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Fig. 2. ADL score for control subjects (n = 138; 4 months-50 years). (a) Total score, (b) “movement,” (c) “movement with cognition,” and (d) “cognition.”
3.4. ADL scores in ERT vs HSCT patients phenotype treated by HSCT (n = 18; mean present age 12.69 + 5.17
years), the overall average score was 27.9 4+ 11.4, and scores were

Table 3 shows a comparison of severe phenotypic patients who had similar in all age-groups. Lower scores were generally seen in toileting,
been given HSCT, early ERT, or late ERT. In patients with a severe conversation, and problem solving subcategories (Fig. 4).
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Fig. 3. ADL score for patients with Hunter syndrome. (a) Total ADL score for patients with severe (n = 50; 3 years-29 years) or attenuated (n = 23; 6 years-47 years) phenotypes. (b) Total
ADL score of patients with severe phenotypes by treatment type. Early ERT (n = 16); late ERT (n = 13); early HSCT (n = 10); late HSCT (n = 8).

For severe phenotypic patients who started ERT at an early age (n =
16; mean present age 10.1 & 3.7 years), the overall average score was
21.6 4 9.0. Average scores in each domain and age-group were lower
than in the HSCT group, but were not statistically different.

Late ERT patients (n = 13; mean present age 19.8 + 5.2 years) had
lower scores than the HSCT and early ERT treatment groups (mean
score 9.5 £ 10.5, Table 3). Nine out of 13 (70%) patients had less than
10 points.

The five highest scores among treated groups were obtained by
HSCT-treated patients while the lowest score (0) was obtained by
three late ERT patients (Fig. 3b). The highest scores for both treatment
types were seen in hand movement and walking (Fig. 4).

3.5. Early treatment with HSCT

The early HSCT group, treated before 5 years of age (n = 10; mean
age at analysis 11.3 4 5.2 years), scored 33 &+ 7.0 while late HSCT
group (n = 8; mean age 13.3 & 4.7 years) scored 21.2 &+ 13.0 (p <
0.05). The 4 HSCT patients with less than 20 points were in the late
HSCT group. Scores in all three domains were higher in the early HSCT
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group than those in the late HSCT group: “movement” (17.3 & 2.8 vs
12.4 + 6.2), “movement with cognition” (10.9 £ 4.1 vs 5.8 £ 3.4),
and “cognition” (4.8 4= 2.0 vs 3.4 £ 3.9). Two patients diagnosed as se-
vere phenotype Hunter syndrome were treated with HSCT at 2 years of
age. They were 3 and 17 years old at the time of this study. The 3-year-
old patient obtained a score of 26, relatively normal compared to age-
matched controls. The 17-year-old patient obtained a score of 42,
which is among the highest for patients with a severe phenotype.

4. Discussion

Hunter syndrome is a progressive systemic disease of the CNS and
the skeleton that has a serious impact on the daily activities of patients
and their families. Therefore, characterizing the ADL will provide a
better understanding of the obstacles for patients with Hunter syn-
drome, thereby enabling physicians to evaluate therapeutic efficacy
and parents/families to understand the progression of the patient's
quality of life.

Traditional questionnaires such as the FIM, HS-FOCUS, and PEDI
have been used to evaluate ADL for patients with Hunter syndrome
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Table 2

ADL scores for age-matched controls, patients with attenuated phenotypes, and patients with severe phenotypes.

Subject age range (years)

0-5 5-10 10-15 »15

Control n 46 54 25 13
Movement 14.96 + 6.10 1943 + 0.57 19.96 + 0.20 20
Movement cognition 9.46 + 6.71 1938 + 147 19.88 4 0.44 20
Cognition 8.87 + 4.63 16.07 + 1.80 18.76 + 1.37 20

Severe n 4 10 15 21
Movement 15.75 £ 222 1525 + 444 1007 & 511 131 712
p? NS 0.0155 9.01E—05 8.53E—08
Movement cognition 65 £21 7.90 4+ 2.83 579 + 433 5.86 4 6.05
p? NS 8.27E—08 1.62E—08 9.88E— 10
Cognition 4 +245 44 +211 293 4 295 3214320
p? 0.0128 3.58E—10 197E—13 3.07E—16

Attenuated n - 4 8 13
Movement - 17.67 + 1.52 19.5 + 0.76 18.73 + 3.26
p? - NS NS 0.0498
Movement cognition - 18.66 &+ 1.15 19.5 + 1.07 17.63 £+ 5.62
p? - NS NS NS
Cognition - 10 & 173 19.25 % 1.16 16.92 + 5.89
p? - 1.80E—02 NS 1.32E—-03

t-test between phenotypes Movement - NS 1.74E—05 2.20E—06
Movement with cognition - 5.24E—06 6.89E— 09 6.33E—06
Cognition - 9.54E—03 247E—13 3.88E—08

Student's t-test between phenotype and control; NS: no statistical significance at p < 0.05.

[16-18]. These questionnaires are limited by their age requirements,
time consumption, complexity, and the requirement for professional
examiners. We have developed a new questionnaire to characterize
ADL in patients with Hunter syndrome. This new questionnaire, con-
taining just 12 items total, is concise and simple enough so that patients
and their families can self-assess without the need of a trained individ-
ual. The questionnaire also maintains sensitivity to age, disease, and
phenotype, creating a holistic image of the ADL, covering a broad spec-
trum of daily activities from motor skills to cognitive function. Distinct
from other ADL questionnaires, the body of this questionnaire is divided
into three domains of “movement,” “movement with cognition,” and
“cognition.” These three domains are suitable for evaluating Hunter
syndrome, in which both somatic and CNS manifestations are present.
Furthermore, since patients suffer from difficulties in their envi-
ronment, it is important to assess not only impairment but also func-
tionality [14]. As a result, this questionnaire scores the level of
assistance the patient requires, resulting in a more precise evalua-
tion of ADL. A sample size of 74 is the largest population of
Japanese Hunter syndrome patients examined in an ADL study to

Table 3
ADL scores for severe forms of patients treated by ERT and HSCT.

date, in part due to its simplicity and suitability for evaluation of
Hunter syndrome.

This study has evaluated the feasibility of this new questionnaire.
Examination of the questionnaire data has demonstrated that (1) the
questionnaire can distinguish patients with Hunter syndrome from
age-matched controls, (2) the questionnaire can distinguish clinical
phenotypes between “severe” and “attenuated,” (3) early HSCT and
ERT yield higher scores than late ERT and HSCT, respectively, and
(4) early HSCT provides the highest score among treatment groups.

The scores of the age-matched controls were higher than those of
patients with the severe phenotype of Hunter syndrome, and the differ-
ence in scores increased with age. This questionnaire has also shown
that there is a significant difference between the severe and the attenu-
ated phenotypes in all domains. However, due to limited respondents,
no comparison between the two phenotypes could be made in the
0-5 years age-group. Our results are consistent with the current under-
standing that patients with severe phenotypes have more significant
CNS involvement than patients with attenuated phenotypes who pri-
marily have somatic involvement (Tables 1 and 2).

Subject age range (years)

0-5 5-10 10-15 =15
HSCT n 1 6 4 7
Movement 17 17.58 + 2.31 135 £ 7.04 13.71 £ 5.82
Movement cognition 7 8.5 £ 5.59 7.25 £ 544 10.86 £ 3.29
Cognition 2 533 % 1.37 34424 4+329
Early ERT (under 8 years) n 3 3 9 1
Movement 1533 4:.2.51 1233 £2:31 10.33 + 441 15
Movement cognition 638 & 252 6.66 + 3.21 5.78 + 3.77 8
Cognition 4.66 + 2.52 2.66 + 2.88 3+ 240 6
Late ERT (over 8 years) n - - 2 11
Movement - - 354495 377 + 4.84
Movement with cognition - - 24283 3.36 + 3.61
Cognition - - 25+ 354 2.68 + 3.35
t-test between HSCT and early ERT Movement - NS NS -
Movement with cognition - NS NS -
Cognition - NS NS -
t-test between HSCT and late ERT Movement - - - 0.03
Movement with cognition - - - 0.03
Cognition - - - NS

NS: no statistical significance at p < 0.05; HSCT: hematopoietic stem cell transplantation;

ERT: enzyme replacement therapy.
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Fig. 4. Profile of subcategory scores for patients by treatment and age-group. (a) 0 years-5 years: control (n = 46); early ERT (n = 3); severe (n = 4). (b) 5 years~10 years: control (n = 54);
early ERT (n = 3); HSCT (n = 7); severe (n = 10); attenuated (n = 4). (c) 10 years-15 years: control (n = 25); early ERT (n = 9); HSCT (n = 4); severe (n = 15); attenuated (n = 8). Late ERT
(n = 2) is not shown due to low number of patients. (d) >15 years: control (n = 13); late ERT (n = 11); HSCT (n = 7); severe (n = 21); attenuated (n = 13). Early ERT (n = 1) is not shown

due to low number of patients.

Although patients with attenuated phenotypes are characterized as
showing perseveration of cognitive ability, the two older patients in
this phenotype, aged 40 and 47 years, had low cognitive scores. This
declining cognitive ability may be due to the severe hearing and visual
impairment in these two patients, rather than a direct reduction in cog-
nitive function. A larger cohort of older patients will be needed to deter-
mine whether a decline in cognitive score is feature of patients with
attenuated Hunter syndrome.

An essential use of ADL questionnaires is to assess therapeutic effica-
cy and how certain treatments can improve the status of the patient's
ADL. In this study, treatment groups were HSCT, early ERT, and late
ERT. Several treated patients had been diagnosed as attenuated pheno-
type. Only severe phenotype patients were included in the treatment
analysis because the attenuated phenotype patients would have likely
scored high with or without treatment. HSCT patients could be divided
into early and late treatment groups, but as patients in the two sub
groups spanned similar age ranges, they were pooled to enable better
statistical analysis. For ERT, it has become more common to begin treat-
ment at an early age and consequently early and later ERT-treated pa-
tients span different age-groups and consequently can be analyzed
separately with little loss of statistical power. The only groups for
which statistically significant differences could be obtain was for pa-
tients older than 15 years of age showing better scores in HSCT-treated
patients than late ERT-treated patients in “movement” and “movement
with cognition” (Table 3). However, the oldest HSCT-treated patient
in this study was 18 years old while the mean age of the late ERT
group was over 20 years old. Nevertheless, all of the early HSCT-
treated patients score in the top half of all treated patients and
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longer-term follow-up studies on the progress of these patients ap-
pear likely to show better outcomes for early HSCT. Although ADL
scores of patients treated with HSCT were not statistically different
from those treated with early ERT, average scores were higher
for the HSCT-treated patients for each domain and each age-group
(Table 3). While “movement” and “movement with cognition” scores
appear to be stable across age-groups for HSCT-treated patients, cogni-
tion scores remain low for HSCT-treated patients. If patients could be di-
agnosed at birth through newborn screening, earlier treatment may be
possible to help overcome reduced cognitive development in Hunter
syndrome patients.

Our recent study on the blood HS level in patients with Hunter syn-
drome [20] showed (1) a significant increase in untreated patients with
a severe form compared with the age-matched control group, (2) a sig-
nificant increase in patients with a severe form compared to those with
an attenuated form, (3) a significant decrease in the ERT- or HSCT-
treated group compared with that in the untreated group, and (4) fur-
ther reduction in patients treated by HSCT compared with patients
treated by ERT. These results using HS as a biomarker are consistent
with the better outcomes shown for HSCT patients in this current
study. In future studies it will be of great interest to explore whether dif-
ferences in blood HS levels are associated with ADL in patients with
Hunter syndrome with or without treatment (or type of treatment).

In addition to the ADL, we also investigated early signs and symp-
toms of patients with Hunter syndrome since early diagnosis and
early treatment are critical to improve quality of life. It is noteworthy
that excessive growth, hernia, prominent Mongolian spot, or thick
bone is observed during early stages of Hunter syndrome and that



168 J. Tanjuakio et al. / Molecular Genetics and Metabolism 114 (2015) 161-169

recognition of these early signs and symptoms leads to early diagnosis.
Excessive growth at a young age is also a feature of some other types of
MPS [21,22]. During the first 4 years of life, the mean height for Japanese
patients with Hunter syndrome is higher than that of an age-matched
control population [22]. Clinical severity of CNS involvement in patients
does not correlate with severity of growth impairment [21,22]. The eti-
ology of the initial rapid growth followed by impairment of growth is
not fully understood. Stimulation of the endocrine system for growth
and other factors at an early stage could contribute to the early rapid
growth. Further study of hormonal effect is needed to understand the
mechanism of this early rapid growth.

In conclusion, we have determined the reliability of this question-
naire to show that it can distinguish the control subjects from the
patients with Hunter syndrome and patients with severe phenotypes
from attenuated phenotypes. We have also compared therapeutic effica-
cy, confirming the benefit of early treatment. HSCT provides a favorable
consequence compared with ERT, although a significant difference be-
tween HSCT and early ERT remains to be supported. Moreover, future
ADL evaluation of other MPS types or lysosomal storage disorders can
be determined by using this questionnaire.
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with both ERT and HSCT. Height and weight were compared to untreated
patients and unaffected controls from the previous study.
We demonstrated 1) that MPS II patients, who had been treated with
either ERT or HSCT, had increased height and weight when compared to
untreated patients, and 2) that HSCT and ERT were equally effective in
restoring growth of MPS II patients.
In conclusion, HSCT should be considered as one of the primary
therapeutic options for early stage treatment of MPS II, as HSCT has
also been reported to have a positive effect on brain and heart valve
development (Tanaka et al. 2012).
© 2014 The Authors. Published by Elsevier Inc. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/3.0/).

1. Introduction

Mucopolysaccharidosis II (MPS II, Hunter syndrome; OMIM #309900) is a lysosomal storage disorder
(LSD) caused by a mutation in the X-linked gene IDS. This results in deficiency of the lysosomal enzyme,
iduronate 2-sulfatase (I12S), in the metabolic pathway that leads to degradation of the glycosaminoglycans
(GAGs), dermatan sulfate (DS) and heparan sulfate (HS) [1]. This enzyme deficiency blocks the stepwise
degradation of DS and HS, resulting in the accumulation of DS and HS in lysosomes and extracellular matrix
(ECM) of a wide range of tissues. Although the primary result of enzymatic deficiency is accumulation of GAGs
and secondary substrates, the mechanism causing the pathogenesis of the disease still remains unknown [2].
MPS II has a prevalence rate between 1:100,000 and 1:170,000 male births [3,4], and is the most prevalent
form of MPS disorders in Asian countries where it accounts for around 50% of all MPS cases diagnosed [5].

Patients with MPS II have a wide range of symptoms caused by the disease that affect multiple different
organ systems. The severe phenotype is more than twice as prevalent as the attenuated form of the disease,
and is characterized by profound CNS involvement and is usually fatal in early childhood if not treated [6].
Patients with the attenuated phenotype may survive into adulthood without CNS involvement [1,7].

Inguinal and/or umbilical hernia, course facial features, otitis and nasal obstruction along with recurrent
upper respiratory tract infections are some of the early diagnostic cues in MPS II [8]. Extensive and aberrant
Mongolian spot is also a characteristic finding of Hunter syndrome in Japan [9]. The skeletal abnormalities in
MPS 11 are similar regardless of clinical phenotype, and are common among other types of MPS disorders. The
skeletal abnormalities are characterized in general as a thickening of the long bones with irregular ossification
centers [1].

The major causes of morbidity and mortality in patients with MPS II are due to abnormal heart
development; 82% of patients have cardiovascular signs and symptoms [1]. Detrimental CNS involvement in
MPS II manifests most often as progressive cognitive degeneration, although individuals with the attenuated
form of the disease have minimal CNS involvement. Patients may be able to reach early developmental
milestones; however, psychomotor delays usually occur during the late infantile period [1]. Surgical procedures
to correct inguinal and/or umbilical hernia are often performed before the diagnosis of Hunter syndrome [10].

There are currently two major therapies for patients with MPS II; enzyme replacement therapy (ERT) and
hematopoietic stem cell therapy (HSCT).

ERT has been used to treat several types of MPS disorders, and for MPS Il a recombinant form of human I2S
is used (idursulfase, Elaprase®, Shire Human Genetic Therapies, Inc., Lexington, MA, USA). Clinical trials have
shown that ERT decreases urinary GAG levels and improves measures of pulmonary function, walking ability,
and visceral organ function [11-14]. Several limitations for conventional ERT have been noted: 1) limited
efficacy for hard connective tissues including bone and heart valves due to avascularity of these tissues, 2)
difficulty in compliance due to required 4-5 hour intravenous infusions every week, and 3) the high cost of
treatment. Moreover, the enzyme cannot pass through the blood-brain barrier, and conventional ERT will
have no effect on the CNS aspects of the disease [1,2,15,16].

Results from the Hunter Outcome Survey (HOS) show that response to treatment is not associated with
either clinical phenotype or age at initiation of treatment [11]. MPS II patients treated with ERT continued
to grow; however, their growth was not directly compared to untreated patients [11,17].
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HSCT has been shown to be effective in the treatment of several MPS diseases and other LSDs. HSCT has
been indicated for MPS II as part of standard care in Japan, leading to the fact that over 50 patients were
treated by HSCT until now. The efficacy of HSCT on visceral organs was clear and similar to that of ERT.
Tanaka et al. demonstrated that HSCT is effective in relieving both brain (CNS involvement) and heart
defects, when treatment is performed at an early stage, before signs of brain atrophy and heart valve issues
[18]. However, a systematic description of the impact of HSCT on growth of patients with MPS II has not
been reported.

Thus, there remains little knowledge on the relative effectiveness of the two therapies in treating the
skeletal deformities and overall growth in patients with MPS II. We recently resolved one of the
underlying limitations of such studies by establishing growth charts for untreated patients with Hunter
syndrome [19].

In this report we explored the impact of the two therapeutic options on growth of patients with MPS II.
We evaluated the therapeutic effect on growth between patients treated with ERT or HSCT, in comparison
with untreated patients with MPS II and age-matched healthy controls. We also propose therapeutic
options for MPS II considering improvement or attenuation of other signs and symptoms.

2. Materials and methods
2.1. Study subjects

Patients diagnosed with MPS II by enzyme assay were recruited at Gifu University to participate in this
study by providing clinical history and growth data. A questionnaire was sent to local medical centers in Japan
where patients with MPS II had received ERT and/or HSCT. Informed consent was obtained from the patients
and/or their guardians by the attending physicians. The study was approved by the Institutional Review
Boards (IRB) at Gifu University and at the Nemours/Alfred I. duPont Hospital for Children. Seventy-two
patients treated with ERT and/or HSCT were enrolled in this study. 28 patients were excluded to focus on the
44 Japanese male patients who had started treatment at or before 8 years of age so that we could observe the
impact on growth. Twenty-six of these patients were treated with ERT alone, and 12 were treated with HSCT
alone. The remaining 6 patients were treated initially with ERT, and then later with HSCT. Their growth data
was added to the respective treatment groups during the times when they were receiving treatment. There
were 4 sibling cases included in our study.

2.2. Anthropometric measurements

Measurement of height was performed using the health-check system in Japan (infantile health-check at
public healthcare centers in local government, health-check in schools and/or in hospitals). Anthropometric
measurements were taken using a standard technique and included body length and weight. Until 3 years of
age, the lengths of patients were measured in the supine position using a liberometer. After 3 years of age,
height was taken in a standing position using a stadiometer, and was fairly objective, although height
measurements might be affected due to structural abnormalities. Measurements were made an average of 3
times per patient.

2.3. Treatment

ERT was administered 1 mg/kg weekly. Patients who had received HSCT and had confirmed donor cell
engraftment were chosen to participate in this study.

2.4. Statistical analysis

Data used for the construction of growth curves were age (years and months), height (cm), and weight
(kg). Body mass index (BMI) was calculated from height and weight data by dividing weight by height
squared (kg/m?). Statistical analyses for mean and standard deviation were then performed on the data
sets. Student's t-test was performed on the height, weight, and BMI data for patients according to therapy
type to determine the statistical relationship between these two patient groups. These data were also

102



P. Patel et al. / Molecular Genetics and Metabolism Reports 1 (2014) 184-196 187

compared with the values in untreated patients with MPS II [19]. The standard control data was taken
from established Japanese data sets for healthy male controls issued by the Japanese Ministry of Health,
Labor, and Welfare. Control data from untreated subjects were obtained from a different study that
utilized identical testing within the same laboratory. This study was based upon the data obtained from
111 Japanese male patients with MPS II. On average, height and weight measurements were obtained at 8
time points for each patient [19].

3. Results
3.1. Demographics

The mean age of symptom onset was 24 + 20 months and the mean age at diagnosis was 37 +
21 months. Mean age at start of ERT was 4.49 + 2.35 years, while mean age at start of HSCT was 4.68 +
1.63 years, suggesting that no significant difference in the age at start of therapy was observed. Of the 44
patients included in our study, 35 had the severe phenotype, and 9 had the attenuated phenotype. One
patient diagnosed with the attenuated phenotype was treated with HSCT, while 7 were treated with ERT,
and one was treated with ERT then HSCT. Eleven patients with the severe phenotype were treated with
HSCT, while 19 were treated with ERT, and 5 were treated first with ERT and successive HSCT.

3.2. Heights

ERT-treated patient heights were not significantly different from untreated patient heights for children
younger than 8 years of age, but older treated patients were significantly taller (Table 1, Fig. 1), suggesting
that long-term observation is required to see an impact on growth.

Similarly, HSCT treated patients were not significantly different from untreated patients for children
younger than 8 years of age but were significantly taller than untreated patients from 10 to 18 years of age
(Table 1, Fig. 1). The children approaching maturity were 20 cm taller than the age-matched untreated
patients.

Heights of treated or untreated patients were similar to normal controls for patients younger than
6 years of age (Fig. 1). After 6 years of age, growth of untreated patients is significantly slowed (19 and
Fig. 1). While the growth rate of ERT treated patients is less than that of the controls it is clearly faster than
that of untreated patients (Fig. 1).

In this study both treatments showed a similar effect in improving growth curves for MPS II (Table 1,
Fig. 1).

Table 1
Height of patients with MPS II undergoing therapy.
HSCT t-Test to ERT t-Test to t-Test between two
(cm) untreated group (cm) untreated group treatment groups
Age (years) n Mean SD p n Mean SD p p
9.5 months 1 72.80
1y 1 74.50
15y 4 84.25 3.96 0.83
2y 1 94.00 4 89.38 3.12 0.88
3y 1 97.00 5 100.40 484 0.22
4y 4 103.65 3.03 0.25 6 103.87 3.28 0.15 0.92
5y 9 107.42 8.02 0.87 5 110.84 5.17 0.17 035
6y 12 110.92 495 0.97 8 113.95 5.72 0.20 0.24
8y 9 119.57 6.00 0.13 11 119.06 5.08 0.11 0.84
10y 10 126.47 8.25 <0.01 7 129.10 5.43 <0.005 0.44
12y 9 133.12 10.36 <0.005 7 133.01 9.93 <0.01 0.98
14y 6 142.38 8.02 <0.005 1 138.00 - -
16y 4 149.70 3.23 <0.005
18y 2 147.00 - ~
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