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This open-label, phase 1/2 study (JMACCT CTR JMA-
IIA00350) evaluated the efficacy and safety of intracerebroven-
tricular idursulfase beta in patients withmucopolysaccharidosis
II (MPS II). Herein, we report the 100-week results. Six patients
with severe MPS II aged 23–65 months were enrolled. Idursul-
fase beta (increasing from 1 to 30 mg between weeks 0 and 24,
followed by a 30-mg final dose) was administered intracerebro-
ventricularly once every 4 weeks using an implanted cerebrospi-
nalfluid (CSF) reservoir; intravenous administration of idursul-
fase was also continued throughout the study. Efficacy
endpoints included developmental age by the Kyoto Scale of
Psychological Development 2001 and heparan sulfate (HS) con-
centration in CSF (primary outcome). In all six patients, HS
concentrations decreased (40%–80%) from baseline to week
100. For overall developmental age, the difference in change
from baseline to week 100 in each patient compared with
patients treated by intravenous idursulfase administration
(n = 13) was +8.0, +14.5, +4.5, +3.7, +8.2, and –8.3 months
(mean, +5.1 months). Idursulfase beta was well tolerated. The
most common adverse events were pyrexia, upper respiratory
tract infection, and vomiting. The results suggest that intracer-
ebroventricular idursulfase beta is well tolerated and can be
effective at preventing and stabilizing developmental decline
in patients with neuronopathic MPS II.

INTRODUCTION
Mucopolysaccharidosis II (MPS II) (Hunter syndrome, OMIM
309900) is a rare X-linked lysosomal storage disorder caused by a defi-
ciency of iduronate-2-sulfatase (IDS).1 IDS is an essential enzyme for
the catabolism of glycosaminoglycans (GAGs), such as heparan sul-
fate (HS) and dermatan sulfate.1 IDS mutations lead to progressive
lysosomal accumulation of GAGs in many organs and tissues, result-
ing in a wide spectrum of symptoms, including psychomotor devel-
opmental delay, hepatosplenomegaly, joint contracture, obstructive
respiratory disease, and cardiac dysfunction.1 Patients with MPS II
exhibit a number of neurological and behavioral problems associated
with HS accumulation, including aggression, hyperactivity, sleep dis-
turbances, and progressive decline of language and cognitive ability.2

In patients with MPS II with central nervous system (CNS) involve-
ment, severe cognitive impairment and progressive neurological
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decline are observed.1 Patients are categorized according to the pres-
ence (neuronopathic MPS II) or absence (attenuated MPS II) of CNS
involvement, with approximately two-thirds of patients having neu-
ronopathic MPS II.3 Neuronopathic MPS II can be further divided
into two groups based on the genetic mutation: group MS is charac-
terized by missense mutations and is presumed to have slight residual
enzyme activity, and group NT is considered to have null type muta-
tions, such as deletions, recombination with pseudogene, and
nonsense mutations.4 The patients in group NT show a more rapid
decline than do those in group MS.4

Enzyme replacement therapy (ERT) with human recombinant idur-
sulfase (Elaprase�) has been used since 2006 for the treatment of
MPS II. Idursulfase is administered intravenously once a week and
has been used for more than 120 Japanese patients since its approval
in Japan in 2007.5 However, because intravenously administered
idursulfase cannot penetrate the blood-brain barrier, it cannot reach
the cerebral parenchyma. As such, CNS involvement in patients with
neuronopathic MPS II, such as psychomotor developmental delay
and neurological regressive episode, cannot be improved with current
intravenous ERT. To improve the CNS symptoms, including cogni-
tive decline, enzyme preparations that can reach the cerebral paren-
chyma have been sought. Non-clinical evidence has shown that
idursulfase administered intrathecally or intracerebroventricularly
(i.c.v.) rapidly reaches the brain.6 Consequently, global clinical studies
of intrathecal idursulfase in patients with MPS II have been conduct-
ed. A phase 1/2 study of intrathecal idursulfase in children with MPS
II conducted in the US and the UK supported the continued develop-
ment of intrathecal administration as a potential therapy for the
cognitive impairment caused by MPS II.7

Idursulfase beta (Hunterase�), developed by GC Pharma for ERT in
patients with MPS II, was approved in South Korea for intravenous
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Table 1. Demographic and characteristics of patients

Patient no. Sex
Group by gene
mutationa Details of gene mutation

Developmental
retardation

Age (months)

Diagnosis Screening
0 weeks of injection
(baseline)

100 weeks of
injection

A M NT c.2_3C>G yes 13 23 25 48

B M NT c.1349_1350insGA (p.D450Efsx12) yes 26 36 36 59

C M NT c.1349_1350insGA (p.D450Efsx12) yes 26 36 36 59

D M NT c.1139_1140insA (p.Y380X) yes 38 47 48 70

E M MS c.419G>T (p.G140V) yes 28 65 65 88

F M NT c814C>T (pQ272*) yes 39 47 48 70

Mean age 28.3 42.2 43.0 65.7

aGroup MS is characterized by missense mutations and is presumed to have slight residual enzyme activity; group NT is considered to have null mutations, such as deletions, recom-
bination with pseudogene, and a nonsense mutation.
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administration in 2012 and received orphan drug designation in the
US in 2013. Idursulfase and idursulfase beta have identical amino
acid sequences but differ slightly in their glycosylation patterns
because they are produced in different cell lines using different
manufacturing processes.8 Nevertheless, the structure, biological ac-
tivity, and pharmacokinetics of the enzymes are almost the same. A
recent non-clinical study in a mouse model of MPS II demonstrated
that i.c.v. ERT with idursulfase beta significantly reduced HS concen-
trations in cerebrospinal fluid (CSF) and produced improvements in
biochemical, histological, and memory/learning function parame-
ters.9 i.c.v. ERT can be an effective and safe therapy for treating
CNS symptoms, as demonstrated for cerliponase alfa (Brineura�),
an approved treatment for neuronal ceroid lipofuscinosis type 2 dis-
ease.10 However, i.c.v. administration of idursulfase beta has not been
evaluated in humans. This article presents the 100-week results of a
multicenter, open-label, phase 1/2 clinical study to evaluate the effi-
cacy and safety of i.c.v. idursulfase beta in patients with MPS II.

RESULTS
Six patients with a confirmed diagnosis of severe MPS II having
significant developmental delay (group MS or NT) provided
informed consent and were enrolled in the study. All patients had
tolerated R24 weeks of treatment with intravenous idursulfase
before the start of this study. During the study, all patients received
idursulfase beta for 100 weeks via a CSF reservoir implanted under
the patient’s scalp for i.c.v. administration; intravenous administra-
tion of idursulfase was also continued throughout the study. One pa-
tient initially did not receive i.c.v. idursulfase beta owing to fever
observed 1 day before the planned day of reservoir placement; h-
owever, this patient later re-consented and re-enrolled in the study.
All six patients were included in both the full analysis set and the
safety analysis set. All patients were Japanese and male, with a
mean age (range) at screening of 42.2 (23–65) months (Table 1).
Five patients were in group NT and one patient was in group MS; ge-
netic mutation was confirmed in all six patients. The disease-specific
findings of peculiar facies and bone deformity were observed in all six
patients. All patients received 26 injections of idursulfase beta during
the 100-week period and are continuing at a final dose of 30 mg, as
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determined by the data monitoring committee for each patient
(Table 1).

HS concentrations in CSF (primary endpoint) decreased in all pa-
tients following i.c.v. idursulfase beta administration (Figure 1). A
rapid decrease was observed in the first 20 weeks, and concentrations
were maintained throughout 100 weeks of treatment. The mean HS
concentration was 7.75 mg/mL at baseline, 2.90 mg/mL at week 52,
and 2.23 mg/mL at week 100 (Figure 1A). The mean reduction in
the HS concentration relative to baseline was 62.6% at week 52 and
71.2% at week 100 (Figure 1B). The HS concentration in CSF at
week 100 was lower than at baseline in all patients. Five patients
had a R50% decrease from baseline at weeks 52 and 100.

The mean overall developmental age (DA), determined by the Kyoto
Scale of Psychological Development 2001 (KSPD),11 increased from
the screening period (23.2 months) up to week 76 (28.8 months),
then decreased slightly (27.3 months) at week 100. DAs in each pa-
tient were compared with 13 Japanese patients with neuronopathic
MPS II treated with intravenous idursulfase (n = 13).4 In the one pa-
tient in groupMS (patient E), the DA from the screening period up to
week 52 was similar to the least-squares means of the historical con-
trol group but then increased up to week 100 (Figure 2A). In the pa-
tients in group NT (other than patient F), the DA either was similar to
or increased above the least-squares means for the historical control
group (Figure 2B). Patient F, in group NT, started the i.c.v. treatment
at the age of 47 months. He had increases in overall DA from the
screening period (36 months) up to week 76 (45 months), followed
by a marked decrease at week 100 (23 months). However, because
the person who conducted the KSPD commented that the patient
was distracted and disconnected during the observation at week
100, the numerical DA value should be interpreted carefully.

The differences in overall DA from the screening period to week 100
in the six patients (patients A–F) receiving i.c.v. idursulfase beta
were +16.0, +14.0, +4.0, �1.0, +5.0, and �13.0 months (Figure 3).
The corresponding least-squares means of the DA increase in the his-
torical control group (n = 13) were +8.0, �0.5, �0.5, �4.7, �3.2,
21
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Figure 1. Change in HS in the CSF of patients with MPS II from the start of idursulfase beta treatment up to week 100

(A) HS concentrations and (B) ratio of HS concentrations relative to baseline are presented for each patient and as the mean of six patients. Baseline was defined as between

placement of the reservoir for intracerebroventricular (i.c.v.) administration of idursulfase beta and the initial administration. A rapid decrease was observed in the first

20 weeks, and concentrations were maintained throughout 100 weeks of treatment. Five patients had a R50% decrease from baseline at weeks 52 and 100. CSF,

cerebrospinal fluid; HS, heparan sulfate; MPS, mucopolysaccharidosis.
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and �4.7 months, respectively (Figure 3). The mean difference in the
change in DA from the screening period to week 100 between the six
patients and the historical control group was 5.1 months. In the com-
parison with the historical control group, the developmental
improvement was confirmed in five of six patients (all except patient
F) in the study group that received i.c.v. administration.

Through week 100, adverse events (AEs) occurring from placement of
the reservoir for i.c.v. administration of idursulfase beta were
observed in three patients (Table 2); all AEs were mild. Two AEs (py-
rexia and restlessness) in one patient were suspected as being related
to the procedure. AEs occurring after i.c.v. administration of idursul-
fase beta were observed in all patients. All patients reported mild (n =
6 patients) or moderate (n = 3 patients) AEs. The most common AEs
reported were pyrexia, upper respiratory tract infection, and vomiting
(n = 6 patients, 100% each). AEs suspected as being related to the
study drug were observed in all six patients (vomiting [n = 6,
100%], pyrexia [n = 3, 50.0%], procedural nausea [n = 2, 33.3%],
and blood bilirubin increase and urticaria [n = 1 each, 16.7%]). No
deaths or discontinuations owing to AEs occurred during the study.
Eleven serious AEs (SAEs), all designated as being because of hospi-
talization or prolongation of hospitalization, were reported in four
patients. One patient experienced six SAEs (three asthma, one vom-
iting, one respiratory syncytial virus infection, and one inguinal her-
nia); one patient experienced two SAEs (pyrexia and gastroenteritis
norovirus); one patient experienced two SAEs (pyrexia and viral
pharyngitis); and one patient had one SAE (carious tooth). Two
Molecu
SAEs (pyrexia and vomiting) were suspected as being related to the
study drug. One 4-year-old patient (patient D) experienced vomiting
after drug administration at week 68. Another 4-year-old patient (pa-
tient F) experienced moderate pyrexia and vomiting 6 h after the start
of the first study drug administration. Because CSF examination
showed mild inflammation, intravenous antibacterial infusion was
administered. The patient’s fever was resolved after 2 days and he
was discharged the next day. The pyrexia was reported as an SAE.
There were no clinically meaningful changes from baseline in labora-
tory values, vital signs, or electrocardiogram findings over time.

From the safety point of view, we measured anti-IDS antibodies in
serum and CSF. Anti-IDS antibodies in serum were detected in three
patients (A, C, and F) at baseline and in three patients (B, C, and F) at
24 and 52 weeks. These antibodies might be a result of previous intra-
venous idursulfase treatment, as all patients had been treated with
idursulfase before and throughout this study. All patients were nega-
tive for anti-IDS antibodies in serum at week 100. Anti-IDS anti-
bodies in CSF were not detected in all patients during this study.

DISCUSSION
This study was the first to evaluate the efficacy and safety of i.c.v.
administration of idursulfase beta in Japanese patients with severe
MPS II. At data cutoff, six patients had received idursulfase beta
(maximum 30 mg) once every 4 weeks for 100 weeks. Five patients
had a >50% decrease from baseline in HS concentration in CSF at
week 52, which was maintained throughout the study. The reduction
lar Therapy: Methods & Clinical Development Vol. 21 June 2021 69
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Figure 2. Score change in overall DA by KSPD in patients with MPS II from the screening period up to week 100

(A and B) Neuronopathic MPS II can be further divided into two groups based on the genetic mutation: group MS is characterized by missense mutations and is presumed to

have slight residual enzyme activity, and group NT is considered to have null mutations, such as deletions, recombination with pseudogene, and a nonsense mutation. The

scores in patients with MPS II (A) group MS and (B) group NT for each patient and the least-squares means (95% confidence interval [CI]) of the age-matched historical control

group (n = 13)who received only intravenous idursulfase are presented. TheDA of patient E in groupMS from the screening period up toweek 52was similar to the least-squares

means of the historical control group, but then increased up to week 100. The DA of patients in group NT (other than patient F) either was similar to or increased above the least-

squares means for the historical control group. DA, developmental age; KSPD, Kyoto Scale of Psychological Development 2001; MPS, mucopolysaccharidosis.
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in the HS concentration relative to baseline was 62.6% at week 52 and
71.2% at week 100. In addition, all but one patient had a greater in-
crease in DA at week 100 compared with historical controls, with
an average difference for all six patients of +5.1 months. Thus, unlike
intravenously administered idursulfase and idursulfase beta, which
cannot penetrate the blood-brain barrier,1,12 i.c.v. administration of
idursulfase beta may be expected to improve CNS manifestations.

The concentration of HS in CSF was selected as the primary endpoint
of this study because HS accumulation is considered to be the cause of
CNS symptoms, such as psychomotor developmental delay, in pa-
tients with MPS II.13 Impairment in the morphogenesis of nerve
cell dendrites and inflammatory nerve cell death owing to the accu-
mulation of the GM2 ganglioside, as well as neurodegeneration-medi-
ated oxidative stress, have been reported as mechanisms underlying
CNS symptoms resulting fromHS accumulation.14–16 It has been sug-
gested that patients with MPS II with cognitive disorders tend to have
high HS concentrations in the CSF.17 Furthermore, the concentra-
tions of HS in CSF correlated with those in brain tissues of the
mice treated by i.c.v. administration of idursulfase beta.9 These results
suggest that HS concentrations in CSF reflect HS concentrations in
brain tissue. The precise mechanism of the enzyme transfer from
CSF to brain parenchyma is still unclear, and short-time injection
may have facilitated driving idursulfase beta from cephalad toward
the brain parenchyma. HS concentrations in CSF are an informative
biomarker for evaluating neurodegeneration in MPS II.

As sufficient data of HS concentrations in CSF of normal children are
not available, we only evaluated the decrease of HS concentration in
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CSF in each treated patient. In this study, monthly i.c.v. administra-
tion of idursulfase beta reduced the HS concentration in the CSF at
week 52 in all patients, which was maintained through week 100.
Recently, it was reported that weekly intravenous administration of
JR-141, a new IDS fused with anti-human transferrin receptor anti-
body, for 3 weeks reduced HS concentrations in the CSF of patients
with MPS II; however, the study did not have DA data, and the reduc-
tion in the HS concentration in the CSF was lower (25.1% and 31.5%
in patients treated with 1 [n = 6] or 2 [n = 5] mg/kg/week, respec-
tively) than in this study.18 More research is needed to confirm
whether HS concentrations could be directly correlated with a reduc-
tion in CNS symptoms.

DA was set as the secondary endpoint to evaluate the effect of i.c.v.
idursulfase beta on psychomotor developmental delay in pediatric
patients. To date, only one other study directly evaluated the
improvement in CNS symptoms in patients with MPS II who were
administered intrathecal idursulfase.7 This study showed that
monthly i.c.v. administration of idursulfase beta maintained or
increased DA in five of six patients compared with the historical con-
trol group receiving intravenous idursulfase. At 100 weeks (about 2
years) after starting this study, six patients who received i.c.v. idursul-
fase beta had a 5.1-month increase in mean DA compared with 13
historical control patients who received only intravenous administra-
tion of idursulfase. Comparing patient ages when starting i.c.v. idur-
sulfase beta, three patients who started at age <3 years increased DA
by 9.0 months, whereas the other three patients who started at ageR3
years increased DA by only 1.2 months. i.c.v. idursulfase beta may be
expected to improve DA in patients at an early age when DA is still
21
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Figure 3. Comparison with the historical control data in patients with MPS II

(A) Change in DA (all areas) by KSPD from the screening period up to week 100 in six patients (patients A–F) receiving i.c.v. idursulfase beta (open bars) and the corresponding

least-squaresmeans of the DA increase in an age-matched historical control group (n = 13) who received only intravenous idursulfase (filled bars). (B) Change difference in DA

(all areas) by KSPD between each patient and the historical control group. When compared with the historical control group, the DA increase was confirmed in five patients.

DA, developmental age; i.c.v., intracerebroventricular; KSPD, Kyoto Scale of Psychological Development 2001; MPS, mucopolysaccharidosis.
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increasing; for older patients in whomDA is starting to decrease, i.c.v.
idursulfase beta could increase DA slightly or slow the rate of DA
decline. This suggests the importance of early initiation of i.c.v.
administration because of the irreversible nature of CNS disease. In
general, the first step in the diagnosis of MPS II is to identify the clin-
ical manifestations characteristic of the disorder.19 However, children
begin to present these characteristic manifestations at 3–4 years of
age, by which time intellectual retardation is already advanced. In
exceptional cases, children with a family history may be diagnosed
before disease onset.20 Recently, neonatal screening for MPS II initi-
ated in some countries and territories has increased the number of
children diagnosed before intellectual retardation occurs.21,22 Thus,
i.c.v. administration of idursulfase beta may be initiated for children
before progression of intellectual retardation, and this will be a new
treatment option for patients.

On the basis of the frequency and severity of AEs, including AEs asso-
ciated with placement of the implantable reservoir, idursulfase beta
was well tolerated during the long-term study period. This may be
related to short-time (1 min) injection, which may have helped to
avoid the risk of bacterial infection. The CSF reservoir we used in
this study was a well-practiced device, and we did not have any
trouble related to the device. From a safety point of view, short-
time injection and the CSF reservoir were good methods and
materials.

Our study has some limitations that must be acknowledged. As MPS
II is a rare disease, the number of eligible patients was limited. Early
treatment affects prognosis and the patient’s subsequent medical con-
Molecu
dition. Consequently, the study was designed to be open label with no
placebo control group, because of an acceptable risk/benefit ratio as
with device placement and i.c.v. administration of an inactive
comparator, although a historical control group receiving intravenous
idursulfase was used for DA comparison. Additionally, we used the
KSPD for assessment of DA. This is another limitation of our study
because KSPD is only applicable to Japan, although it is strongly
correlated with the Bayley III,23 which is applicable to many other
countries.

In conclusion, monthly i.c.v. administration of idursulfase beta using
the implantable CSF reservoir for 100 weeks in Japanese pediatric pa-
tients with severeMPS II reduced CSFHS concentrations, maintained
DA, and appeared to be well tolerated. These results suggest that i.c.v.
idursulfase beta penetrates the brain and improves CNS manifesta-
tions. This ongoing study will further evaluate the long-term efficacy
and safety outcomes associated with idursulfase beta; however, the re-
sults obtained to date support the continued development of idursul-
fase beta as a potential therapy for MPS II.

MATERIALS AND METHODS
Study design and participants

This was a phase 1/2, open-label, non-controlled, investigator-initi-
ated clinical study (JMACCT CTR JMA-IIA00350, date of registra-
tion June 4, 2018). A placebo control was not considered because of
an unacceptable risk/benefit ratio as with device placement and
i.c.v. administration of an inactive comparator. The study was initi-
ated at two clinical sites in Japan in July 2016 and is ongoing until
March 2021. This analysis includes data collected up to February
lar Therapy: Methods & Clinical Development Vol. 21 June 2021 71

http://www.moleculartherapy.org


Table 2. Summary of AEs

Preferred term 52 weeks n (%) 100 weeks n (%)

Total N 6 6

AEs associated with
placement procedure
of implantable reservoir

3 (50.0) 3 (50.0)

constipation 1 (16.7) 1 (16.7)

contusion 1 (16.7) 1 (16.7)

post-procedural
haemorrhage

1 (16.7) 1 (16.7)

pyrexia 1 (16.7) 1 (16.7)

restlessness 1 (16.7) 1 (16.7)

wheezing 1 (16.7) 1 (16.7)

AEs after study drug
administrationa

6 (100.0) 6 (100.0)

pyrexia 5 (83.3) 6 (100.0)

upper respiratory
tract infection

5 (83.3) 6 (100.0)

vomiting 5 (83.3) 6 (100.0)

eczema 3 (50.0) 4 (66.7)

gastroenteritis 2 (33.3) 4 (66.7)

urticaria 3 (50.0) 3 (50.0)

arthropod sting 0 (0.0) 2 (33.3)

blood urine present 2 (33.3) 2 (33.3)

dermatitis diaper 1 (16.7) 2 (33.3)

eye discharge 0 (0.0) 2 (33.3)

faeces soft 1 (16.7) 2 (33.3)

injection site
extravasation

2 (33.3) 2 (33.3)

procedural nausea 1 (16.7) 2 (33.3)

AE, adverse event; n, number of patients with AE.
aAEs after study drug administration in two or more patients (100 weeks) are presented.
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2019 (100-week data cutoff). The study was conducted in compliance
with the Declaration of Helsinki and the International Council for
Harmonisation Guideline for Good Clinical Practice. The protocol
and patient informed consent form were reviewed and approved by
the Institutional Review Boards of the National Center for Child
Health and Development and the Osaka City University Graduate
School of Medicine. All legally acceptable representatives of patients
provided signed informed consent at the screening period.

Male patients aged 1.5 to <15 years with a confirmed diagnosis of se-
vere MPS II having significant developmental delay (group MS or
NT) were eligible for this study if they had never received hematopoi-
etic stem cell transplantation (HSCT) and tolerated R24 weeks of
treatment with intravenous idursulfase (administered R20 times
during the 24 weeks before the start of this study). Confirmed diag-
nosis of severe MPS II was defined as IDS activity in leukocytes
that is low or below the quantitation limit, a urinary uronic acid value
that exceeds the reference value, and having genetic variants observed
72 Molecular Therapy: Methods & Clinical Development Vol. 21 June 20
exclusively in neuronopathic MPS II.24–26 Patients were excluded for
any of the following: prior HSCT, previous intrathecal administration
of idursulfase, urinary uronic acid level R50-fold the upper limit of
the reference value by age, ventricular/intraperitoneal shunt, end-
stage organ dysfunction or other serious diseases, malignant
neoplasm, participation in other clinical studies within 6 months
before the study start, or history of anaphylactic shock from any
component of the study drug.

Procedures

For enrolled patients, a CSF reservoir was implanted under the pa-
tient’s scalp for i.c.v. administration. Idursulfase beta i.c.v. injection
(15 mg/mL), provided by GC Pharma (Yongin, South Korea), was
used for this study. The appropriate dose of idursulfase beta was
diluted with normal saline under sterile conditions, and 2 mL
was administered for 1 min. The first dose was administered in a hos-
pital setting to allow detailed observation of the patient. Idursulfase
beta was i.c.v. administered once every 4 weeks: 1 mg at weeks 0 (base-
line) and 4; 10 mg at weeks 8 and 12; 30 mg at weeks 16, 20, and 24;
and 42 administrations from weeks 28 to 100 at the final dose as
decided by the data monitoring committee based on changes in the
HS concentration in the CSF and the safety evaluation (Figure 4).
CSF samples were drawn immediately before administration of
each idursulfase beta i.c.v. dose. Intravenous administration of idur-
sulfase (0.5 mg/kg/week) was continued throughout the study; an in-
terval of R24 h was set between intravenous idursulfase and i.c.v.
idursulfase beta. In order to evaluate the efficacy and safety, HS con-
centration, urinary uronic acid, biochemistry tests, vital signs, immu-
nogenicity tests (IDS antibody, anti-IDS antibody), a head computed
tomography or magnetic resonance imaging scan, AEs, KSPD, and
other tests were measured and checked for all patients at regular in-
tervals during the clinical trial period (Table 3).

Outcomes

The primary endpoint was the HS concentration in the CSF. CSF
samples were collected every 4 weeks from baseline and every 8 weeks
from week 28 prior to each drug administration, and HS concentra-
tions were measured by Toray Research Center (Kamakura,
Japan).27,28 The CSF sample (20 mL) was transferred to a glass tube
and evaporated to dryness under nitrogen at 40�C.Methanolic hydro-
chloric acid (3 M, 200 mL) and 2,2-dimethoxy propane (20 mL) were
added, and the solution was mixed, sonicated, heated (at 65�C for
75 min), and evaporated. The residue was reconstituted with
200 mL of internal standard working solution and further mixed
and sonicated. The solution was centrifuged at 10,000 � g at 4�C
for 3 min, and the resultant filtrate was placed into an autosampler
vial and analyzed. A UPLC� system (Waters, Milford, MA, USA)
and a triple quadrupole mass spectrometer API5000 (AB SCIEX,
Framingham, MA, USA) were used for liquid chromatography with
tandem mass spectrometry analysis. Analyst v1.5.1 (AB SCIEX, Fra-
mingham, MA, USA) was used for data processing.

The secondary endpoint was DA determined by the KSPD, which
is an individualized face-to-face test to assess a child’s development
21



Figure 4. Injection schedule

Idursulfase beta was i.c.v. administered every 4 weeks: 1 mg at weeks 0 (baseline) and 4; 10 mg at weeks 8 and 12; 30 mg at weeks 16, 20, and 24; and 42 administrations

from weeks 28 to 100 at the final dose as decided by the Data Monitoring Committee based on changes in the HS concentration in the CSF and the safety evaluation. CSF

samples were drawn immediately before administration of each idursulfase beta i.c.v. dose. CSF, cerebrospinal fluid; HS, heparan sulfate; i.c.v., intracerebroventricular.
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in the following three areas: postural-motor, cognitive-adaptive,
and language-social.11 The KSPD is a standardized tool that is
widely used in Japan for developmental assessment in all age groups.
The Bayley Scales of Infant Development III (BSID-III), which is
used globally to assess the developmental/cognitive function of
young children, has not been standardized in Japanese.23 It has
been reported that the developmental quotients of the KSPD are
strongly correlated with the corresponding composite score of the
BSID-III.23

Safety measures included incidence and severity of AEs, vital signs,
electrocardiograms, and clinical laboratory tests. AEs were separately
collected as: (1) AEs occurring from placement of the reservoir until
Table 3. Schedule of clinical trial

Tests

Time (weeks)

�5 to �1a 0 1 2 4 8 10 12 16

Implantation of
CSF reservoir

X

Administration X X X X X

Injection dose (mg)b 1 1 10 10 30

HS concentration in CSFc X X X X X X

Urinary uronic acid X X X X X

KSPD X

Biochemistry tests X X X X X X

Vital signs X X X X X X X X X

Immunogenicity tests X X

Head CT or MRI scan X

Adverse events check X X X X X X X X X

aScreening period.
bIdursulfase beta was intracerebroventricularly administered once every 4 weeks: 1 mg at wee
dose (all patients received 30 mg) from weeks 28 to 100.
cCSF samples were drawn immediately before administration.

Molecu
i.c.v. administration of idursulfase beta, and (2) AEs occurring after
i.c.v. administration of idursulfase beta. AEs were classified by sys-
tem organ class and preferred term using the Medical Dictionary
for Regulatory Activities version 18.1. Immunogenicity tests,
including anti-idursulfase beta antibodies in serum and CSF, were
performed using the BioNote IDS Ab ELISA kit (BioNote, Gyeonggi,
South Korea).

Statistical analysis

A planned sample size of at least four patients was set in consideration
of the number of eligible pediatric patients. The efficacy analysis set
was defined as patients who had received idursulfase beta and
for whom data were available for at least one time point after
18 20 24 28 32 36 40 44 48 52 +4 100

X X X X X X X X X ~ X

30 30 30 30 30 30 30 30 30 ~ 30

X X X X X X ~ X

X X X ~ X

X X ~ X

X X X X X X ~ X

X X X X X X X X X X ~ X

X X ~ X

X ~ X

X X X X X X X X X X ~ X

ks 0 (baseline) and 4; 10 mg at weeks 8 and 12; 30 mg at weeks 16, 20, and 24; and a final
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administration of idursulfase beta. The safety analysis set included all
patients who had received idursulfase beta. The primary endpoint, HS
concentration in CSF, is presented at each time point for each patient
and as the mean of all patients. In addition, the HS concentrations
relative to baseline were calculated, and the percentage of patients
whose HS values at week 100 decreased by >50% compared with base-
line were reported. The secondary endpoint, DA in a total of three
areas, is presented at each time point for each patient and as the
mean of all patients. DAs in each patient were compared with 13 Jap-
anese patients with neuronopathic MPS II treated with intravenous
idursulfase,4 defined as patients with severe MPS II and etiological
mutation of the IDS gene who received only intravenous idursulfase
and had two or more KSPD evaluations collected before the study.
Least-squares means calculated by a linear mixed-effects model in
the reference group were used for comparison with patients in this
study. All analyses were performed using SAS version 9.4 (SAS Insti-
tute, Cary, NC, USA).

Data availability

The data for this study contain personal information that is not suit-
able for sharing in its current format. Appropriately de-identified da-
tasets for the current study can be made available by the correspond-
ing author upon reasonable request.
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