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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
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Abstract Our objective was to assess how the diagnosis and
treatment of mucopolysaccharidosis I (MPS 1) have changed
over time. We used data from 891 patients in the MPS 1|
Registry, an international observational database, to analyze
ages at symptom onset, diagnosis, treatment initiation, and
treatment allocation (hematopoietic stem cell transplantation,
enzyme replacement therapy with laronidase, both, or neither)
over time for all disease phenotypes (Hurler, Hurler-Scheie,
and Scheie syndromes). The interval between diagnosis and
treatment has become shorter since laronidase became avail-
able in 2003 (gap during 2006-2009: Hurler—0.2 year,
Hurler—Scheie—0.5 year, Scheie—1.4 years). However, the
age at diagnosis has not decreased for any MPS I phenotype
over time, and the interval between symptom onset and treat-
ment initiation remains substantial for both Hurler-Scheie and
Scheie patients (gap during 20062009, 2.42 and 6.71 years,
respectively). Among transplanted patients, an increasing pro-
portion received hematopoietic stem cells from cord blood (34
out of 64 patients by 2009) and was also treated with
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laronidasc (42 out of 45 patients by 2009). Conclusions:
Despite the availability of laronidase since 2003, the diagnosis
of MPS I is still substantially delayed for patients with Hurler—
Scheie and Scheie phenotypes, which can lead to a sub-
optimal treatment outcome. Increased awareness of MPS I
signs and symptoms by primary care providers and pediatric
subspecialists is crucial to initiate early treatment and to
improve the quality of life of MPS 1 patients.

Keywords Mucopolysaccharidosis [ - Hurler - Hurler—
Scheie - Scheie - Laronidase - Enzyme replacement therapy -
Hematopoietic stem cell transplant

Introduction

The Mucopolysaccharidosis I (MPS I) Registry was created in
2003 with the purpose of characterizing the natural history and
long-term health and treatment outcomes of this rare, life-
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threatening genetic disorder [25]. This report looks at how
diagnosis and disease-specific treatment of MPS I have
changed over time by analyzing aggregate data from nearly
900 patients cnrolled in the MPS I Registry.

MPS I (McKusick 607014) is an autosomal recessive lyso-
somal storage disorder that is caused by deficient enzyme
activity of o-L-iduronidase (IDUA), leading to lysosomal ac-
cumulation of glycosaminoglycans (GAGs) in multiple tissues
throughout the body. MPS 1 is a chronic, progressive disease
affecting the heart, eyes, bones, joints, respiratory system,
facial appearance, viscera, and often the central nervous sys-
tem. It has historically been classified clinically into three
syndromes based on age of onset, rapidity of progression,
and presence and degree of cognitive involvement [23]. Hurler
syndrome describes patients with the most severe form of MPS
I, with signs and symptoms typically appearing in infancy and
a median age of death of 6.8 years when untreated [20].
Patients with Scheie syndrome present later in childhood and
demonstrate slower symptom progression with preservation of
cognition and survival into adulthood [30]. Hurler-Scheie
describes an intermediate form with no or mild cognitive
impairment and death usually occurring in adolescence or early
adulthood when untreated. Patients with Hurler—Scheie and
Scheie syndromes also have been referred to as having atten-
uated MPS 1. Collectively, these forms represent different
degrees of severity along a disease spectrum without strict
clinical, biochemical, or molecular diagnostic criteria in place
to differentiate them.

With an overall prevalence of 1:100,000 live births [19, 20,
27] and significant variability in presentation, diagnosis of
MPS T in all its forms poses a true challenge [8, 32). Initial
diagnosis is primarily based on physician recognition of signs
and symptoms. Deficient IDUA activity and excess urinary
GAG excretion are seen in all patients, but do not accurately
predict disease severity or form. Although some genotype—
phenotype correlations have been established [11, 29], most
known disease-causing mutations (over 100 to date) are indi-
vidually unique (“private”) and uncharacterized. Treatment of
MPS 1 has also proven challenging as disease-specific treat-
ment options are limited, intensive, and not curative. Hemato-
poietic stem cell transplantation (HSCT) has been used to treat
more than 500 patients with MPS I since 1981 {1, 18] and is
typically recommended for patients with Hurler syndrome
under 2 years of age with normal cognition (DQ>70), as it
can prolong survival, preserve neurocognition, and ameliorate
some somatic features [21]. However, due to its significant
morbidity and mortality, HSCT is reserved for the most severe
form of MPS I [5, 6, 28]. The allogenic stem cell infusion is
given following conditioning with chemotherapeutic agents
used to suppress the immune response; when successful, the
transplant is a one-time procedure, though graft failure may
necessitate subsequent transplants. Enzyme replacement thera-
py (ERT) with laronidase (recombinant human o-L-

@_ Springer

iduronidase; Aldurazyme®, BioMarin Pharmaceutical and
Genzyme, a Sanofi Company) was approved in 2003 to treat
the non-neurologic manifestations of MPS 1 and is the primary
treatment option for patients with Hurler—Scheie and Scheie
syndromes. Laronidase is also used to treat Hurler patients who
are not candidates for HSCT because of age, health status,
access to transplant, or parental choice. Laronidase must be
given as a weekly peripheral or central intravenous infusion
and is a lifelong therapy.

The timing of treatment initiation, and therefore of diag-
nosis, is thought to be an important factor for the success of
both HSCT and laronidase. Developmental outcomes are
better when transplant occurs before 24 months of age
[26]. Laronidase may also be more beneficial when started
early, as suggested by a case report of a sib pair with Hurler—
Scheie syndrome [15]. Other than laronidase and HSCT,
additional management of MPS I is symptom-based and large-
ly supportive, such as surgical interventions (e.g., adenotonsil-
lectomy, hernia repair, ventriculoperitoneal shunt, cardiac
valve replacement, carpal tunnel release, spinal decompres-
sion); physical, occupational, and speech therapies; respiratory
support (e.g., continuous positive pressure ventilation with
oxygen supplementation); hearing aids; and medications for
pain and gastrointestinal disturbances.

With the intent of improving the long-term health out-
comes and quality of life of patients with MPS [ worldwide,
we report how the chronology of symptom onset, diagnosis,
and treatment initiation with HSCT and laronidase have
evolved over time among Registry patients. We also analyze
treatment trends among patients in the MPS I Registry with
regard to the use of HSCT and laronidase by reported
phenotypes. Although there are some genotype—phenotype
correlations in MPS 1 [29], genotype information was not
included in the analysis since treatment decisions are usually
based on clinical manifestations, as newborn screening is
not yet available.

Methods
Variables analyzed and statistical methods

Data entered into the Registry as of March 2010 were ana-
lyzed. The 891 MPS [ patients came from 179 sites in 33
countries (Table 1). Regionally, 46.6% of the patients came
from Europe and the Middle East, 35.1% from North Amer-
ica, 14.9% from Latin America, and 3.4% from Asia Pacific.
MPS T forms (Hurler, Hurler—Scheie, Scheie, and unknown
phenotypes) were analyzed by year of treatment initiation and
year of diagnosis with respect to the following treatment
groups: HSCT, ERT with laronidase, both laronidase and
HSCT, or neither treatment. A phenotype designation of “un-
known” signifies that the reporting physician either checked
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Table 1 Enrollment in the MPS I Registry by region and country

Region Country Number of patients
Europe and Middle East Belgium 9
(47%, n=415)
Czech Republic 11
Denmark 5
France 63
Germany 28
Hungary
Ireland ¢
italy 26
Netherlands 37
Norway 1
Poland 20
Portugal 5
Russia 1
Saudi Arabia 2
Slovakia 1
Spain 25
Sweden 4
Turkey 3
UK 163
North America (35%, n=313) Canada 54
USA 259
Latin America (15%, n=133) Argentina 17
Brazil 82
Chile 7
Colombia
Mexico 20
Venezuela 1
Asia Pacific (3%, n=30) Australia 1
Japan 8
Korea 13
New Zealand 1
Singapore 1
Taiwan 6
Total 891

“undetermined” or left the field blank on the Patient Enroll-
ment form. Treatment chronology was determined by analyz-
ing age at symptom onset, diagnosis, and first disease-specific
treatment (cither HSCT or ERT) in relation to reported phe-
notype and year of diagnosis. These analyses excludcd
patients who reported symptom onset after diagnosis, as
occurs in siblings of children already carrying an MPS 1
diagnosis, whose diagnosis and treatment chronology are not
representative of the general MPS I population. Three time
periods were examined: patients diagnosed before 2003 (prior
to laronidase approval), patients diagnosed in 2003-2005, and
patients diagnosed in 2006-2009. The latter two time periods

are not event-specific but were chosen to allow for sufficient
numbers of paticnts in each group for meaningful comparison.
Among Hurler patients who underwent HSCT, age at first
HSCT was analyzed by year of first HSCT.

Treatment initiation was defined as the initial laronidase
infusion or the initial HSCT, whichever treatment modality
was used first. Among transplanted patients, the stem cell
source (bone marrow, umbilical cord blood, or peripheral
blood) was determined. Among transplanted patients receiv-
ing laronidase, the timing of laronidase with respect to trans-
plant was analyzed. Peri-transplant ERT was defined as
laronidase given at any time during the interval 6 months prior
and 3 months after HSCT. With respect to use of ERT in
conjunction with transplantation, the distribution of patients
by number and location (country) of treatiment centers was
also determined. Variables are summarized using descriptive
statistics, including mean, median, standard deviation, desig-
nated percentiles, and minimum and maximum values. As
data are not available for all variables in every patient, the
number of observations is always designated.

Results
Patient demographics

The demographic profiles of the 891 Registry patients are
shown in Table 2. Patients classificd as having Hurler syn-
drome made up more than half of the study population, while
patients with the Hurler—Scheice and Scheie forms made up one
quarter and one tenth, respectively. Caucasian patients made
up >80% of the Hurler and Scheie groups, but only 61% of'the
Hurler-Scheie group. Approximately 9% of patients had an
unknown form. Males and females were equally distributed in
this MPS 1 population, as expected for an autosomal recessive
disorder. Consistent with clinical severity, the median ages of
symptom onset, diagnosis, and treatment initiation (HSCT or
laronidase) were earliest for Hurler patients (0.5 year, 0.8 year,
and 1.4 years, respectively), intermediate for Hurler-Scheie
patients (1.9, 3.8, and 8.6 years), and latest for'Scheie paticnts
(54,94, and 17.1 years). The intervals between median age at
onset of symptoms to diagnosis and from diagnosis to treat-
ment initiation were on the order of several months for Hurler
patients, a few years for Hurler-Scheic patients, and several
years for Scheie patients.

Chronology of symptom onset, MPS I diagnosis,
and treatment initiation

Figure | shows the median age at symptom onset, diagnosis,
and initiation of treatment with either HSCT or laronidase for
cach discasc form by year of diagnosis: <2003, 2003-2005,
and 2006-2009. Several notable trends were observed. The
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Table 2 Mucopolysaccharidosis | Registry: patient demographics

Overall

Missing

Undetermined

Scheie

Hurler~Scheie

Hurler

Baseline characteristics

Springer

28 (3.1) 49 (5.5) 891

97 (10.9)
47 (49)

508 (57) 209 (23.5)
95 (46)

255 (50)

Number of patients (%)

Male (%)

442 (50)

14

637 (76.3)

oy

127 (61.4) 81 (83.5)

405 (81.2)

Caucasian (%)

Black (%)

31 3.7)
58 (6.9)
59 (7.1)
50 (6)

8.2 (0.9-40.1) [49] 8.6 (0.3-64.3) [891]

1.6 (0.6-5.7) 4]
1.6 (0.3-33) [49]

2020
1(H

13 (6.3)
14 (6.8)
37 (17.9)
16 (7.7)

16 (3.2)
38 (7.6)
13 (2.6)
27 (5.4)

Hispanic (%)
Asian (%)

7(7.2)

6(6.2)
22.2 (5.4-64.3) [97)

Other ethnicity (%)

6.9 (0.3-46.7) [28]
0.8 (0.1-7.2) [24]
1.3 (0-43.9) [28]
2.9 (0.3-44) [23]
5.1(1.8-9.7) [4]

13 (1.9-49.8) [209]
1.9 (0-12.4) [187]

3.8 (0-38.7) [209]

6.3 (0.4-35.9) [508]
0.5 (0-6.5) [485]
0.8 (0-23.8) [508]

Median age at last data entry (range) [total number]

0.8 (0-33.8) [787]

5.4 (0-33.8) (87]

9.4 (0-54.1) [97]
17.1 (3.1-62.9) [85]

Median age of symptom onset (range) [total number]

1.3 (0-54.1) [891]

Median age of diagnosis (range) [total number]

6.6 (0.5-34.8) [27] 2.8 (0.1-62.9) 770}

0

8.6 (0.3-47.2) [197]
17.4 (7.5-30.3) [16)

1.4 (0.1-31.2) [438]
3.8 (0.4-27.2) [156]

Median age of first treatment (range) [total number]

5.1 (0.4-46.6) [180]

29 (17.4-46.6) [4]

Median age at death (range) [total number]

median age at symptom onset remained relatively stable for
Hurler and Scheie patients over time, whereas it decreased by
approximately 1.5 ycars for Hurler—Scheie patients after 2003.
On the other hand, the age at diagnosis was stable over time
for all forms. The interval between median age at diagnosis
and initiation of treatment decreased for all groups after 2003,
when laronidase was approved. The decrease was more nota-
ble for Hurler-Scheie and Scheie patients (several years) than
for Hurler patients (several months). During 2006-2009, the
median interval between age at diagnosis and initiation of
treatment for individuals with Hurler-Scheie was 0.5 year,
and for Scheie patients, 1.4 years. However, even after the
2003 approval of laronidase, the median interval between the
age of symptom onset and the age of treatment initiation
between 2006 and 2009 for the Hurler—Scheie and Scheic
patients was 2.42 and 6.71 years, respectively.

Disease-specific treatment allocation by MPS I phenotype

The allocation of disease-specific treatments over time for the
770 treated patients is shown in Fig. 2. HSCT has been used
primarily in Hurler patients, but especially so since 2003. Since
laronidase became available, the proportion of patients treated
with laronidase has increased in all disease forms. Among
Hurler patients, almost half of those who began treatment in
2006-2009 received laronidase alone, and approximately two
thirds of those who were transplanted also received laronidase.

Analysis of untreated MPS [ patients

Of the 891 MPS I patients, 116 (13%) were listed as untreated
with either laronidase or HSCT. Over time, the proportion of
untreated patients has decreased. When analyzed by year of
diagnosis, 83 of the 534 patients (16%) diagnosed before 2003
were untreated, as compared with 21 of the 197 patients (11%)
diagnosed in 2003-2005, and 11 of the 159 patients (7%)
diagnosed in 2006-2009. Among untreated patients, all three
discase forms as well as patients with an undetermined/miss-
ing phenotype were represented. Of the 115 total untreated
patients who had a date of diagnosis, 56 (49%) werc Hurler
patients diagnosed before 2003.

HSCT and laronidase treatment trends

Among all patients with Hurler syndrome receiving HSCT,
the median age at first transplant has not changed over time
(Fig. 3) though the proportion of patients receiving stem
cells from cord blood or peripheral blood rather than bone
marrow has increased from 26 out of 158 patients (16.5%)
before 2003 to 33 out of 65 patients in 2003-2005 and 39
out of 64 patients in 20062009 (Fig. 4). Among patients
receiving stem cells from bone marrow or peripheral blood,
the majority of donors were unrelated and the proportion of
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Fig. 1 Median age at symptom Hurler Hurler-Scheie Scheie
onset, diagnosis, and initiation of
treatment. Numbers below each
bar denote the number of Reg-
istry patients in each analysis
and year of diagnosis. All data

20

~ . 16
are as of March 2010. Median Symplom onset
. . R & Diagnosis
age 1§ given m years 14 & Treatment initiation

Median Age (Years)

N 257269 218 96 102 96 B7 90 8 95 111 103 34 38 35 32 34 33 60 €8 60 15 15 14 8 10 8

<2003  2003-2005 2006-2009 <2003 2003-2005 2006-2009 <2003 2003-2005 2006-2009
Year of Diagnosis

related versus unrelated did not change appreciably over The use of laronidase has greatly increased over time
time, although small sample sizes and missing donor infor-  among patients receiving HSCT, the vast majority of whom
mation may have masked any trends. have Hurler syndrome (Fig. 5). Since 2007, 42 out of 45

Fig. 2 Distribution of treatment Hurler Patients
modalities over time. Data rep- S

resent all patients enrolled in the Z /" i i =
Registry D Mureh 2010 who %W/A’W{% 4 n=111
report treatment with either

N

HSCT, laronidase, or both. An .
additional 116 patients reported 2003-2005 ///Z///f%i//% 56.5 n=161

no treatment

<2003 242 n=tee

0 0 20 3 40 50 6 70 8 90 100
Percent (%)

Hurler-Scheie and Scheie Patients

98.7 n=79
98 n=147
80.4 n=56

30 40 50 60 70 80 90 100

Percent (%)
# HSCT - HSCT + Laronidase Laronidase
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Fig. 3 Median age at first transplant by year of first transplant in
Hurler patients. All data are as of March 2010. Horizontal lines within
in each box represent the median age, and dots represent the mean age.
Lower and upper box edges represent the 25th and 75th percentiles;
lower and upper whiskers represent the 5th and 95th percentiles

transplanted patients also reported receiving laronidase. While
this analysis included laronidase given to HSCT patients at
any time in their disease course, nearly all patients (102 out of
111; 91.9%) who received both treatments after 2003 received
laronidase in the peri-transplant period. The 42 patients who
received laronidase and HSCT, with first treatment in 2007—
2009, came from ten centers (18 patients) in the USA and
seven centers (24 patients) in Europe (Spain, Belgium, Italy,
UK, Netherlands, Czech Republic). Ten of the 17 centers
reported only one patient, while the maximum number of
patients treated at any one center was 11. The three patients
who underwent their first transplant in 2007-2009 and did not
receive laronidase came from different centers in Europe.

2006-2009 | n=64
n=65
<2003 {. n=158
T T T T 1
0 20 40 60 80 100

Percent (%)

B cord blood
Peripheral biood cells

¥ Bone marrow

Unknown

Fig. 4 Hematopoietic stem cell source by year of first HSCT in trans-
planted patients. Depicted are the relative proportions of various sour-
ces of stem cells used for HSCT. All data are as of March 2010
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Fig. 5 Use of laronidase with HSCT by year of first treatment. First
treatment is defined as either HSCT or laronidase, whichever occurred
first. For all treatment periods, 92% of Registry patients who received
both HSCT and laronidase received laronidase during the peri-
transplant period, defined as any time during the interval 6 months
before and 3 months after HSCT. All data are as of March 2010

Discussion

Analysis of data from the MPS I Registry has allowed for
improved understanding of the natural history of MPS I and
will enable evaluation of the impact of therapeutic advances on
morbidity and mortality [2, 3, 25, 30]. Limitations of observa-
tional registries such as the MPS I Registry, in which anony-
mized data are submitted voluntarily, include incomplete,
missing, or inaccurate data, as well as losses to follow-up and
lack of standardization of patient assessments. The voluntary
nature of the Registry may also lcad to biased data as not all
physicians who manage MPS I patients use the MPS I Regis-
try. Despite these potential biases, the data presented here offer
insight into diagnosis and treatment trends in the largest cohort
of MPS T patients ever evaluated.

Our data show that the median age at diagnosis has not
decreased over time for any form of MPS 1, despite available
treatment options. Aithough Hurler patients tend to be diag-
nosed within a few months of symptom onset, Hurler—
Scheic and Scheie patients still remain undiagnosed for
years after symptom onset (Fig. 1). This gap not only
represents years of reduced quality of life that would likely
be ameliorated by treatment, but also a lost opportunity for
preventing or delaying irreversible disease manifestations,
as well as for genetic counseling about the risk of future
siblings being affected. Sibling case studies and studies in
the MPS 1 dog model suggest that starting enzyme replace-
ment therapy with laronidase shortly after birth can signif-
icantly improve clinical outcome [13~15, 33]. Most patients
who begin treatment at a very young age have an older
sibling with a known diagnosis of MPS 1. While studies of
affected sib pairs will certainly provide more information
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about the potential impact of early laronidase treatment,
prompt clinical diagnosis will be imperative for the majority
of MPS I patients to benefit from this information. Demon-
stration of substantial improvement in clinical outcomes
with earlier diagnosis and treatment of MPS I along with
an enhanced ability to predict phenotype at birth through
genotype-phenotype correlations and/or disease biomarkers
will underscore the need for broad implementation of a
newborn screening program for this rare, life-threatening
disorder and will aid in decisions of which patients to treat
with what therapies, and how early to treat them.

As would be expected, the time interval from diagnosis to
initiation of diseasc-specific treatment decreased following the
availability of laronidase in 2003, especially for Hurler—Scheie
and Scheie patients, who until then had generally been offered
only palliative, symptom-based treatments. Prior to 2003, ERT
with laronidase was available only through clinical trials, the
largest of which enrolled mostly older children, adolescents,
and young adults with a mean duration of 13 years since
symptom onset [9]. In addition, the proportion of untreated
patients has decreased over time. Despite the decrease in time
from diagnosis to treatment, there still exists a delay of 0.5 year
and 1.4 years between median ages at diagnosis and treatment
for Hurler-Scheie and Scheie patients, respectively, during the
most recent time interval of 2006-2009. In comparison, for
patients with the Hurler form, there was almost no dclay
between diagnosis and treatment. This may be due to parents
and/or diagnosing physicians perceiving the attenuated pheno-
types as milder, or less urgent, thereby further delaying time to
treatment. In addition, it may represent time needed for laro-
nidase approval by reimbursement authorities [7]. There may
also be regional differences in the delay between diagnosis and
treatment, given that laronidase was not approved outside the
European Union and the USA until 2005.

Interestingly, when looking at Fig. 1, the age of symptom
onset appears to have decreased somewhat in both the Hurler—
Scheie and Scheie populations. Rather than a true change in
the natural history of MPS 1 discase, this finding is more likely
to be secondary to small patient numbers and the retrospective
awarencss that certain common early symptoms (such as
hernia and chronic otitis media) are often related to MPS 1.
Also, while the actual age of diagnosis has not greatly im-
proved, parents and physicians may have improved in the
retrospective recognition of the common early manifestations
of'the disease, which led to younger ages of symptom onset in
the attenuated patient populations.

Of note, patients with an unknown disease form tended to
present with MPS 1 symptoms between the ages of patients
classified as Hurler and Hurler—Scheie. Similarly, they were
typically diagnosed and treated at ages in between those of
Hurler and Hurler—Scheie patients as well. This suggests that
patients in the Registry with an unknown disease form are more
likely to be on the more scvere end of the MPS I spectrum.

This analysis identified several shifts in clinical practice,
such as the increasing use of laronidase among transplanted
patients, particularly in the peri-transplant period, and the in-
creasing use of cord blood as a stem cell source. The proportion
of unrelated versus related donors for HSCT has remained
relatively stable as unrelated bone marrow donors have been
replaced by unrelated cord blood donors. Use of laronidase in
the peri-transplant period has been reported to be safe and well
tolerated without interfering with engrafiment or increasing the
risk of graft-versus-host disease [6, 12, 16, 17, 31, 34]. Lar-
onidase treatment may be particularly beneficial in patients in
poor clinical condition prior to HSCT, to help improve their
eligibility for transplant and tolerance of the full-intensity trans-
plant conditioning {12, 16, 17, 24, 31}

In addition, an increasing proportion of Hurler patients in
the Registry is receiving laronidase alone (Fig. 2), reflecting
the fact that HSCT is not available in many parts of the
world, while the majority of transplanted patients are from
North America and Europe. A recent MPS 1 Registry anal-
ysis comparing patients from Latin America to those from
the rest of the world found that less than 1% of patients in
Latin America had been transplanted, compared to 27% of
patients from the rest of the world [22]. Our MPS I Registry
patients came from over 30 countries in Europe and the
Middle East, North America, Latin America, and Japan
and Asia Pacific (Table 1). Regional differences in treatment
availability would also impact the ages at treatment initia-
tion as well as the proportion of untreated patients. For
example, in Brazil, which has a universal-access public
health care system, neither laronidase nor HSCT is covered
by government or specialized pharmaceutical programs [7].

Narrowing the gap between symptom onset and MPS
diagnosis is of the utmost importance and largely relies on
increased recognition of clinical red flags by community
physicians and pediatric specialists managing the many MPS
I-related symptoms, such as otolaryngologists, orthopedists,
rheumatologists, and ophthalmologists. While there is signif-
icant variability of first presenting symptom both within and
between phenotypes, certain symptoms have been consistent-
ly noted to appear carlicr than others in the MPS I population.
Coarse facial appearance, abdominal distension, and corneal
clouding are among the most common presenting symptoms
in children with Hurler syndrome [4, 10]. In the patients with
attenuated forms, joint stiffness/contractures, recurrent ENT
symptoms, corneal clouding, and umbilical hernias are the
most prevalent initial symptoms [4, 30, 32]. In addition,
certain constellations of symptoms should raise a physician’s
suspicion of MPS I. In a 2009 study of surgical procedures in
544 MPS 1 Registry patients representing all clinical forms,
72% had had at least one surgical procedure, with a median of
3 to 4 surgeries per patient, and with nearly half of the patients
reporting two or morc surgeries by age 4 years [2]. Surgeries
often appeared unrelated, such as combinations of ear tubes,
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hernia repair, and tendon rcleases in the same patient, and
often preceded the patient’s MPS 1 diagnosis, particularly in
the attenuated phenotypes. Many procedures were also per-
formed at ages atypical for the general pediatric population,
such as younger ages of tonsillectomy/adenoidectomy, and
older ages of hernia repair in patients with MPS 1.

Given the rarity of MPS I, increased efforts to educaie
community pediatricians and pediatric surgical subspecialists
on clinical red flags that should prompt a genetics referral is of
the utmost importance. An MPS [ Registry analysis of early
presenting symptoms for each MPS [ form is underway to aid
the front-line clinicians with earlier symptom recognition.
Furthermore, future analysis of MPS I long-term therapeutic
outcomes is merited, as large-scale evidence of improved
outcomes with carlier diagnosis and treatment would reinforce
the need for increased recognition of clinical red flags, allow
better understanding of the therapeutic potential of current
treatment modalities, and underscore the need for newbomn
screening for this disorder.
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Administration of Anti-CD3 Antibodies
Modulates the Immune Response to
an Infusion of a-glucosidase in Mice
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Animal and human studies of enzyme replacement ther-
apy (ERT) for Pompe disease (PD) have indicated that
antibodies (Abs) generated against infused recombi-
nant human o-glucosidase (rhGAA) can have a negative
impact on the therapeutic outcome and cause hyper-
sensitivity reactions. We showed that parenteral admin-
istration of anti-CD3 Abs into mice can reduce the titer
of anti-human GAA Abs in wild-type mice administered
the enzyme. Mice that had been treated with anti-CD3
Abs and then subjected to a secondary challenge with
rhGAA showed a lower increase in Ab titers than con-
trol mice. Moreover, the administration of anti-CD3 Abs
also reduced the levels of pre-existing Abs. Treatment
with anti-CD3 Abs also prevented a lethal hypersensitiv-
ity reaction and reduced the Ab titers in a mouse model
of PD. Mice treated with anti-CD3 Abs showed reduced
numbers of CD4* and CD8* cells, and an increased ratio
of CD4*CD25*/CD4* and CD4+CD25*FoxP3+/CD4"* cells.
When the CD4*CD25* cells were depleted using anti-
CD25 Abs, the observed reduction in Abs against the
enzyme by anti-CD3 Abs was abrogated. This suggests
that CD4*CD25* cells are important for the immune
suppressive activity of anti-CD3 Abs. In summary, anti-
CD3 Abs are useful for inducing immune tolerance to
ERT for PD.

Received 30 January 2012; accepted 17 June 2012; advance online
publication 7 August 2012. doi:10.1038/mt.2012.133

INTRODUCTION

Pompe disease (PD) (also known as glycogen storage disease II
[MIN 232300]) is a lysosomal storage disease (LSD) characterized
by a deficiency of acid a-glucosidase (GAA) activity. Because of
this deficiency, glycogen accumulates progressively in the heart
and skeletal muscles with the resultant presentation of cardiomyo-
pathy and muscle weakness. PD can be divided into two clinical
entities: infantile- and late-onset PD. Patients with infantile-onset
PD present with hypertrophic cardiomyopathy, hypotonia, mus-
cle weakness, respiratory failure, feeding problems, and failure to

thrive within the first few months of life. The disease progresses
rapidly, resulting in premature death typically in the first year of
life if left untreated. Late-onset PD (child and adult type) has a
variable clinical presentation. The onset of clinical signs can occur
as early as the first year of life and as late as the seventh decade
of life. Patients with late-onset PD present with muscle weakness
and respiratory failure, but not cardiac symptoms. Until 2006,
there were no therapies to target the underlying basis of PD. The
only available treatment was supportive therapy for heart and
respiratory failure. In 2006, enzyme replacement therapy (ERT)
with recombinant human GAA (thGAA) (aglucosidase alfa)
(Myozyme; Genzyme) was approved for treating this disease in
many countries. Lumizyme (aglucosidase alfa; Genzyme) was
also approved for late-onset PD in the United States in 2010. Both
enzymes harbor the same protein sequence, but have a slightly
different carbohydrate composition. In a clinical trial involv-
ing infants, patients who were not undergoing ventilation were
treated with biweekly infusions of rhGAA at either 20 or 40 mg/
kg.! A nontreated historical cohort was used as the control group.?
The treated patients lived longer and the proportion of ventila-
tion-free patients was larger compared with the historical cohort.
These observations clearly indicated that thGAA was effective in
treating infantile-onset PD. On the basis of these results, hGAA
was approved; however, until recently, there has been no research
that clearly shows the effectiveness of thGAA for late-onset PD.
Recently, a randomized control trial was carried out in late-onset
PD patients, and ERT was associated with an improved walk-
ing distance and stabilization of pulmonary function over an
18-month period.? From these findings, ERT for PD would appear
to be effective for both infantile- and late-onset types. Although
ERT has been shown to be effective in treating PD patients,
some challenges remain. One of these challenges is the immune
response to the infused enzyme. Animal and human studies of
ERT for PD have indicated that the formation of antibodies (Abs)
against hGAA can reduce the efficacy of treatment.!,*® Kishnani
et al. retrospectively studied infantile-onset PD in patients with
an onset at <6 months of age who received ERT They divided
the patients into two groups: cross-reactive immune material
(CRIM) negative and CRIM positive. The baseline demographics
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and disease-related characteristic were comparable between the
two groups. Immunoglobulin G (IgG) Abs to thGAA developed
earlier and titers were higher and more sustained in the CRIM-
negative group. The CRIM-negative patients also exhibited poorer
clinical outcomes. They concluded that the effect of CRIM sta-
tus on outcome appears to be mediated by Ab responses to the
infused rhGAA. More recently, some CRIM-positive infantile-
onset PD patients also developed high titers of Abs against thGAA
and had poorer clinical outcomes, similar to the CRIM-negative
infantile-onset PD patients.” From these observations, we argue
that the induction of tolerance against thGAA would be highly
desirable to improve therapeutic outcome and prevent hypersen-
sitivity reactions.

There are reports describing approaches to inducing immune
tolerance to rhGAA. These include the administration of
methotrexate,’® anti-CD20 Abs,'""* anti-IgE Abs,"* adeno-associ-
ated vector-expressing GAA into the thymus,"* genetically modi-
fied GAA-expressing self bone marrow cells,'>'¢ oral thGAA," and
adeno-associated vector containing a liver-specific promoter at the
beginning of therapy.’*® In addition, Lipinski et al. reported that
immune tolerance could also be induced by a gradual escalation of
the administered dose of rhGAA.* The ideal agents for the induc-
tion of tolerance should be antigen-specific, present with minimal
side-effects, and have a long-lasting effect; however, methotrexate,
anti-CD20 Abs, and anti-IgE Abs do not meet these requirements.
Recently, Waters ef al. reported that parenteral administration
of anti-CD3 Abs could induce immune tolerance to coagulation
factor supplementation treatment.”? This induction of tolerance
was long-lasting and, once it was established, tolerance was main-
tained for a sustained period; moreover, they suggested that this
tolerance was probably antigen-specific. From this observation, we
decided to test whether parenteral administration of anti-CD3 Abs
could also induce tolerance to thGAA for PD. Here, we investigated
whether parenteral administration of anti-CD3 Abs can reduce the
host immune response to infused rhGAA in mice.

RESULTS

Immune response to rhGAA in wild-type

(Balb/c and C57BL/6) and PD model
(B6;129-Gaa'™'*bn /1) mice

In order to determine whether there was a difference in the
immune reaction between wild-type (7-8-weeks-old Balb/c and
C57BL/6) and PD model (23-27-weeks-old B6;129-Gaa"™*"/])
mice, thGAA (10mg/kg) was administered to three groups of
mice once a week for a total of 4 doses. One week after the final
administration of rhGAA, the anti-rhGAA Ab titers were ana-
lyzed. As shown in Supplementary Figure S1, Ab titers against
rhGAA in PD mice were significantly higher than in the control
groups (Balb/c and C57BL/6) (P < 0.05, Kruskal-Wallis test fol-
lowed by post-hoc Dunn’s test), whereas the Ab titers in the Balb/c
mice were not significantly different to those in the C57BL/6 mice.
We started this experiment using seven Balb/c, six C57BL/6, and
eight PD model mice. Following the repeated administration (four
times) of thGAA, three of the eight PD model mice died from
anaphylactic shock, and the Ab titers of these mice could not be
assayed; however, the Ab titers in these expired mice were prob-
ably very high. Thus, if we had been able to include the data of the
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Ab titers from these expired mice, the Ab titers of the PD model
mice would probably be much higher than the presented data. In
addition, significant levels of Abs against thGAA also developed in
both groups of wild-type mice following the repeated administra-
tion of rhGAA, but they rarely died from anaphylaxis. Therefore,
to prevent loss of mice from anaphylaxis, we used wild-type mice
in most of the following experiments, unless otherwise stated.

Prevention of Ab formation by anti-CD3 Abs in
wild-type mice

After the intravenous administration of anti-CD3 Abs (10 g per
dose) for five consecutive days, thGAA (10 mg/kg) was adminis-
tered to the mice once a week for a total of four doses. One week
after the final administration of rhGAA, the anti-rhGAA Ab titers
were analyzed. Anti-CD3 Abs significantly reduced the formation
of Abs in BALB/c (P = 0.0034; Figure 1a) and C57BL/6 mice (P =
0.0002; Figure 1b). Therefore, we performed the following experi-
ments using BALB/c mice, unless otherwise stated. To assess the
duration of the effects of the anti-CD3 Abs, rhGAA (10 mg/dose
once a week for a total of four doses) was readministered at 11
weeks after the first thGAA challenge. The anti-thGAA Ab titers
were analyzed at 1 week after the final infusion of rhGAA. As
shown in Figure 1c, the Ab titers just before the second rhGAA
challenge were reduced in both hamster IgG-treated groups. After
the second challenge, the Ab titers in the anti-CD3 Ab-treated
group were significantly lower than in the hamster IgG-treated
control group (P = 0.0061; Figure 1c). This observation indi-
cated that the immune-suppressive effect of the anti-CD3 Abs was
long-lasting.

Immune-suppressive effect of anti-CD3 Abs against
pre-existing anti-rhGAA Abs in wild-type mice

We also tested the effect of anti-CD3 Abs against pre-existing
anti-rhGAA Abs. BALB/c mice were immunized once weekly for
a total of four doses with thGAA followed by the administration
of anti-CD3 Abs or hamster IgG as a control for five consecutive
days. Three days after the final administration of the anti-CD3 Abs,
the Ab titers against thGAA were measured. The study design is
shown in Figure 2a. The Abs against thGAA were elevated to the
same level in both groups following immunization with thGAA
(indicated as post-immune by rhGAA, P = 0.7132), but the Ab
titers in the anti-CD3 Ab group were significantly lower than in
the hamster IgG-treated group (indicated as post-hamster IgG or
post-anti-CD3 Abs, respectively, P = 0.0373; Figure 2b).

Prevention of lethal hypersensitivity reactions and Ab
titers in PD model mice

PD mice repeatedly administered thGAA frequently died because
of hypersensitivity reactions. We tested whether the anti-CD3 Abs
can prevent this lethal hypersensitivity reaction. As in the stud-
ies using the wild-type mice, anti-CD3 Abs or control hamster
IgG were administered to PD mice. Then, rhGAA was adminis-
tered intravenously at 20 mg/kg once every other week for up to
20 injections. The experimental schedule is shown in Figure 3a
and the Kaplan-Meier survival curve is shown in Figure 3b. Only
1 of 11 mice survived in the cohort treated with hamster IgG.
By contrast, 10 of 12 mice survived in the anti-CD3 Ab-treated
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Figure 1 Prevention of antibody (Ab) formation by anti-CD3 Abs in wild-type mice. Anti-rhGAA Ab formation as a result of four doses of recom-
binant human o-glucosidase (rhGAA) was significantly reduced by anti-CD3 Abs in (a) wild-type BALB/c (P = 0.0034) and (b) C57BL/6 mice (P =
0.0002). in BALB/c mice, Ab formation due to a second challenge of rhGAA was also significantly lower in the anti-CD3 Ab-administered group (P
=0.0061). (c) “Pre” refers to the initial day of rhGAA administration. “Post” refers to 1 week after the final administration of rhGAA. The individual Ab

values are shown as mean values and SEM.

group. The anti-CD3 Ab-treated mice survived for a significantly
longer period than those injected with hamster IgG (P = 0.0002,
log-rank test).

Anti-thGAA IgG Ab levels were analyzed at various time
points. As shown in Figure 4a, the Ab titers against thGAA in
most of the hamster IgG-treated group (n = 11) increased rapidly,
and the animals typically died due to a hypersensitivity reaction.
The Ab titers against thGAA in 2 of the mice were only elevated
slightly and these animals survived for a longer period. In one
mouse (indicated by *), the Ab titer increased moderately during
the early period, but this mouse died at 22 weeks after treatment
(4 hours after the final rhGAA injection). Typically, the lethal
hypersensitivity reactions occurred within 1 hour of the rhGAA
injection, so it is likely that this mouse died from another cause.
One mouse (indicated by **) survived for a longer period and its
Ab titer declined. In contrast, in the anti-CD3 Ab-treated group (n
= 12), the titers in most of the mice (10 of 12 mice) were elevated
less than in the hamster IgG-treated group and these levels even-
tually declined (Figure 4b). It is interesting that four mice did not
exhibit any increase in their Ab titer. After 8 weeks, only 2 mice
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were still alive in the hamster IgG-treated group, so we were unable
to perform a statistical comparison of the Ab titers. Therefore, the
Ab titers were compared at 2, 4, 6, and 8 weeks after ERT. The
Ab titers were significantly lower in the anti-CD3 Ab group at all
time points (Table 1). However, this immune-suppressive effect
seemed to be less than in the wild-type mice.

The effect of anti-CD3 Abs on the lymphocyte
population

Anti-CD3 Abs (10pug) or the same dose of hamster IgG were
administered to BALB/c mice for five consecutive days. Three
days after the last administration of anti-CD3 Abs or hamster IgG,
spleen cells were harvested and analyzed using flow cytometry for
CD4+, CD8*, CD4*CD25%, and CD4*CD25*FoxP3* cells with fluo-
rescently labeled Abs against cell surface and intracellular mark-
ers. The administration of anti-CD3 Abs significantly reduced the
numbers of CD4* (P = 0.0079; Figure 5a) and CD8* (P = 0.0079;
Figure 5b) cells and increased the ratio of CD4*CD25*/CD4*
(P =0.0286; Figure 5¢) and CD4*CD25*FoxP3*/CD4* (P = 0.0286;
Figure 5d) cells. We analyzed the levels of CD4* and CD8" cells in
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Figure Z Suppressive effect of anti-CD3 antibodies (Abs) against
pre-existing anti-recombinant human ¢-glucosidase (rhGAA) Abs in
wild-type mice (BALB/c). The study design and immunization sched-
ule are shown in a. (b)”Preimmune by rhGAA” refers to the initial day
of rhGAA administration (# in a). “Postimmune by rhGAA” refers to
1 week after the final administration of rhGAA and the initial day of
hamster immunogiobulin G (IgG) or anti-CD3 Ab administration (##
in a). “Post-hamster IgG” or “Post-anti-CD3 Abs” refers to 3 days after
the final administration of hamster IgG or anti-CD3 Abs, respectively
(### in a). After rhGAA immunization, the Ab titers increased to the
same extent in both the hamster- and anti-CD3 Ab-treated groups
(P = 0.7132); however, after the administration of anti-CD3 Abs, the
Ab titers were significantly reduced compared with the hamster i1gG-
treated group (P = 0.0373). The individual Ab values are shown as mean
values and SEM.
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Figure 3 Prevention of the lethal hypersensitivity reaction and
antibody (Ab) titers in Pompe disease (PD) mice. PD mice that were
administered repeated doses of recombinant human o-glucosidase
(rhGAA) usually died as a result of a lethal hypersensitivity reaction. The
immunization schedule is shown in (a).The PD mice that received anti-
CD3 Abs survived for a longer period than the hamster immunoglobulin
G (IgG)-treated group (log-rank test, P = 0.0002) (b). “0” refers to the
initial day of rhGAA administration.
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Figure 4 Titers of Abs against recombinant human «-glucosidase
{rhGAA) following the repeated administration of rhGAA in indi-
vidual Pompe disease (PD) mice. The antibody (Ab) titers of individual
mice that received rhGAA repeatedly are shown. The Ab titers of the
hamster group are shown in (a) and those of the anti-CD3 Ab group are
shown in (b). “0” refers to the initial day of rhGAA administration.

peripheral blood up to 48 days after administration of Anti-CD3
Abs or hamster IgG, and found that level of CD4* cells did not
recover to control levels for up to 36 days after the initiation of anti-
CD3 Ab treatment (Figure 6a,b). Representative examples of flow
cytometry plots for CD4*CD25*FoxP3*/CD4* and CD4*CD25*/
CD4" cells are shown in Supplementary Figtires $2 and $3.

Depletion of CD4*CD25* cells

Because anti-CD3 Ab treatment increased the ratio of CD4*CD25*/
CD4* and CD4*CD25*FoxP3*/CD4'T cells, we speculated that
CD4*CD25* cells may play an important role in the immune-sup-
pressive activity of the anti-CD3 Abs. We depleted CD4*CD25*
cells by administering anti-CD25 Abs to BALB/c mice and tested
whether the suppressive effect of anti-CD3 Abs on the formation
of Abs against thGAA was abrogated. Depletion of CD4*CD25*
cells was confirmed by flow cytometry using anti-CD4-FITC and
anti-CD25-PE clone 7D4 (data not shown). When CD4*CD25*
cells were depleted by anti-CD25 Abs, the Ab titers were increased
after hGAA challenge (group 1, Figure 7). When the isotype con-
trol of the anti-CD25 Ab was administered, the increase in Abs
against thGAA was prevented (group 2, Figure 7). If neither anti-
CD25 nor isotype control Abs were administered, anti-CD3 Abs
prevented the increase in Abs, but hamster 1gG did not (groups
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3 and 4, respectively, Figure 7). This observation indicated that
CD4+CD25" cells play an important role in preventing the forma-
tion of Abs against rhGAA by anti-CD3 Abs during ERT for PD.

DISCUSSION

Clinical studies of ERT for LSDs have highlighted some chal-
lenges associated with this approach. One of these challenges is
the immune response to the infused enzyme. There are several
preclinical reports, including from our laboratory,?* indicating
that such Abs can have a negative impact on therapeutic efficacy
in patients and in mouse models of LSDs. However, it is very dif-
ficult to make this conclusion in the clinic as LSDs are very rare
and clinically heterogeneous disorders. Moreover, in some LSDs,
the clinical manifestations are slow to develop, making correla-
tions between Abs and clinical improvement due to ERT difficult.
However, PD, especially the infantile-onset form, although rare
and clinically heterogeneous, is a relatively rapidly progressing
disease. Thus, among the various LSDs, it may be the most suitable

Table 1 Statistical comparison of the anti-rhGAA Ab titers following
the repeated administration of rhGAA in PD mice at 2, 4, 6, and 8
weeks after rhGAA treatment

Weeks Hamster IgG n Anti-CD3 Ab n P value
0 0.048 = 0.004 11 0.044 £ 0.001 12

2 0.123+0.062 11 0.044 £ 0.001 12 0.0004

4 0.5451+0.182 11 0.095£0.021 12 0.0006

6 1.042 +0.224 9 0476 £0.212 12 0.0302

8 1.830 £0.389 7 0.695 £ 0.268 12 0.0312

Abbreviations: Ab, antibody; 1gG, immunoglobulin G; PD, Pompe disease; rhGAA,
recombinant human o-glucosidase

“0” refers to the initial day of rhGAA administration. The data are presented as
mean values and SEM.

0

CD4* cells (%)

(1]

15

10

CD4* CD25*/CD4* (%)

Hamstet IgG (n=5) Anti-CD3 Abs (n= 5)

© The American Society of Gene & Cell Therapy

to study the influence of Ab formation on clinical outcome follow-
ing ERT. As mentioned above, several studies have demonstrated
that Abs against thGAA might have a negative impact on the effi-
cacy of ERT for PD. To overcome this obstacle, several methods
have been tested for the induction of immune tolerance against
rhGAA in mouse models and human PD patients. Among them,
we chose the oral administration of rhGAA" and anti-CD3 Abs
because these methods might induce an antigen-specific and
long-lasting tolerance. In this study, we focused on the adminis-
tration of anti-CD3 Abs.

We showed that the parenteral administration of anti-CD3
Abs before ERT effectively reduced Ab formation against the
infused enzyme in mice. Moreover, anti-CD3 Abs reduced the
titers of pre-existing Abs against rhGAA. This is a very important
observation as most CRIM-negative PD patients usually develop
high Ab titers against rhGAA;"® therefore, in the clinical setting,
anti-CD3 Abs should be administered prior to the initiation of
ERT. By contrast, it is very difficult to predict whether or not
CRIM-positive patients will develop high Ab titers. It is not prac-
tical for all CRIM-positive PD patients to receive anti-CD3 Abs
before ERT. Perhaps, once CRIM-positive patients develop high
Ab titers, anti-CD3 Abs should be administered because they also
reduce the levels of pre-existing Abs.

Anti-CD3 Abs appeared to be more effective in the wild-type
mice than in the PD model mice. This may be due to the complete
absence of GAA in this mouse model of PD, resulting in a robust
immune reaction against rhGAA, compared with the wild-type
mice. Therefore, the anti-CD3 Ab dose used for the wild-type mice
may not be suitable for the PD mice, and dose adjustment of anti-
CD3 Abs might be necessary for the PD mice. However, even in
the PD mice, anti-CD3 Abs prevented the lethal hypersensitivity
reaction and reduced the Ab titers against hGAA. Only 1 mouse

- e —
b 15 P=0.0079
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©
o
+
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Hamstet igG (n=5) Anti-CD3 Abs (n=5)

Figure 5 The effect of anti-CD3 antibodies (Abs) on effector T cells and regulatory T cells in the spleen. The lymphocyte population in the
spleen from mice that received hamster immunoglobulin G (IgG) or anti-CD3 Abs is shown. The anti-CD3 Abs significantly reduced the number of
(a) CD4* and (b) CD8* cells and increased the ratio of (¢) CD4*CD25*/CD4* and (d) CD4*CD25*FoxP3+/CD4* cells.
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Figure 6 Effect of anti-CD3 Abs on the number of CD4* and CD8*
cells in the peripheral blood. The levels of (@) CD4* and (b) CD8"* cells
in peripheral blood from mice that received hamster immunoglobulin
G (IgG) or anti-CD3 Abs are shown. The administration of anti-CD3
Abs for five consecutive days reduced the levels of CD4* and CD8* cells
in the peripheral blood at various time points for up to 36 days after
the initiation of anti-CD3 antibody (Ab) or hamster IgG treatment. “0”
refers to the initial day of anti-CD3 Abs or hamster I1gG administration.
*Significant difference between the two groups and “NS” indicates no
significant difference between the two groups.

out of 11 survived in the control hamster IgG-administered group.
The Ab titer against rhGAA in the mouse that survived increased,
but it then declined over time, even when ERT was continued
without any immune-suppressive treatment (including anti-CD3
Ab administration). Even if the decrease in the number of CD4*
and CD8* cells and the increase in the ratio of CD4*CD25* /CD4*
and CD4*CD25" FoxP3*/CD4* cells following the administration
of anti-CD3 Abs are transient, once lethal hypersensitivity has
been induced, which occurred rapidly following ERT and was
prevented by the administration of anti-CD3 Abs, tolerance might
be induced by repeated intravenous infusions of thGAA.

An important issue to consider is whether the generation of
Abs against thGAA inhibits the effects of ERT. To clarify this issue,
we infused PD mice with 10 mg/kg rhGAA once a week (for a total
of five infusions) and with or without anti-CD3 Ab administration
before ERT. The day after the final administration of rhGAA in
both groups, the mice were killed and GAA activity in the liver was
analyzed (Supplementary Figure S4). We examined GAA activity
in the liver of two nontolerant hamster IgG-administered group
mice exhibiting the highest Ab titers and three tolerant anti-CD3
Ab-administered group mice exhibiting no Abs. As a control, GAA
activity in liver from untreated PD model mice was also examined
(n = 3). GAA activity was not significantly different in the liver
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Figure 7 Depletion of CD4*CD25* cells. Group 1: CD4*CD25* cells
were depleted by the administration of anti-CD25 Abs and tolerance was
induced by the administration of anti-CD3 Abs. Group 2: As a control
for group 1, isotype control anti-CD25 Abs were administered prior to
tolerance induction by anti-CD3 Abs. Group 3: Tolerance was induced
by anti-CD3 Abs without any pretreatment. Group 4: As a control for
group 3, hamster immunoglobulin G (IgG) was administered instead of
anti-CD3 Abs without any pretreatment. “Pre” refers to the initial day of
recombinant human a-glucosidase (rhGAA) administration. “Post” refers
to 1 week after the final administration of rhGAA. The individual anti-
body (Ab) values are shown as mean values and SEM.

of the nontolerant hamster IgG-administered group mice exhib-
iting high Ab titer and the tolerant anti-CD3 Ab-administered
group mice exhibiting no Ab. One reason for this observation is
that the mice that exhibited very high Ab titers died after the third
or fourth infusion of thGAA. Consequently, we were unable to
measure the GAA activity in these mice. We only assayed GAA
actjvity in the mice that survived, and these animals had relatively
low Ab titers. Therefore, in this study, we were not able to show the
effect of anti-CD3 Abs on clinical outcome through the induction
of immune tolerance. However, many reports have shown that the
induction of tolerance improves the therapeutic effect of ERT in
PD patients. So there is no doubt that the induction of tolerance is
essential to maximize the effect of ERT in PD patients.

Here, we did not study the mechanism of tolerance induc-
tion by the anti-CD3 Abs in detail. The mechanism by which
anti-CD3 Abs induce tolerance in protein-supplement therapy
was previously studied extensively using mouse models of hemo-
philia.? The authors concluded that the induction of immune
tolerance occurred through the generation of distinct regulatory
T cells (Tregs), including CD4*CD25* cells, and by T cells polar-
ized toward a Thl immune response. Regarding the induction of
Tregs by anti-CD3 Abs, their results were consistent with ours.
Although the mechanism of Treg induction by the anti-CD3
Abs is not clear, it has recently become clear that anti-CD3 Abs
increase the levels of CD25 by inducing its expression on periph-
eral effector CD4*CD25" cells, rather than by expanding thymi-
cally derived CD4*CD25* Tregs.”? In addition to the expansion
of CD4*CD25* Tregs, the levels of CD4* cells were low in anti-
CD3 Ab-administered mice for a long period, even though their
levels gradually increased. Taking this observation into account,
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both the expansion of Tregs and the reduction of CD4" effector
cells are probably necessary to induce tolerance in anti-CD3-ad-
ministered mice. In other words, the ratio of regulatory to effector
cells is probably an important component of tolerance in this set-
ting. Recently, the immune responses following ERT for PD were
reported to be caused by the activation of T cells.?” In this regard,
it is logical to use anti-CD3 Abs to induce immune tolerance.

The clinical efficacy and safety of anti-CD3 Abs have been
studied in various autoimmune diseases including autoimmune
diabetes,” ulcerative colitis,?” and Crohn’s disease.*® The results in
some diseases are very encouraging, but not all. In general, the
induction of immune tolerance was difficult in situations in which
there is an existing immune response, such as autoimmune dis-
eases. In the case of ERT for PD, we can induce tolerance prior
to the establishment of an immune reaction using anti-CD3 Abs.
Thus, it is probably easier to induce tolerance in PD using anti-
CD3 Ab treatment than in autoimmune diseases in which the
immune reaction is already established. As such, we believe that
the administration of anti-CD3 Abs prior to ERT is a very promis-
ing strategy to maximize the efficacy of ERT for PD.

The Abs used in this study were anti-murine CD3 antigens.
We do not know whether anti-human CD3 Abs, which have been
used in clinical trials, will be as effective as the anti-murine CD3
Abs. In this regard, Kuhn et al. developed a good animal model
that expresses human CD3 antigens and was used to demonstrate
the efficacy of antihuman CD3 Abs against autoimmune insulin-
dependent diabetes.® This animal model can be used as a pre-
clinical study tool to assess the use of anti-CD3 Abs for immune
tolerance induction therapy in ERT for PD.

In conclusion, the administration of anti-CD3 Abs is a very
promising strategy to induce immune tolerance to ERT for PD to
maximize its efficacy and prevent hypersensitivity reactions.

MATERIALS AND METHODS

Animals. Wild-type BALB/C and C57BL/6 mice and PD mice (B6;129-
Gaa™®"[]) were used in this study. Both types of wild-type mice were
purchased from Sankyo Labo Service (Tokyo, Japan). The PD mice were
a generous gift from Dr N. Raben (NIH, Bethesda, MD). In this study, we
generally used wild-type mice because most of the PD mice that received
rhGAA repeatedly died due to a hypersensitivity reaction at an early stage
if there was no immune-suppressive treatment. Therefore, it was difficult
to compare the Ab titers in treated and untreated mice. All animal experi-
ments were reviewed and approved by the Animal Care Committee of The
Jikei University School of Medicine.

Anti-CD3 Abs. Anti-CD3 Abs (clone 145-2C11) were obtained from
Bioexpress (Lebanon, NH). We used whole IgG anti-CD3¢ or non-FcR-
binding anti-CD3e F(ab’), Abs. Both Abs reduced the Ab titers against
rhGAA to the same extent in a preliminary experiment (data not shown).
However, the latter Ab had fewer side-effects than the former. As a control,
we used hamster whole IgG or F(ab’), (Bioexpress).

Assay for rhGAA-specific 1gG. IgG Abs against thGAA were assayed using
an enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates
were coated with 1 g of thGAA in phosphate-buffered saline (PBS) over-
night at 4°C. The plates were blocked by adding 100l PBS/1% bovine
serum albumin and incubating for 5h at room temperature. After this
step, the wells were washed with PBS/0.05% Tween 20. The serum samples
from mice were diluted 20,000-fold with PBS/1% bovine serum albumin,
and 100pl diluted serum was added to each well and incubated for 1h at
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room temperature. The plate was then washed with the same buffer and
reacted with 100pl 5,000-fold diluted peroxidase-conjugated anti-mouse
IgG Ab (Kirkegaard & Perry Labs., Gaithersburg, MA). After incuba-
tion for 30 minutes at room temperature, the plates were washed again
and color was generated by the addition of 3,3,5",5 -tetramethylbenzidine
substrate reagent (Promega, Madison, WI) for 10 minutes. The reaction
was stopped by adding 100l 0.6 N H_SO,, and the optical density was
measured at 450 nm using an ARVOMX/Light plate reader (PerkinElmer,
Waltham, MA). The Ab titer was reported as the value of the optical den-
sity at 450 nm. To compare the Ab titers between the two groups, all of the
samples were assayed in one 96-well plate to avoid variability among the
experiments.

Flow cytometry. Abs specific for CD4-FITC (clone H129.19), CD8-FITC
(53-6.7), CD25-PE (clone PC61), CD25-PE (clone 7D4), and FoxP3-Alexa
Fluor 647 (MF23) were used (BD Biosciences, San Jose, CA). Single-cell
suspensions were pooled from the spleens or peripheral blood of the mice.
The cells were incubated with an Fc blocker (CD16/32); BD Biosciences)
for 15 minutes and then stained for the expression of surface markers for 30
minutes at 4°C. To detect FoxP3 expression, the cells were permeabilized
using a Cytofix/Cytoperm Kit (BD Biosciences), incubated with the Fc
blocker and surface maker stain as described earlier, and stained with anti-
FoxP3-Alexa Fluor 647 for 30 minutes at room temperature. The data were
acquired on a MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach,
Germany) and analyzed using MACSQuantify Software (Miltenyi Biotec).

Induction of tolerance by anti-CD3 Abs in wild-type mice. We admin-
istered 10 g of anti-CD3 Abs intravenously for five consecutive days to
each 10-week-old Balb/c or C57BL/6 mouse. As a control, the same dose
of hamster IgG was administered. Three days after the final administration
of the anti-CD3 Abs or hamster IgG, the mice received 10mg/kg rhGAA
intravenously once every week for a total of four doses. One week after the
final administration of thGAA, blood was collected from the retro-orbital
plexus. Eleven weeks after the first administration of the anti-CD3 Abs,
Balb/c mice were challenged with 10mg/kg rhGAA intravenously once
every week for a total of four doses. One week after the final administration
of thGAA, Abs against thGAA were assayed using ELISA.

Effect of anti-CD3 Abs against pre-existing Abs in wild-type mice. To
immunize 10-week-old BALB/c mice, 10 mg/kg rhGAA was administered
intravenously once every week for a total of four doses. One week after the
final administration of thGAA, 10 g anti-CD3 Abs were administered for
five consecutive days. As a control, the same amount of hamster IgG was
administered. Three days after the final administration of the anti-CD3
Abs or hamster IgG, anti-thGAA Abs were assayed using ELISA.

Prevention of the hypersensitivity reaction to ERT in PD mice. PD mice
develop alethal hypersensitivity against thGAA when it was infused repeat-
edly; therefore, we tested whether anti-CD3 Abs inhibit this reaction. We
administered 10 g anti-CD3 Abs for 5 consecutive days to PD mice (9-18
weeks old). As a control, the same dose of hamster IgG was administered.
Three days after the final administration of the anti-CD3 Abs or hamster
IgG, the mice received 20mg/kg rhGAA intravenously once every other
week for a total of 20 doses. We defined lethal hypersensitivity as death
within 30 minutes after the intravenous administration of thGAA. The
occurrence of a lethal hypersensitivity reaction was monitored and Ab
titers were also assayed at various time points.

Depletion of CD4*CD25* cells. Wild-type BALB/c mice were injected
intraperitoneally with 1 mg anti-CD25 Abs (clone PC61; Bioexpress) or iso-
type control Abs (rat IgG1; Bioexpress) on days 0 and 5; on days 3-7, they
received 10 pg/day anti-CD3 Abs or control hamster IgG. Three days after
the final injection of the anti-CD3 Abs, the mice were killed and splenocytes
were analyzed for the expression of CD4 and CD25 using anti-CD4-FITC
and anti-CD25-PE clone 7D4. An identical treatment regimen was
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performed, but at 3 days after the anti-CD3 or hamster IgG injections
(day 10), the mice received the first of 4 weekly thGAA immunizations
(10 mg-kg-day™). The subsequent immune response to thGAA was deter-
mined at 1 week after the final rhGAA immunization using ELISA.

Statistical analysis. The results are expressed as the mean * SEM.
Statistical differences between two groups were determined using the
Mann-Whitney test, and differences between three groups were deter-
mined by analysis of variance with the Kruskal-Wallis and Dunn’s multiple
comparison tests. In addition, we calculated the risk of lethal hypersen-
sitivity to rthGAA infusion using the Kaplan-Meier method, while the
log-rank test was used to assess the differences between the study groups.
Pvalues <0.05 were considered to be significant.

SUPPLEMENTARY MATERIAL

Figure S1. Immune response to rhGAA in wild-type (Balb/c and
C57BL/6) and PD model mice.

Figure $2. Representative flow cytometry plot demonstrating that
anti-CD3 Abs increased the ratio of CD4*CD25*/CD4* cells.

Figure $3. Representative flow cytometry plot demonstrating that
anti-CD3 Abs increased the ratio of CD4*CD25*FoxP3+/CD4" cells.
Figure $4. GAA activity in the liver from nontolerant or tolerant PD
mice.
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ARTICLE INFO ABSTRACT

Mucopolysaccharidosis type Il (MPS II), or Hunter syndrome, is a lysosomal storage disorder caused by a de-
ficiency of iduronate-2-sulfatase (IDS) and is characterized by the accumulation of glycosaminoglycans
(GAGs). MPS 11 has been treated by hematopoietic stem cell therapy (HSCT)/enzyme replacement therapy
(ERT), but its effectiveness in the central nervous system (CNS) is limited because of poor enzyme uptake
across the blood-brain barrier (BBB). To increase the efficacy of ERT in the brain, we tested an intraventric-
ular ERT procedure consisting of repeated administrations of IDS (20 pg/mouse/3 weeks) in IDS-knockout,
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Huyr::er syndrome MPS Il model mice. The IDS enzyme activity and the accumulation of total GAGs were measured in mouse
Mucopolysaccharidosis brains. The IDS activity was significantly increased, and the accumulation of total GAGs was decreased in

the MPS Il mouse brains treated with multiple administrations of IDS via intraventricular ERT. Additionally,
a high level of IDS enzyme activity was appreciated in other MPS I mouse tissues, such as the liver, spleen,
testis and others. A Y-maze was used to test learning and memory after repeated intraventricular ERT with
IDS. The IDS-treated mouse groups recovered the capacity for short-term memory and activity. Although
large and small vacuoles were found at the margin of the cerebellar Purkinje cells in the disease-control
mice, these vacuoles disappeared upon treated with IDS. Loss of vacuoles was also observed in other tissues
(liver, kidney and testis). These results demonstrate the possible efficacy of an ERT procedure with intraven-
tricular administration of IDS for the treatment of MPS I

Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.

Lysosomal storage disease
Iduronate-2-sulfatase
Intraventricular

Enzyme replacement therapy

Japan, MPS 11 is the most common type of mucopolysaccharidosis, ac-
counting for 60% of documented cases [2]. MPS Il may occur in mild or
severe forms, and there is wide variability in symptoms for individual

1. Introduction

Mucopolysaccharidosis type Il (MPS 1I), also known as Hunter syn-

drome, is an X-linked, recessive inborn error of metabolism caused by
mutations in the gene coding for the lysosomal enzyme, iduronate-2-
sulfatase (IDS) [1]. The enzyme IDS removes the sulfate group from
heparin sulfate and dermatan sulfate. In the absence of IDS, these sul-
fated glycosaminoglycans (GAGs) accumulate in the lysosomes. In

Abbreviations: MPS 11, mucopolysaccharidosis type II; ERT, enzyme replacement
therapy; IDS, iduronate-2-sulfatase; BBB, blood-brain barrier; CNS, central nervous
system; HSCT, hematopoietic stem cell therapy; LSD, lysosomal storage disease; IV, in-
travenous infusion; GAG, glycosaminoglycan; CT, computed tomography; H&E, hema-
toxylin and eosin.
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patients. The severe form is characterized by progressive somatic and
neurological disease. Early treatment of MPS II patients with enzyme
replacement therapy (ERT)/hematopoietic stem cell therapy (HSCT)
is very important [3].

Treatment with ERT is one of the therapeutic approaches for pa-
tients who cannot be treated with HSCT with at least 6 different lyso-
somal storage diseases (LSDs) such as Gaucher disease, Pompe
disease, Fabry disease, and MPS |, 11, and VI [4-9]. Usually, ERT treat-
ments are performed by intravenous (IV) infusion of the enzyme.
ERT has been successful in treating hepatosplenomegaly, card-
iomegaly, and skin, etc.,, ERT has not been proven to be ineffective
in CNS disease, but may have limited effects on the CNS and skeletal
system. The neuropathic forms of LSD, those that affect the CNS, are
generally difficult to treat with ERT because of limited enzyme uptake

1096-7192/% — see front matter. Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.
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across the blood-brain barrier (BBB) [10]. In response to this chal-
lenge, many trials have been established to evaluate potential treat-
ments for the neuropathic forms of LSDs [11-13].

Here, we treated the Ids gene-knockout, MPS II mouse model with
direct, repeated intraventricular administrations of IDS. This proce-
dure bypasses the BBB, allowing for direct uptake of the IDS enzyme
by mouse neuronal cells. The IDS enzyme activity, accumulation of
total GAGs, and histopathology were examined in the MPS Il mouse
tissues. This examination was conducted after repeat administrations
of IDS via intraventricular-ERT, and it demonstrated that IDS enzyme
activity was maintained highly and total GAGs were decreased in the
MPS I mouse brain. Furthermore, the mice that underwent treatment
showed improved short-term memory and activity during the Y-
maze test. In addition, histological findings demonstrated a loss of
vacuoles at the margin of Purkinje cells and other cell types (liver
cells, tubule cells, and Leydig cells). These results strongly suggest
the potential of intraventricular ERT as an effective treatment for
MPS 1L

2. Materials and methods
2.1. Animals

Male MPS Il model mice, iduronate-2-sulfatase knockout (IDS-KO)
mice, were produced by JCR Pharmaceuticals Co., Ltd. (Hyogo, Japan).
In these mice, the Ids gene was deleted from exon 2 to exon 5. The
IDS-KO mouse was bred from a C57BL/6 background strain and has
a null mutation in the Ids gene. The normal control, wild-type mice
were bred from a C57BL/6 strain. Mice were housed in groups of 3
per cage in a colony room under a 12-hour light-dark cycle. Rodent
food and water were available ad libitum. All animal studies were ap-
proved by the Animal Experiments Committee at The Jikei University.

2.2. Computed tomography (CT) scan experiment

The skulls of the mice were scanned using a Latheta LCT-200 ex-
perimental animal CT system (Hitachi-Aloka Medical, LTD, Tokyo,

Japan).
2.3. Foot print pattern analysis

The treated MPS Il mice and the control, wild-type mice were test-
ed during the same sessions to minimize variability. Analysis of the
walking footprint pattern was performed as previously described
[14]. Gait abnormalities were identified by painting the mouse paws
with non-toxic, washable paint and then by placing the mice in a cor-
ridor lined with white paper.

2.4. Intraventricular ERT administration

Mice were anesthetized with pentobarbital sodium (Abott Japan
Co., Ltd., Tokyo, Japan) and mounted in a stereotaxic apparatus
(Narishige Co., Ltd,, Tokyo, Japan). A total of 20 pg of recombinant
human iduronate-2-surfatase (JCR Pharmaceuticals Co., Ltd., Hyogo,
Japan) or saline (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) was
injected into the lateral ventricle which was repeated 4, 6 and
8 times every 3 weeks with a 30-gauge needle [coordinates relative
to bregma: anteroposterior — 3.0 mm; lateral +2.0 mm (midline);
dorsoventral —3.0 mm from skull surface]. The IDS dose was deter-
mined by reference to the previous report [15].

2.5. Tissue collection
Tissue samples were collected from the treated and untreated

IDS-KO and wild-type mice at the end of each treatment session.
The mice were anesthetized and sacrificed by cardiac perfusion

using 40 ml of phosphate-buffered saline (PBS (—)). The tissue samples
were collected, and half of each sample was fixed for histopathological
analysis (H&E staining, Alcian blue staining, and immunostaining),
while the other half was frozen in dry ice prior to processing with the
IDS activity assay and total GAG accumulation analysis. The brains
were divided into three regions: front section cerebral, posterior section
cerebral, and cerebellum.

2.6. IDS activity analysis

IDS activity was determined with homogenized tissues in water,
as described using the artificial substrate 4-methylumbelliferyl-
alpha-iduronide-2-suifate (MU-aldu-2S) [Moscerdam Substrates,
Oegstgeest, Netherlands]. Tissue protein concentrations were deter-
mined using the BCA protein assay kit (Wako Pure Chemical Indus-
tries, Ltd, Osaka, Japan). The measurement of IDS activity was
conducted as previously described [15]. A total of 15 pg of protein
was incubated with 20l of the substrate solution (1.25 mM
MU-aldu-25-Na;, 0.1 M Na-acetate/0.1 M acetic acid buffer (pH
5.0), 10 mM Pb-acetate) for 4 h at 37 °C in a dark room. Next, 40 pl
of Pi/Ci buffer (0.4M Na-phosphate/0.2 M citrate buffer (pH 4.5),
0.02% Na-azide) and 10 pl LEBT (purified Lysosomal Enzymes from
Bovine Testis) were added to the incubation samples, which were
then incubated for an additional 24 h at 37 °C. Finally, the reaction
was stopped by adding 200 pl of stop buffer (0.5M NaHCOs;/0.5 M
Na,C0s buffer (pH 10.7), 0.025% Triton X-100) to the mixture. The lib-
erated fluorescence of the 4-methylumbelliferone was then measured
with a RF-5300PC spectrofluorophotometer at 365 nm excitation and
460 nm emission (SIMADZU Co., Kyoto, Japan). The enzyme activity
was expressed as nmol/4 h/ug protein, as calculated with the standard
curve of the fluorogenic substrate, 4-methylumbelliferyl-a-iduronide
(Sigma-Aldrich Japan Co., LLC. Tokyo, Japan). We took the average of
3-4 experiments or more.

2.7. Tissue total GAG accumulation assay

Treated and untreated MPS Il and wild-type mouse tissues were
homogenized in an NaCl-T buffer (0.9% NaCl, 0.2% Triton X-100).
The samples were shaken overnight at 4 °C and microcentrifuged
for 5 min at 3000 rpm, and the supernatants were collected. Total
GAG levels were measured using the Wieslad™ sGAG quantitative
Alcian blue-binding assay kit (Euro-Diagnostica, Malmo, Sweden)
[15]. First, 50 ! of homogenized samples was incubated with 50 pl
of 8 M Guanidine-HCl at room temperature (RT) for 15 min. Then,
50l of STA solution (0.3% H,S04, 0.75% Triton X-100) was added
for 15 min at RT, with a solution of Alcian blue working in the solution
for 15min. The samples were then centrifuged for 15 min at
12,000 rpm and rinsed with DMSO solution (40% DMSO, 0.05 M
MgCl,). Finally, 500 ul of Gu-prop solution (4 M Guanidine-HCl,
33% 1-propanol, 0.25% Triton X-100) were added to the pellets, and
the mix was allowed to completely dissolve. Alternatively, absor-
bance was read in the SH-9000 spectrophotometer {Hitachi High-
Technologies Co., Tokyo, Japan) at 600 nm. GAG was normalized to
the protein concentration. Protein concentration was measured
with BCA Protein Assay kits. The GAG ratio was expressed as mg of
GAG/mg of protein, as calculated through the standard curve of the
GAG substrate, chondroitin sulfate-6 (Euro-Diagnostica Co., Malmé
Sweden). We took the average of 3-4 experiments or more.

2.8. Spontaneous alternation behavior

Spontaneous alternation behavior requiring attention and work-
ing memory was assessed using a Y-maze [16,17]. Each arm of the
Y-maze was 40-cm long, ranging from 3 to 10 cm wide from the bot-
tom to the top and 12.5 cm high. The arms were labeled A, B, or C, and
both arms were positioned at equal angles (diverging at a 120°). The



