by CPC assay. Sqrt(y) transformation.
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Treatment algorithm for monitoring idursulfase ERT efficacy. Abbreviations: DMB = direct
1,9-dimethylmethylene blue. ERT = enzyme replacement therapy. GAG =
glycosaminoglycans. NICIT = non-immunosuppressive and non-cytotoxic immune

tolerance.
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