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Abstract

Enzyme replacement therapy with weekly infused intravenous (1V) idursulfase is effective

in treating somatic symptoms of mucopolysaccharidosis Il (MPS 1I; Hunter syndrome). A
formulation of idursulfase for intrathecal administration (idursulfase-I1T) is under investigation
for the treatment of neuronopathic MPS I1. Here, we report 36-month data from the open-

label extension (NCT02412787) of a phase 2/3, randomized, controlled study (HGT-HIT-094;
NCT02055118) that assessed the safety and efficacy of monthly idursulfase-1T 10 mg in addition
to weekly 1V idursulfase on cognitive function in children older than 3 years with MPS 1l and
mild-to-moderate cognitive impairment. Participants were also enrolled in this extension from a
linked non-randomized sub-study of children younger than 3 years at the start of idursulfase-1T
therapy. The extension safety population comprised 56 patients who received idursulfase-I1T 10
mg once a month (or age-adjusted dose for sub-study patients) plus IV idursulfase (0.5 mg/kg)

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.
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once a week. ldursulfase-1T was generally well tolerated over the cumulative treatment period

of up to 36 months. Overall, 78.6% of patients had a least one adverse event (AE) related to
idursulfase-1T; most treatment-emergent AEs were mild in severity. Of serious AEs (reported

by 76.8% patients), none were considered related to idursulfase-1T treatment. There were no
deaths or discontinuations owing to AEs. Secondary efficacy analyses (in patients younger than

6 years at phase 2/3 study baseline; 7= 40) indicated a trend for improved Differential Ability
Scale-11 (DAS-I1) General Conceptual Ability (GCA) scores in the early idursulfase-IT versus
delayed idursulfase-IT group (treatment difference over 36 months from phase 2/3 study baseline:
least-squares mean, 6.8 [90% confidence interval: —2.1, 15.8; p = 0.2064]). Post hoc analyses

of DAS-I1 GCA scores by genotype revealed a clinically meaningful treatment effect in patients
younger than 6 years with missense variants of the iduronate-2-sulfatase gene (/DS) (least-squares
mean [standard error] treatment difference over 36 months, 12.3 [7.24]). These long-term data
further suggest the benefits of idursulfase-IT in the treatment of neurocognitive dysfunction in
some patients with MPS 1I. After many years of extensive review and regulatory discussions, the
data were found to be insufficient to meet the evidentiary standard to support regulatory filings.

Keywords

Mucopolysaccharidosis 11 (MPS II); Cognitive impairment; Enzyme replacement therapy;
Idursulfase; Intrathecal; Neuronopathic

1. Introduction

Mucopolysaccharidosis 11 (MPS I1; Hunter syndrome; OMIM 309900) is a rare lysosomal
storage disease caused by deletion or pathogenic variants of the iduronate-2-sulfatase

gene (/DS) [1,2]. The subsequent deficient enzymatic activity leads to accumulation

of glycosaminoglycans (GAGS) in numerous tissues and organs. MPS Il is chronic,
progressive, and life-limiting [2,3]. All patients with MPS |1 are affected by somatic
symptoms, which might include hepatosplenomegaly, abnormal facies, joint stiffness,
skeletal deformity, cardiac disease, lung disease, communicating hydrocephalus, and hearing
loss [4]. Approximately two-thirds of patients have the neuronopathic form of the disease
and experience cognitive impairment in addition to somatic symptoms [5,6]. Evidence
suggests that patients with cognitive impairment have a nearly fivefold higher risk of death
than those without [7].

There is considerable heterogeneity among patients in the trajectory of neuronopathic MPS
I1: a typical profile might show a plateauing of cognitive development around the age of

3 years, followed by a deterioration from approximately 5 years of age [5,8,9]. Evidence
suggests that the cognitive developmental course in patients with missense /DS genotypes
differs from that in those with other null-type variants such as deletions or nonsense variants

[8].

Enzyme replacement therapy (ERT) with intravenous (IV) idursulfase (Elaprase®, Takeda
Pharmaceuticals USA, Inc., Lexington, MA, USA\) is the standard of care for the treatment
of the somatic symptoms of MPS Il. In clinical trials and registry studies, IV infusions

of idursulfase 0.5 mg/kg once a week were associated with significant benefits, including

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.
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improvements in a composite endpoint incorporating measures of physical function and
respiratory function and improved survival [3,7,10,11]. However, 1V idursulfase does not
cross the blood—brain barrier at therapeutic levels and has not been reported to affect
cognitive decline in patients with neuronopathic disease [12]. Based on preclinical evidence
showing that intrathecally administered idursulfase can penetrate into brain tissue [13],

a formulation of idursulfase for intrathecal (1T) administration (idursulfase-1T) has been
investigated for the treatment of neuronopathic MPS I1.

A phase 2/3 randomized, controlled study (HGT-HIT-094; NCT02055118) assessed the
efficacy of idursulfase-IT 10 mg once a month in addition to IV idursulfase once a week on
cognitive function in children with MPS 11 and early cognitive impairment over 52 weeks
[14]. Although the primary endpoint (change from baseline in the Differential Ability Scale-
I1 [DAS-11] General Conceptual Ability [GCA] score at week 52) was not met, potential
cognitive benefits of idursulfase-1T were indicated at week 52 in a prespecified analysis of
patients who started treatment when they were younger than 6 years (least-squares mean
[standard error] change from baseline in DAS-11 GCA score at week 52 for idursulfase-1T
vs no idursulfase-1T: —=3.7 [2.9] vs —=7.3 [4.2]). It is important to note that a decline in
DAS-11 GCA score over the course of the study does not necessarily imply a decline in
cognitive function and instead may indicate a stabilization or an improvement in abilities.

In addition, post hoc analyses revealed a clinically meaningful effect of idursulfase-IT on
cognitive function at week 52 in patients younger than 6 years at baseline and with missense
/DS variants (least-squares mean treatment difference, 16.1; 95% confidence interval [CI]:
3.3, 28.9; p=0.0174). Idursulfase-IT was well tolerated over the 52 weeks.

Patients who completed the phase 2/3 trial as well as patients younger than 3 years from a
linked open-label non-randomized sub-study of idursulfase-1T were enrolled in an ongoing
open-label extension study (SHP609-302; NCT02412787), which is investigating the long-
term safety and efficacy of monthly idursulfase-1T in addition to weekly 1V idursulfase.
Here, we present data on the safety and efficacy of idursulfase-1T in neuronopathic MPS 11
from this extension study for a total of up to 36 months of treatment.

2. Methods

2.1. Overview of analyses

We present an interim analysis after 24 months of treatment in the extension study,
combined with the initial 12 months of idursulfase-1T or placebo during the randomized
phase 2/3 study (Fig. 1).

The primary objective of this extension study was to evaluate the long-term safety of
idursulfase-1T, with secondary analyses of efficacy by descriptive statistics. However,
following discussion of data from the phase 2/3 study with the US Food and Drug
Administration, it was decided that there was rationale for statistical analysis of efficacy
data in the extension study beyond the planned summary description. Thus, an integrated
summary of effectiveness was conducted to evaluate efficacy data over 36 months in the
phase 2/3 study and extension combined, focusing on patients who were younger than 6
years at the phase 2/3 study baseline.

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.
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In the primary safety analyses reported here, baseline refers to the phase 2/3 study baseline
for patients initially randomized to idursulfase-1T. For those randomized to placebo in the
phase 2/3 study (and who subsequently received idursulfase-IT in the extension phase),
baseline refers to the closest available assessment before the initial intrathecal drug delivery
device (IDDD) implantation date, which took place at the start of the extension study. For
secondary analyses of efficacy in the integrated summary of effectiveness, baseline refers
simply to the phase 2/3 study baseline.

Following the identification in the phase 2/3 study of a subgroup of patients with a clinically
relevant treatment response (those younger than 6 years at baseline with missense /DS
variants), a post hoc analysis was conducted on the data from the extension study to

assess the efficacy endpoints for patients younger than 6 years at baseline by /DS genotype
(missense vs non-missense) [14].

2.2. Participants

Participants in the primary HGT-HIT-094 phase 2/3 study who completed assessments at
week 52 and provided informed consent were eligible for inclusion in the extension phase.
The inclusion and exclusion criteria for the initial phase 2/3 study are detailed elsewhere
[14]. In brief, patients enrolled into the phase 2/3 study were boys aged between 3 and 18
years with a documented diagnosis of MPS 1l and evidence of MPS Il-related cognitive
impairment (based on age-dependent DAS-I1 GCA scores) [15]. All patients enrolled in
the primary study were required to have received and tolerated a minimum of 4 months

of treatment with IV idursulfase in the period immediately before screening [14]. Patients
with an opening cerebrospinal fluid (CSF) pressure upon lumbar puncture of at least 30.0
cmH-,O0 or a functioning CSF shunt device were excluded. Children who participated in a
non-randomized sub-study of HGT-HIT-094 for patients younger than 3 years at baseline, all
of whom received idursulfase-IT, were also eligible for inclusion in this extension study.

The first patient was enrolled into the extension study on April 14, 2015; patients were
enrolled from 22 study sites in seven countries.

2.3. Study design

The primary phase 2/3 study was a 52-week, randomized controlled trial in which eligible
patients were randomly assigned (2:1) to receive idursulfase-IT 10 mg once a month (i.e.
every 28 days) or no idursulfase-IT, in addition to IV idursulfase 0.5 mg/kg once a week
as standard of care. IV idursulfase was administered at least 48 h after idursulfase-1T. The
design of the primary study is described in more detail separately [14]. The sub-study was
a non-randomized, open-label, single-arm, 52-week study in which all patients received
treatment with idursulfase-1T (dose adjusted based on reference brain weight by age).

In this ongoing, non-randomized extension study, all patients receive idursulfase-1T 10 mg
once a month (i.e. every 28 days), except those aged >8 to 30 months at dosing, who receive
idursulfase-1T 7.5 mg instead. All patients continue to receive weekly 1V idursulfase (Fig.
1). The extension study protocol permits same-day administration of 1V idursulfase and
idursulfase-IT.

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.
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During the primary and extension studies, idursulfase-1T was administered via the SOPH-A-
PORT® Mini S, Implantable Access Port, Spinal, Mini Unattached, with Guidewire (SOPH-
A-PORT Mini S; Sophysa SA, Orsay, France) IDDD [14]. If the intrathecal space was
inaccessible via the IDDD or there were other mechanical complications with the device, the
study drug was delivered via lumbar puncture.

The study was approved by the relevant institutional review boards/institutional ethics
committees and was conducted in compliance with the International Conference on
Harmonisation Good Clinical Practice guidelines and the Declaration of Helsinki. For all
patients, written informed consent was obtained from the parent(s) or legally authorized
guardian(s); assent from the patient was also acquired, if applicable.

2.4. Treatment groups

In the extension study, treatment groups were defined according to the randomized treatment
assignment in the phase 2/3 study: the early idursulfase-IT group comprised patients who
received idursulfase-IT in the phase 2/3 trial, whereas the delayed idursulfase-IT group
comprised those who did not receive idursulfase-1T before the extension. The extension
study is ongoing.

Two interim analyses were planned (Fig. 1). The first was scheduled for month 25, at which
point the early idursulfase-IT group and the delayed idursulfase-IT group had received
idursulfase-1T treatment for 24 months and 12 months, respectively, or had discontinued.
The second was scheduled for month 37, at which point the early idursulfase-IT group and
the delayed idursulfase-1T group had received idursulfase-IT treatment for 36 months and
24 months, respectively, or had discontinued (Fig. 1). Each group had a period of 1 month
allocated to surgical IDDD implantation and recovery before the initiation of idursulfase-1T.
Based on the duration of observations from the start of the primary study, the extension
baseline and two interim analyses are hereafter referred to as the month 12, month 24, and
month 36 analyses, respectively.

2.5. Assessments and endpoints

Safety endpoints included adverse events (AEs), changes in clinical laboratory values,

vital signs, 12-lead electrocardiogram (ECG) recordings, brain magnetic resonance imaging
parameters, CSF assessments (including chemistries, cell counts, and iduronate-2-sulfatase
[12S] concentration), and anti-idursulfase antibodies (including neutralizing antibodies,
NAbs) in the CSF and serum.

An important secondary efficacy endpoint was change from baseline in DAS-I1 GCA scores
(early years battery). Other secondary efficacy endpoints included changes from baseline in
DAS-II standard cluster and composite scores (early years battery), and Vineland Adaptive
Behavior Scales-11 (VABS-I1) Adaptive Behavior Composite (ABC) and domain standard
scores. Exploratory efficacy endpoints were ordered categorical outcomes (three categories:
above-average, average, or below-average cognitive development) for DAS-11 GCA scores
(early years battery).

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.
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Pharmacodynamic endpoints included changes from baseline in total GAGs and heparan
sulfate (HS) levels in the CSF, samples of which were collected via the IDDD or lumbar
puncture. Details of the assay methodology are reported elsewhere [14].

2.6. Statistical methods

All descriptive summary analyses of safety and efficacy data were based on the safety
population, defined as all patients in the extension study who underwent IDDD implantation
surgery and/or received at least one dose (full or partial) of study drug. This included
patients younger than 3 years at baseline who were enrolled in the sub-study; these patients
were included in the early idursulfase-1T group. Patients in the sub-study did not have
baseline DAS-11 GCA scores and, therefore, were not included in the efficacy analysis (the
data from the sub-study will be reported separately). Efficacy data are reported for patients
younger than 6 years at phase 2/3 study baseline and for the subgroup of patients younger
than 6 years at phase 2/3 study baseline with missense /DS variants (post hoc analysis).

To assess treatment exposure, a percentage was calculated by IDDD and lumbar puncture
separately for each patient, from which the mean and standard deviation (SD) were
determined.

All statistical analyses were performed using the Statistical Analysis System software
version 9.3 or higher (SAS Institute, Cary, NC, USA).

2.6.1. Prespecified analyses—The efficacy analysis compared change from baseline
in DAS-I1 GCA scores in the early idursulfase-1T group with that in the delayed idursulfase-
IT group using a mixed-effects model for repeated measures (MMRM) analysis. The

model included fixed categorical effects for treatment, visit week, treatment by visit week
interaction, and baseline DAS-11 GCA classification factor (either <70 or > 70). Weeks

16 and 40 of the extension for the delayed idursulfase-1T group were not included in the
MMRM analysis owing to the lack of matching visits in the early idursulfase-IT group.
Changes from baseline in DAS-1I standard cluster and composite scores and VABS-I1 ABC
scores were also evaluated with MMRM analysis. An exploratory, ordered, categorical
analysis was conducted for DAS-I1 GCA scores at the month 12, month 24, and month

36 analyses (prespecified at month 24 only) for cognitive development categories of above
average, average, or below average. A rate-of-change (weighted slope) analysis was also
performed on DAS-11 GCA and VABS-II ABC scores to explore the treatment effect over 36
months (further details on the weighted analysis methodology can be found in the primary
study paper [14]).

Other efficacy endpoints are summarized descriptively, with statistical model estimates
of least-squares means, treatment differences, p values, and 90% Cls provided where
appropriate; statistical tests were two-sided and performed at the 0.1 level of significance.

2.6.2. Post hoc analyses—Post hoc analyses for patients younger than 6 years at

phase 2/3 study baseline with missense /DS variants were conducted (using an MMRM)
to assess the changes from baseline in DAS-11 GCA and VABS-I1 ABC scores in the early

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.
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idursulfase-1T and delayed idursulfase-1T groups in the subgroups of patients younger than 6
years with missense and non-missense /DS genotypes.

3. Results

3.1. Patient population

The safety population comprised 56 patients. This included 47 out of 49 patients (95.9%)
who completed the 52-week phase 2/3 study and were enrolled in the extension study (early
idursulfase-IT group, /7= 32; delayed idursulfase-IT group, 7= 15; two patients [4.1%] did
not complete the phase 2/3 study owing to withdrawal of consent); plus, nine patients who
had participated in the open-label sub-study (data for these patients were included in the
early idursulfase-IT group for safety and exposure analyses). At the month 36 analysis, 54
patients were participating in the extension study; two patients (early idursulfase-1T group)
discontinued owing to withdrawal of consent. The efficacy analysis population (patients
younger than 6 years at phase 2/3 study baseline) included 40 patients (early idursulfase-IT,
n=28; delayed idursulfase-1T, n= 12). Of these, 19 had missense /DS variants (early
idursulfase-1T, n=13; delayed idursulfase-IT, /7= 6).

Demographics and baseline characteristics for the safety and efficacy populations are
presented in Table 1. Mean (SD) age at baseline for the safety population was 4.9 (2.1)
years; for the efficacy population of patients younger than 6 years at baseline, mean (SD)
age was 4.3 (0.7) years. The most common /DS variant type was missense (in 46.4% and
47.5% in the safety and efficacy populations, respectively). Detail on demographics and
baseline characteristics for the patients with missense /DS variants versus those with other
/DS genotypes have been described in the primary study publication [14].

3.2. Treatment exposure

In the safety population, the median (range) number of doses received was 47.5 (27-68)
and the median (range) duration of treatment was 43.6 (24.4-62.4) months. The mean (SD)
number of idursulfase-1T injections received by the safety population was 47.8 (10.3). The
mean (SD) percentage of doses received via IDDD was 80.1% (27.6%) and by lumbar
puncture was 28.4% (32.8%).

3.3. Safety and immunogenicity

Long-term treatment with idursulfase-IT for up to 36 months was generally well tolerated,
consistent with the findings of the phase 2/3 study. Approximately three-quarters of patients
(78.6%) reported AEs related to idursulfase-1T (Table 2); overall, most treatment-emergent
AEs (TEAESs) were mild in severity. In the early idursulfase-1T group, the most common
TEAES considered by the investigator to be related to idursulfase-1T were vomiting

(58.5% of patients), headache (34.1%), and pyrexia (29.3%); in the delayed idursulfase-

IT group, these were increased CSF white blood cell count (26.7%), decreased body
temperature, headache, vomiting, increased systolic blood pressure, and increased diastolic
blood pressure (20.0% each). Serious AEs (SAEs) were reported by 80.5% of patients in the
early idursulfase-IT group and 66.7% of patients in the delayed idursulfase-IT group; none
of the SAEs were considered by the investigator to be related to idursulfase-1T. No deaths

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.
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or discontinuations due to AEs were reported. There were no apparent safety concerns with
same-day administration of idursulfase-IT and IV idursulfase.

Most patients who received idursulfase-IT reported at least one IDDD-related event (91.1%;
Table 2): 23 patients (41.1%) had a total of 29 IDDD failures and 18 patients (32.1%)

had a total of 18 IDDD malfunctions. The most common reason for failure or malfunction
was inability to aspirate CSF before dose administration (reported by 30 patients [53.6%];
68 events involving 40 IDDDs). Of those who received at least one dose of idursulfase-IT
via IDDD (n=31), 26 patients reported a total of 236 TEAES that were deemed by the
investigator as being associated with the treatment administration process. Of the 25 patients
who received at least one idursulfase-1T dose via lumbar puncture, 13 reported 114 TEAES
that were deemed by the investigator as being associated with the administration process.

Aside from those noted above, no clinically significant changes from baseline in CSF
laboratory values (chemistries, cell counts, and 12S concentration) or clinical laboratory
values (hematology, serum chemistry, and urinalysis) or ECG values were observed during
the study up to the month 36 analysis.

Most patients had positive serum anti-idursulfase antibody results at phase 2/3 study
baseline (67.9%). Of the 18 patients who did not, nine developed first detectable serum
anti-idursulfase antibodies during the extension (these were transient in five patients). Nearly
half of patients (46.4%) had positive serum NAD results at phase 2/3 study baseline, and
69.6% had positive serum NAb results at post-baseline time points. All patients either
already had positive CSF anti-idursulfase antibody results at baseline (44.6%) or remained
negative for CSF anti-idursulfase antibodies throughout the study. Three patients (5.4%) had
positive CSF NADb status at baseline, compared with 14 (25%) at post-baseline time points.

3.4. Efficacy

3.4.1. Change from baseline in DAS-Il GCA scores in patients younger than 6
years—DAS-11 GCA scores from the early years battery continued to decline from baseline
throughout the extension study, in both the early and delayed idursulfase-IT treatment
groups (Fig. 2). At month 36, the least-squares mean (90% CI) change from baseline in
DAS-Il GCA score by MMRM analysis was —14.3 (-19.2, —9.4) for the early idursulfase-

IT group and —21.2 (-28.7, —13.6) for the delayed idursulfase-1T group (Fig. 3A). The
difference (90% CI) between the early and delayed idursulfase-1T groups (6.8 [-2.1, 15.8],
p=0.2064) was similar to that reported at the end of the phase 2/3 trial [14], in which the
reduction from baseline was numerically smaller in the idursulfase-1T group than in the no
idursulfase-1T group (for the current analyses defined as the early idursulfase-IT and delayed
idursulfase-1T groups, respectively). Exploratory weighted rate-of-change analysis of change
from baseline in DAS-11 GCA scores at month 36 also favored early idursulfase-IT treatment
(Fig. 3B). A trend towards a potential benefit in the DAS-I1 cluster scores was also observed
for the early idursulfase-IT treatment group at month 36 (Supplementary Fig. 1).

3.4.2. Exploratory prespecified analysis (ordered categorical outcomes in
DAS-II GCA scores) in patients younger than 6 years—There was a non-significant
trend for improved outcomes in patients in the early idursulfase-1T compared with the
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delayed idursulfase-1T group in an analysis of ordered categorical outcomes in DAS-II
GCA scores from the early years battery. At month 24, the proportions of patients with
average or above-average cognitive development were 48.0% (12/25) and 30.0% (3/10),
respectively. Although these proportions were lower than those at month 12 (76.0% and
50.0%, respectively), there was little change from months 24 to 36, when these proportions
were 47.8% and 22.2%, respectively (Fig. 4).

3.4.3. Change from baseline in DAS-Il GCA scores in patients younger than 6
years by genotype (post hoc analyses)—For patients younger than 6 years at baseline
with missense /DS variants, there was a notably smaller decline from baseline in DAS-II
GCA scores for the early idursulfase-IT group compared with the delayed idursulfase-1T
group over 36 months (Fig. 5A). At the month 24 analysis, the least-squares mean (standard
error [SE]) treatment difference was 12.9 (7.6). This difference was maintained at the month
36 analysis (least-squares mean [SE] treatment difference, 12.3 [7.2]). Treatment differences
for DAS-I1I cluster scores in patients younger than 6 years at baseline with missense /DS
genotype also showed trends in favor of early idursulfase-IT treatment (Supplementary Fig.
2A).

In patients with /DS variants other than missense, there was no clear difference between the
early idursulfase-IT and the delayed idursulfase-1T treatment groups in the changes from
baseline in DAS-I1 GCA scores over 36 months (Fig. 5B), nor in DAS-I1I cluster scores
(Supplementary Fig. 2B).

3.4.4. Change from baseline in VABS-II ABC scores in patients younger than
6 years—There were no clear trends in treatment group differences for VABS-11 ABC
scores after 24 and 36 months in patients younger than 6 years at baseline, regardless of
genotype (Supplementary Table 1).

3.4.5. CSF total GAG and HS levels in patients younger than 6 years—In the
overall subgroup of patients younger than 6 years, CSF total GAG levels were reduced
from baseline (mean [SD]) by —71.9% (13.8) and -70.3% (15.7) at months 24 and 36,
respectively, for early idursulfase-1T; similar reductions were reported at the same time
points for delayed idursulfase-1T (mean [SD]: —=73.9% [10.3] and —76.5 [10.2]). Reductions
from baseline in HS levels were reported at months 24 and 36 (mean [SD]) with early
idursulfase-1T (-22.4% [54.9] and —14.8 [36.3], respectively) and with delayed idursulfase-
IT (-38.6% [22.8] and —32.6 [22.4], respectively); however, the data were more variable
than those for CSF total GAG levels with evidence of a gradual reversal towards baseline
levels.

There was also a decrease in CSF total GAG levels in response to initiation of idursulfase-
IT in the subgroup of patients with missense /DS variants; in patients with other /DS
genotypes, CSF total GAG levels initially increased slightly before showing reductions
similar to those in the missense subgroup (Supplementary Fig. 3). There was an initial
decrease in CSF HS levels following initiation of idursulfase-1T, although as noted above,
these data were more variable than those for GAG levels (Fig. 6).
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4. Discussion

This interim analysis of data from the open-label extension study has demonstrated that
idursulfase-IT 10 mg once a month, in addition to IV idursulfase 0.5 mg/kg once a week,
was generally well tolerated during treatment periods of up to 36 months. The performance
of the IDDD was acceptable, with some patients requiring additional surgical management;
patients could also receive idursulfase-IT via lumbar puncture. The rates of AEs and other
safety findings were consistent with those reported in the primary phase 2/3 study.

Efficacy analyses were conducted in patients younger than 6 years at phase 2/3 study
baseline; in that study, there was a more pronounced treatment response with idursulfase-1T
in this subgroup than in the overall population. In this extension study, cognitive function
(assessed by DAS-11 GCA scores) continued to decrease from baseline in both the early
idursulfase-1T and the delayed idursulfase-IT treatment groups over 36 months. However,
the (non-significant) difference in DAS-11 GCA scores in favor of idursulfase-IT observed
at the end of the phase 2/3 trial after 1 year of treatment was maintained throughout the
36-month extension period for the early idursulfase-IT versus the delayed idursulfase-I1T
treatment groups. Furthermore, the post hoc subgroup of patients younger than 6 years at
baseline and with missense /DS variants, in which there was a significant and clinically
meaningful treatment effect of idursulfase-IT versus no idursulfase-1T on cognitive function
in the phase 2/3 study, also demonstrated a sustained difference in DAS-11 GCA scores
between the early idursulfase-1T and delayed idursulfase-IT treatment groups during the
extension. In pharmacodynamic analyses, the reductions in CSF total GAG levels observed
in response to initiation of idursulfase-IT in the phase 2/3 study were sustained throughout
the extension phase, whereas the trend for partial reversal of initial reductions of CSF HS
levels continued with ongoing treatment. This unexplained drop in CSF HS levels may
have been dose-related and might help to explain why the cognitive results are not more
pronounced.

These data, along with those from the primary study [14], support the benefits of early
initiation of ERT in patients with MPS I1; further evidence for this approach includes
preclinical and clinical evidence with IV idursulfase and real-world outcomes data, plus case
reports of siblings facilitating comparisons of early versus delayed treatment [16-18]. Based
on the understanding of the natural history of MPS 1, it might be expected that most patients
aged from 3 to 6 years may have reached a plateau of cognitive development without yet
experiencing appreciable loss of developmental milestones and skills already acquired [8].
This is an important window of therapeutic opportunity for patients with neuronopathic

MPS II; notably, it has been proposed that treatment should ideally be initiated before a
child reaches the plateau in cognitive development [8]. However, it is important to note

that more than half of the patients included in the efficacy analysis (and, therefore, under

6 years of age) had baseline DAS-11 GCA scores of no more than 70. Variations between
patients with neuronopathic MPS 11 for the ages at which these milestones are reached create
a challenging setting in which to demonstrate therapeutic benefits in clinical trials. It is
important to acknowledge the real-world challenges in ensuring that treatment for MPS 11

is started early enough. In the absence of a family history to raise suspicion of MPS 11,
newborn screening is likely to be the only means of achieving a diagnosis and treatment
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initiation sufficiently early to optimize therapeutic benefit. Furthermore, the need for early
treatment emphasizes the importance of being able to predict MPS Il phenotype to identify
those patients likely to benefit from idursulfase-IT treatment.

Stabilization of the DAS-I1 GCA score is equivalent to normal development and does not
just indicate retention of cognitive ability. Some decline in DAS-11 GCA scores can still

be consistent with improvement or acquisition of new cognitive skills. A decline in GCA
scores does not necessarily mean that the individual has lost skills. In the phase 2/3 trial,
investigators’ and families’ impressions were that, during the study time frame, the patients
did not lose skills but typically gained skills at a less than normal rate [14]. Thus, the

fact that changes from baseline in DAS-11 GCA scores in the early idursulfase-IT group
were numerically smaller than in the delayed idursulfase-1T group may suggest a benefit
of earlier treatment initiation. Similarly, the observed reduction in proportions of patients
with average or above-average cognitive development between months 12 and 24 in the
categorical analysis may be explained by development continuing at a slightly slower pace
in children with MPS 11 than in typically developing children. If one presumes that the
damage to brain development precedes symptom expression, it might be difficult to keep up
the rapid pace of early development.

A post hoc analysis showed that the clinically meaningful treatment effect observed in
patients younger than 6 years with missense /DS variants in the phase 2/3 study was
maintained over at least 36 months in the extension study. For those with other genotypes,
changes from baseline were generally unaffected by the initial randomization group during
the phase 2/3 study and extension; however, as discussed in the primary paper [14], there
were individual exceptions to this. Missense is the most common /DS variant type in

MPS II, and a significant proportion of patients with missense /DS variants (up to 79%)
have neuronopathic disease [19,20]. There is a plausible rationale for enhanced response

to idursulfase-IT in patients with missense /DS genotypes. As discussed in the primary
study publication [14], a possible explanation could be that the presence of residual
endogenous 12S in patients with missense /DS variants may reduce the likelihood of
developing anti-idursulfase antibodies compared with patients with other pathogenic variants
that cause deficient activity of 12S [8,21]. The presence of anti-idursulfase NAbs has been
associated with a reduced treatment benefit [22]. Also, administration of idursulfase-IT may
supplement the residual enzyme activity in these patients, providing a sufficient level of
enzyme to reduce lysosomal accumulation of GAGs [14].

This study had a number of limitations. All patients in this open-label extension phase were
receiving idursulfase-IT, and treatment groups were differentiated only by the duration of
treatment by virtue of randomized assignment in the original study. In the efficacy analysis
population, the mean between-groups change from baseline in DAS-11 GCA scores did

not reach statistical significance in the MMRM analysis at month 36. The more notable
differences between treatment groups in the subset of patients with missense /DS variants
need to be interpreted with caution, because they were post hoc analyses not specified in

the original protocol. The original phase 2/3 study was subject to strict inclusion criteria,
which may limit the generalizability of the data to other patients with neuronopathic MPS I1.
Furthermore, there is limited potential to place the current findings in context owing to the
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scarcity of natural history data available on neuronopathic MPS 11. The dose selected for this
study was based on dose—response data from a phase 1 study; however, given the results of
this study, it would be of interest to explore the effects on clinical outcomes of higher doses
and/or a more frequent dosing interval.

These limitations notwithstanding, these interim findings were consistent with the results
from the phase 2/3 study, thus strengthening and extending the previous conclusions.

5. Conclusions

In patients with neuronopathic MPS 11, long-term idursulfase-1T was generally well
tolerated; the safety and tolerability profile over 36 months of treatment is consistent with
that reported in the 52-week phase 2/3 trial [14]. The smaller decline in DAS-11 GCA scores
from baseline with idursulfase-1T versus no idursulfase-1T observed after 52 weeks [14] was
maintained throughout the extension study once all patients were receiving idursulfase-1T.
Post hoc analyses of DAS-11 GCA scores by genotype revealed that the significant and
clinically meaningful treatment effect on DAS-11 GCA scores in patients younger than 6
years with missense /DS variants, observed in the phase 2/3 study, was also maintained
over 36 months. After many years of extensive review and regulatory discussions, the data
were found to be insufficient to meet the evidentiary standard to support regulatory filings.
Idursulfase-1T will continue to be made available to patients who are currently enrolled in
the ongoing open-label extension studies until another approved treatment is available to
address the cognitive symptoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IDS iduronate-2-sulfatase gene

IT intrathecal

v intravenous

MMRM mixed-effects model for repeated measures
MPS 11 mucopolysaccharidosis 11

NADb neutralizing antibody

SAE serious adverse event

SD standard deviation

SE standard error

TEAE treatment-emergent adverse event
VABS-II Vineland Adaptive Behavior Scales-11
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Fig. 1.

Overview of idursulfase-1T exposure and timing of analyses. Idursulfase-1T was
administered via an IDDD or by lumbar puncture in the event of device malfunction. IDDD,
intrathecal drug delivery device; IT, intrathecal.
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Fig. 2.

Legast—squares mean change from baseline in DAS-II early years GCA scores in patients
younger than 6 years at baseline over 36 months. Baseline is phase 2/3 study baseline.
DAS-II, Differential Ability Scales-11; GCA, General Conceptual Ability; IT, intrathecal;
SE, standard error.
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A Primary MMRM analysis
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delayed idursulfase-IT)

treatment effect

Delayed idursulfase-IT
treatment effect

score (including both
early years and school
age batteries)

T T I T T T T T T 1

n Least-squares n Least-squares Least-squares p value
mean (90% Cl) mean (90% Cl) mean (90% CI)
DAS-Il GCA standard 23 -14.3 (-19.2, -9.4) 9 -21.2(-287,-13.6) 6.8 (-2.1,15.8) 0.206 l—%—I—!
score (early years !
battery) !
DAS-Il GCA standard 23 -14.5(-19.4, -9.5) 10 -20.5(-27.9, -13.0) 6.0 (-2.9, 15.0) 0.262 'i—.—|
score (including both i
early years and school :
age batteries) ! ‘ ! ' ! ‘ !
-30 -20 -10 0 10 20 30
Favors delayed Favors early
B Ad hoc exploratory weighted rate-of-change analysis idursulfase-IT idursulfase-IT
Treatment difference
Early idursulfase-IT Delayed idursulfase-IT (early idursulfase-IT vs
treatment effect treatment effect delayed idursulfase-IT)
n Least-squares n Least-squares Least-squares p value
mean (90% ClI) mean (90% Cl) mean (90% Cl)
DAS-Il GCA standard 27 -19.1 (-27.5, -10.7) 12 -415(-51.2,-31.8) 22.4 (101, 34.7) 0.004 i ——
score (early years '
battery) L
DAS-Il GCA standard 27 -19.0 (-27.4,-10.6) 12 -41.2(-50.7, -31.6) 22.2(10.0, 34.5) 0.004 :’ |
t
0

-50 -40 -30 -20 -10 10 20 30 40 50
Favors delayed Favors early
idursulfase-IT idursulfase-IT

Fig. 3.

Ct?ange from baseline in DAS-11 GCA scores at month 36 in patients younger than 6 years
at baseline. For the weighted rate-of-change analysis at month 36, the weighted slope was
corrected for floor effect. The early years battery includes children aged 2 years 6 months
to 6 years 11 months; the school age battery includes children aged 7 years to 17 years

11 months. ClI, confidence interval; DAS-II, Differential Ability Scales-1l; GCA, General
Conceptual Ability; IT, intrathecal; MMRM, mixed-effects model for repeated measures;
SE, standard error.
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Proportion of patients (%)

100

m Above-average cognitive development

Month 12
SCRl © (24.0%)
80—
6 (50.0%)
70+
60—
50—
40
30
20
10
2 (8.0%)
0 -
Early Delayed
idursulfase-IT idursulfase-IT
(n=25) (n=12)
Fig. 4.

m Average cognitive development

Month 24

13 (52.0%)

7 (70.0%)

Early Delayed
idursulfase-IT idursulfase-IT
(n=25) (n=10)

Page 20

m Below-average cognitive development

Month 36

12 (52.2%)

7 (77.8%)

Early Delayed
idursulfase-IT idursulfase-IT
(n=23) (n=9)

Ordered categorical outcomes in DAS-11 GCA scores from the early years battery at months
12, 24, and 36 in patients younger than 6 years at phase 2/3 study baseline. Results for
12-month analyses are based on ordinal logistic regression. Categories were defined for
24-month time point as follows: above average = GCA at month 24 > 10 points higher than
GCA at month 12; average = GCA at month 24 within 10 points of GCA at month 12;
below average = GCA at month 24 > 10 points lower than GCA at month 12. Analyses at
months 12 and 36 were not defined in the protocol or statistical analysis plan. Note that the
10-point difference becomes increasingly stringent as the study duration increases. DAS-II,
Differential Ability Scales-11; GCA, General Conceptual Ability; IT, intrathecal.

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Muenzer et al.

A

Least-squares mean change from baseline (SE)

Least-squares mean change from baseline (SE)

Page 21

Patients younger than 6 years with missense IDS variants

154 Phase 2/3 study Extension study

I
N : —e— Early idursulfase-IT group
; —m— No idursulfase-IT group
N —m— Delayed idursulfase-IT group
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Baseline Week 16 Week 28 Week 40 Month 13 Month 19 Month 25 Month 31 Month 37
Baseline Week 28 Week 52 Month 19 Month 25

Patients younger than 6 years with /DS variants other than missense

156+ Phase 2/3 study | Extension study
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|
=30 |
|
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Baseline Week 16 Week 28 Week 40 Month 13 Month 19 Month 25 Month 31 Month 37
Baseline Week 28 Week 52 Month 19 Month 25
Fig. 5.

Least-squares mean change from baseline in DAS-11 GCA scores in patients younger than

6 years at baseline. Baseline is phase 2/3 study baseline. DAS-II, Differential Ability Scales-
I1; GCA, General Conceptual Ability; /DS, iduronate-2-sulfatase gene; IT, intrathecal; SE,
standard error.
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A Patients younger than 6 years with missense IDS variants
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Extension study

T T T T T
Baseline Week 4 Week 16 Week 28 Week 40

Patients younger than 6 years with IDS variants other than missense

T T T T 1
Month 13 Month 19 Month 25 Month 31 Month 37

Baseline Week 28 Week 52 Month 19 Month 25

04 Phase 2/3 study | Extension study

— 1
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Fig. 6.

T T T 1
Month 13 Month 19 Month 25 Month 31 Month 37
Baseline Week 28 Week 52 Month 19 Month 25

Mean percentage change from baseline in CSF HS levels in patients younger than 6 years at
baseline with (A) missense /DS variants and (B) any /DS variant other than missense. CSF,
cerebrospinal fluid; HS, heparan sulfate; /DS, iduronate-2-sulfatase gene; IT, intrathecal.

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.



Page 23

Muenzer et al.

uco_ym_:aoa sisAfeue Aoeaiyy3

(0'52) ¥1 WN (eene (g28) 2t

(6'89) €€ A\ (L98) €T (529) 0z

L8y ‘T¥T) €°€C (6°€Z '2¥T) 69T (L8 'v'6T) 692 (8'6€ 'S'8T) 8'€C
(9°9) ¥'vg (ee) 8Lt (z'8) 08z (X X374
(r'v¥T '7°S8) 0°0TT (9'70T '¥'98) G°€6 (#'¥¥T ‘0°00T) 0'STT (0°0vT ‘2'S6) ¥'60T
(Tzr) 8°0TT (59) 2¢6 (zTD) T'8TT (5'6) L'TTT
(r9)e 0 (eene (TeT

(8MT 0 0 (Te)7

(68)G (Tt (een) e (€9

(ey1)8 (eee) € 0 (9s1) §

(ev1) 8 0 (002) € (9sT) g

(68)G (Tt (L9t (r'e) €

(rov) 92 (rvv) ¥ (6°9v) £ (6°9v) ST

(6°21) 0T (Tt (002) € (8'81) 9

(ze) 1 (6'88) 8 (0°08) zT (959) T2

(8MT 0 0 (Te)7

Ty 0 0 (Sen v
EyT'v1)SY (0ev1)9C (EVT'TY) LS (L8'Te) oY
(T2 6 (s0)sz L2e9 1 6v

(%) v ‘A1oBared 8103s YOO

0/ <3103 VD9 II-Svd
0L 531028 ¥J9 II-Svd
-Sv@ auljaseq Jad sjuaied Jo JaquinN

(ebueu) ueips\
(as) ueaiy
6% ‘Wb
(ebueu) ueipa\
(as) ueaiy
wo ‘WbisH
a|qelIsse[ouNn
ays 8011ds
uolEINW J1UoJIU|
juawabue.ieas abuej/uonajap a18|dwod Jo uonajep abie]
Ylysawel
9SUASUON
asuassIN
(%) v ueLRA S/ 10 3dAY Jad syuaied Jo JaquuinN
JETTe}
UM
UBOLIBWY UBDL}Y 10 Xoe|g
uelSY
(%) v ‘ooey
(ebueu) ueipsy
(as) uesy
s1eak ‘auijaseq 1e aby

(9s=N) Jessng (6= oAPMISANS (67 = u) | |-eseyinsinpl pekeleq (g€ = U) L1-eseynsanpi Alie3

Qco_um_saoa sisA[eue A1ajes

‘suone|ndod sisAeue Aoealye pue A1ages ay) 10} SI1SIIA1ORIRYI Lauljaseq pue salydesbowaq

T alqeL

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.



Page 24

Muenzer et al.

"auljaseq e sieak € ueyy JabunoA suaired 1oy Apnis-gns Sﬁm%mu

‘(fened Jo qnp) Bnup Apnis Jo asop auo 1ses| 18 PaAladal 10 Alafins uolrejueidwil aai UaMIBpuUN oym Apnis UOISUBIXa ay} ul syusied ||

q

"auljaseq Apnis g/z aseyd sem autjaseq ‘uoirejndod Adeaiyss ayy 104 "dnolb | |-aseynsinpl pake|ap 8y 104 UOISUBIX3 ay} ul ade|d
001 Tey} A1sbins uonelueidwi @Al [eRIUl Y} 810430 aNJeA a|ge|IeAe 1s8s0|d ay) pue ‘sdnoif Apnis-gns pue | |-asejnsinpl AjJes sy} 1o} autjaseq Apnis g/z aseyd ay) sem auljaseq ‘uone|ndod Alayes ayy jod,

"UOITRIASP pJepURIS ‘S ‘B|qe|IeArIou VN ‘[edsyrenul ‘| | ‘aush aserey|ns-z-s1euoinpl ‘Sqy/ ‘8o1nsp Alsaijap Bnup [edsyrenur ‘aadi ‘Aujiqy [enidsouo) [eisuss ‘oo ‘11-s8[eas ANy [enuaisyid ‘11-Svd

(Cra WA
(g°29) €z

(6'TE‘0LT) 0°€C
(se) 622

(T'221 ‘0'€6) 8'90T
(909) 8°20T

(09)¢
(CFIns
(0om) v
(Craks
(§L1) 2
(09)¢
(sLv) 61

(002) 8
(002) 82
(CFIRs
(AR

(65T EY
(Loey

Lt s
(e89) £

(80e'0LT) 6'TC
(0¥ 0ze

(8'8TT '0°€6) Z'SOT
(7"9) 0'90T

(L9m) e
0
(L9m) e
0
(L9m) ¢
0
(009) 9

(0sa) e
(0su) 6
0
0

(65'TE)6°E
602y

(62r) 2T
(1°29) 91

(6'T€‘5'8T) T'€T
(ze)eee

(1221 °2'S6) 0°20T
(6'S) 9'80T

0
(@)t
(Tde
(621) ¢
(6L1)8
(Tde

(rov) €1

(6L1) S
(6'29) 61
(@)t
(Lom) e

s Te) vy
(Loey

0/ < 81035 Y29 II-Svd
0/, 531028 ¥O9 [1-Svd

(%) v ‘K10Bared 2109s DO |1-Sa auljaseq Jad syuaied Jo JaquinN

(abue) uelpa|n
(@s) uesy
63 ‘b1
(eBures) uelpay
(@s) uesy
wd ybreH
d|qenissepoun
alis 9211ds
aluonu|
Juswabue.eas abiej/uonsjap a19]dwod Jo uonajep abie
Ylysawe.
8SUaSUON
3SUaSSIN
(%) v weLeA S/ 30 3dAY Jad syuaned Jo JsquinN
BY10
AMUM
UeDLIBWY UBdLYY 0 Moe|g
UeISY
(%) v ‘a0ey
(abueu) ueipay
(as) uesy

sIeak ‘auljaseq e aby

(07 = N) 1141900

(21 = u) L1-eseynsanpi pakejag

(82 = u) LI-eseynsanp Ajse3

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2024 January 30.

Mol Genet Metab. Author manuscript



Page 25

Muenzer et al.

‘(jenued o 1ny) Bnup Apnis Jo 8sop auo 1sea| Je pPanladal Jo Alabins uoneiue|dwi @dai Jusmiapun oym auljaseq e sieah 9 ueyy JaBunoA Apnis uoisualxe ayi ui sjuaired __<u

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.



Page 26

Muenzer et al.

"aul]aseq e sieak € uey) JabunoA sjuaired oy Apnis-gns ma_mamwu

‘(1enued o 1ny) Bnip Apnis Jo 8sOp auO 1sea| Je Panladal Jo Asabins uoneiue|dwi gdai Juamiapun oym Apnis uoisualxa ayp ul syuaired |

q
(1818 SI 18ABYDIYM) Q] 1Se| 81 JO [eAOWBl

3} JB1Je SHaM Z 10 (SABp OF +) NSIA SOT 8y} 810490 40 U0 pue (491148 SI J9AYDIYM) 8sop 1si1y 1o A1abins uoneiuejduwi gadl 141 8Y) 4O a¥ep sy} Jale Jo uo BuiINd20 S [[e Se paulep aie saval,

“JUBAD BSI9APE JUBBIBLB-IUBWIIES ‘T L UBAS BSI9APE SNOLIBS ‘IS ‘SNOUSARIIUL ‘A ‘[ed8yIeIul ‘1 | ‘801A8p Alaatjap Brup [easyrenul ‘aaal ‘Apnis Jo pus ‘SOT ‘1UaAS 8SIBApE ‘I

0 0 0 0 0 0 syreaq

0 0 0 0 0 0 3V ue 03 Buimo panunuodsiq

LET (8'92) ev 6¢ (2'99) 0T 80T (508) €€ V'S U0 Ise3| 1Y

T0€ (T'16) 16 €8 (L9g) et 81¢ (Lz6) 8¢ 3V pae|el-aadl duo ses| iy

14 (9e) ez 1 (L9)T € waT 3v Bujuaresiyi-aj 8UO s3] I

oy (528) 12 vT (Lov) L 9 (Tve) vT 3/ BI9A8S 3UO Jses| I

G6¢ (982) v 18 (ee 1T 80 (508) €€ LI-8SB4INSINDI 0} paje|al 3V 8UO 58| Iy

1€ (0so) vt L (een) e ve (£°62) 2T 3V paeal-uoisnjul aseynsinNpl Al U0 Ises] 1y

12T€ (0'001) 95 evL (0001) 6T 8.8 (0001) TV 3V du0 1sed] I
sluang (%) U 'siusned  SIUBAg (9%) u ‘swusned sjusng (9%) u ‘swsned

(95 = N) 11_4800

(ST = u) 11-sseynsanpr pakejaq  (T7 = U) (Apmis-gns Buipnjour) Li-sseyinsinpi Ajue3

Author Manuscript

"(;uoneindod Ajeyes) 9¢ ypuow 1e dnoub uswiesn Aq ,s3v3 L J0 Arewwng

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Mol Genet Metab. Author manuscript; available in PMC 2024 January 30.



	Abstract
	Introduction
	Methods
	Overview of analyses
	Participants
	Study design
	Treatment groups
	Assessments and endpoints
	Statistical methods
	Prespecified analyses
	Post hoc analyses


	Results
	Patient population
	Treatment exposure
	Safety and immunogenicity
	Efficacy
	Change from baseline in DAS-II GCA scores in patients younger than 6 years
	Exploratory prespecified analysis (ordered categorical outcomes in DAS-II GCA scores) in patients younger than 6 years
	Change from baseline in DAS-II GCA scores in patients younger than 6 years by genotype (post hoc analyses)
	Change from baseline in VABS-II ABC scores in patients younger than 6 years
	CSF total GAG and HS levels in patients younger than 6 years


	Discussion
	Conclusions
	Collaborators
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1
	Table 2



