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Abstract

Mucopolysaccharidosis VI (MPS VI) is a clinically heterogeneous and progressive disorder with
multiorgan manifestations caused by deficient N-acetlylgalactosamine-4-sulfatase activity. A
cross-sectional Survey Study in individuals (n=121) affected with MPS VI was conducted
between 2001-2002 to establish demographics, urinary glycosaminoglycan (GAG) levels, and
clinical progression of disease. We conducted a Resurvey Study (ClinicalTrials.gov:
NCT01387854) to obtain 10-year follow-up data, including medical histories and clinical
assessments (n=59), and survival status over 12-years (n=117). Patients received a mean (SD) of
6.8 (2.2) years of galsulfase ERT between baseline (Survey Study) and follow-up. ERT patients
increased in height by 20.4 cm in the 4-7 year-old baseline age group and by 16.8 cm in the 8-12
year-old baseline age group. ERT patients <13 years old demonstrated improvement in forced
vital capacity (FVC) by 68% and forced expiratory volume in 1 second (FEV1) by 55%, and those
>13 years old increased FVC by 12.8% and maintained FEV1. Patients with >200 pg/mg baseline
UGAG levels increased FVC by 48% in the <13 year-old and by 15% in the =13 year-old baseline
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age group. ERT patients who completed the 6-minute walk test demonstrated a mean (SD)
increase of 65.7 (100.6) m. Cardiac outcomes did not significantly improve or worsen. Observed
mortality rate among naive patients was 50% (7/14) and 16.5% (17/103) in the ERT group
(unadjusted hazard ratio, 0.24; 95% CI, 0.10 to 0.59). Long-term galsulfase ERT was associated
with improvements in pulmonary functions and endurance, stabilized cardiac function and
increased survival.

Keywords

(MeSH); Mucopolysaccharidosis VI; Maroteaux-Lamy syndrome; N-Acetylgalactosamine-4-
Sulfatase; Enzyme Replacement Therapy; Follow-Up Studies; Multicenter Study [Publication
Type]; Survival Rate; Exercise Tolerance; Respiratory Function Tests

INTRODUCTION

Mucopolysaccharidosis VI (MPS VI, OMIM #253200), also known as Maroteaux-Lamy
syndrome, is a clinically progressive disorder with a spectrum of mild to severe phenotypes.
MPS VI is caused by deficient activity of the lysosomal enzyme N-acetyl-galactosamine-4-
sulfatase (also known as arylsulfatase B, ASB; EC 3.1.6.12) which hydrolyzes the sulfate
moiety of the glycosaminoglycan (GAG) dermatan sulfate [Neufeld and Muenzer, 2001].
Patients with rapidly progressing disease often have short stature with coarse facial features,
joint and skeletal abnormalities, spinal cord compression, compromised cardiovascular and
pulmonary function, corneal clouding, recurrent respiratory and ear infections, and early
mortality in the late teens to early twenties, often from cardiopulmonary failure. MPS VI
patients present with classical symptoms by 6 to 24 months of age. [Neufeld and Muenzer,
2001; Valayannopoulos et al., 2010]. Although symptoms may appear later in life in those
with slowly progressing disease, these patients nonetheless demonstrate severe morbidity
and early mortality by the third to fifth decade of life [Thimler et al., 2012]. The patients
often require clinical intervention related to one or more organ dysfunction such as corneal
transplants, cardiac valve replacement, hip replacement or spinal cord decompression
surgery by their late teen to adult years (reviewed in [Giugliani et al., 2007;
Valayannopoulos et al., 2010]). Although MPS VI patients do not typically exhibit
neurocognitive deficits, physical limitations particularly with decreased sight and hearing
can affect learning and development.

A cross-sectional Survey Study of 121 MPS VI patients was conducted in 2001-2002 to
establish demographics, urinary GAG levels and clinical progression of MPS VI [Swiedler
et al., 2005]. There was heterogeneity in the clinical presentation of MPS VI patients in this
large survey representing an estimated 10% of the world-wide MPS VI patient population.
The accelerated clinical course, presenting with short stature, lower body weights, reduced
pulmonary function, impaired endurance and reduced joint range of motion was associated
with elevated urinary GAG levels (>200 pg/mg creatinine). Further studies have shown that
certain genetic alterations in the ASB gene correlate with high uGAG levels predicting
rapidly progressing clinical outcomes [Karageorgos et al., 2007].
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Currently galsulfase (recombinant human ASB; rhASB; Naglazyme®) enzyme replacement
therapy (ERT) is the only approved therapy for MPS VI. Galsulfase is approved by the
regulatory agencies in the United States, European Union, Brazil, Australia and several other
countries. International management guidelines for MPS VI recommend galsulfase ERT as
the first-line therapy for treating MPS VI patients [Giugliani et al., 2007]. Three clinical
trials, including a randomized double-blind placebo-controlled Phase 3 trial, showed
improved endurance based on increased 12-minute walk test (12MWT) and 3-minute stair-
climb (3MSC) measurements, and decreased urinary GAGs, demonstrating efficacy of
galsulfase in the MPS V1 patients [Harmatz et al., 2006; Harmatz et al., 2005a; Harmatz et
al., 2005b; Harmatz et al., 2004]. An analysis of pooled data from the clinical trial program
showed improvement in pulmonary function tests and growth velocity in patients (n=56,
mean age approximately 12 years, range 5 to 29 years) who received ERT for up to 240
weeks [Decker et al., 2010; Harmatz et al., 2010]. Similarly, long-term ERT of up to 96
weeks reduced intraventricular septal hypertrophy and prevented progression of cardiac
valve abnormalities in patients <12 years of age [Braunlin et al., 2012]. While the clinical
trials and extension studies suggest significant clinical benefit of galsulfase treatment in
MPS VI, the Resurvey Study provides information on the long-term effects of galsulfase
treatment (ie, up to mean 6.8 years) on the natural progression of MPS V1.

Study Design

The Resurvey Study (ASB-00-03; ClinicalTrials.gov number: NCT01387854) was a
multicenter, multinational study to obtain repeat 10-year cross-sectional data on patients
who took part in the Survey Study (ASB-00-02) in 2001-2002 [Swiedler et al., 2005]. Only
patients who previously participated in the Survey Study ASB-00-02 and had met the
criteria of a MPS VI diagnosis were eligible. Of the 121 patients who participated in the
Survey Study, 59 patients from 1 site in the USA, four sites in Europe, one site in Australia
and one site in Brazil enrolled in the Resurvey Study. Survival status was available for 117
of 121 Survey Study participants as of October 24, 2013, for a total survival follow-up of up
to 12 years. The remaining four patients were considered lost to follow-up, since no
information was available after three attempts to reach them via study sites.

The study protocol was approved by local institutional review boards (IRB) or ethics
committees (EC), and the study was conducted in accordance with good clinical practice
guidelines (ICH E6) and the ethical principles established by the Declaration of Helsinki.
All patients provided a written, signed informed consent or, in the case of patients <18 years
of age, their legally authorized representative provided a written consent. All patients
underwent clinical and laboratory assessments as indicated.

Clinical Assessments

The list of assessments performed was the same as that completed in the Survey Study and
all patients were evaluated at a single time point [Swiedler et al., 2005]. The list of
assessments described in this report includes galsulfase treatment history; standing height
and weight; endurance, pulmonary and cardiac function tests; and health assessment
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questionnaires. The participating sites were also asked to provide a summary of patients
known to have died since the Survey Study.

Endurance was assessed by the 6-minute walk test (6MWT) [Guyatt et al., 1989; Nixon et
al., 1996]. The 12-lead electrocardiograms (ECGs) were done at all sites and standard 2-
dimensional Doppler echocardiograms (ECHOs) were done at a subset of sites in Survey
and Resurvey studies. The number and percentage of patients with stenosis or regurgitation
(valve problem status) were determined by valve type. Forced vital capacity (FVC) and
forced expiratory volume in 1 second (FEV1) were performed in accordance to the
American Thoracic Society (ATS) standards [1995] and each site’s Respiratory Department
policy and procedure for spirometry. The highest of the three values for FVC and FEV1 was
reported.

All patients were asked to complete health assessment questionnaires. Patients who were
<18 years at Resurvey completed the Childhood Health Assessment Questionnaire (CHAQ)
[Singh et al., 1994], and those >18 years at Resurvey completed the Health Assessment
Questionnaire (HAQ) [Fries 1991; Ramey et al., 1992].

Since no treatment was given as part of this clinical protocol, ERT or infusion-related
adverse events were not collected.

Laboratory Assessments

Urinary GAG (UGAG) levels were determined by spectrophotometric detection of
metachromatic change in the 1,9-dimethyl-methylene blue (DMMB) dye upon GAG binding
[Whitley et al., 1989] during the Survey Study (performed at BioMarin Pharmaceutical Inc.
Labs) or by measuring the change in absorbance at 656,y of the DMMB dye upon GAG
binding during the Resurvey Study (performed at Cambridge Biomedical, Inc., Boston,
www.cambridgebiomedical.com). Urinary GAG levels were measured on the first morning
voided samples and normalized to urine creatinine levels.

Statistical Methods

Paired t-tests were performed to compare patient’s paired data (Resurvey vs Survey study)
for clinical and laboratory assessments, and were two-sided at the 0.05 level (unless
indicated otherwise). Version 9.3 (or higher) of SAS® statistical software package or
Microsoft Excel program were used to generate all summaries, listings, graphs, and
statistical analyses. First or last treatment dates for ERT were missing for four patients who
had the year but not the month in the database which were imputed according to standard
statistical methods. All results are presented as mean + SD (range) unless otherwise
indicated.

Kaplan-Meier survival analyses were performed to compare the overall survival for ERT-
treated vs ERT-naive patients, and the difference in overall survival was compared using the
Logrank and Wilcoxan tests. The missing dates of death (for three naive patients with only
year of death known and for four naive patients known to have died within a certain range of
time) were imputed using the most conservative method wherein the latest day/month/year
was set as the death date for naive deceased patients. The hazard ratio estimated by using
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Cox proportional hazards model (both for univariable as well as multivariable analyses) are
presented as hazard ratio (HR) with 95% confidence intervals (CIs).

Demographics

Of the 59 patients enrolled in the Resurvey Study, 55 received galsulfase ERT. The mean
duration of ERT for the 52 patients with known ERT start dates was 6.8 + 2.2 years (Table |
and Supplementary eTable | in supporting information online). The ERT group had similar
numbers of male (n=29) and female (n=26) patients. There were four patients in the naive
group, three males and one female (Table I). The results in this report are stratified
according to the baseline age groups and not their ages at Resurvey. Similarly, stratifications
based on uUGAGs are per baseline uGAG levels (ie, uUGAG levels at the Survey Study and are
pre-ERT). In this report, patients with baseline uGAG levels > 200 pg/mg creatinine pre-
ERT are referred to as the high uGAG group with more rapidly progressive disease.

Urinary GAGs

Urinary GAG levels at follow-up were <100 pg/mg creatinine in all patients (n=55) who
were exposed to galsulfase ERT, including 33 of 55 (60%) patients whose UGAG levels
were >200 pg/mg creatinine at baseline 10 years ago (Fig 1 and Supplementary eTable I in
supporting information online). The mean uGAG level at baseline was 321.34 + 199.86
ug/mg creatinine for all participants (n=118) [Swiedler et al., 2005]. Urinary GAG levels
decreased by 87.9% in the ERT patients (n=55) vs 49.8% in the naive patients (n=3) at
follow-up compared to baseline (Supplementary eTable I in supporting information online).
Different methods were used to measure UGAG levels for the Survey (baseline) and
Resurvey (follow-up) studies limiting the conclusions that can be drawn when directly
comparing these values.

Anthropometrics

The mean height of the ERT group (n=51) was 117.2 + 25.1 cm at baseline and 129.9 +21.4
cm at follow-up (Table I1). All age groups <18 years baseline age increased in height during
the study period (Table Il and Supplementary eTable I in supporting information online).
The mean height of patients increased by 20.4 + 12.4 cm in the 4-7 year-old baseline age
group (n=19) and by 16.8 £ 6.3 cm in the 8-12 year-old baseline age group (n=13) (TABLE
I1). The baseline Z-scores, as determined by the CDC growth curve measurements (ref:
[Grummer-Strawn et al., 2010; Kuczmarski et al., 2002]) were below -2 SD except for the
youngest patients in the 47 year-old age group (Table II).

The baseline uGAG levels correlated inversely with the age-adjusted short stature in the
MPS VI population [Swiedler et al., 2005]. Similarly, baseline uGAG levels correlated
inversely with the final heights in the Resurvey study (Table II). The final heights in all
baseline age groups ranged from 142 to 158 cm in those with low baseline uUGAG levels (<
200 pg/mg creatinine) as compared to 113 to 119 cm in the high baseline uGAG subgroups.
The majority of patients <13 year-old baseline age (n=27) had high uGAG levels, but still
exhibited increased heights from 16 to 18 cm.

AmJ Med Genet A. Author manuscript; available in PMC 2015 August 01.
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All age groups demonstrated increases in mean body mass index (BMI) compared to
baseline though the follow-up BMI remained within the normal range (18.5, 25.0 kg/m?)
(ref: [Casey et al., 1992; Centers for Disease Control and Prevention 2011]. The mean BMI
based on standing height in the ERT group (n=51) increased from 19.9 + 3.8 kg/m? (range,
14.7, 29.9) at baseline to 24.1 + 4.7 kg/m? (range, 16.2, 36.6) at follow-up. The naive group
(n=3) posted a mean BMI increase from 24.2 + 0.8 kg/m? (range 23.3, 24.8) t0 27.6 + 2.3
kg/m? (range 25.2, 29.8) during the same period.

Six-minute walk test

The mean six-minute walk text (6MWT) distance for the ERT group (n=54) changed from
304.0 + 108.4 m at baseline to 320.4 + 195.7 m at follow-up, an increase of 16.4 £ 155.9 m
(Table I11). When excluding the eight patients who could not attempt the 6MWT at follow-
up (as a walk distance value of 0.0 m was entered for these subjects), seven of whom were
wheelchair bound, there was an increase of 65.7 £ 100.6 m from a baseline of 310.4 + 111.8
m (Table I11). Of those who completed the walk test (n=46), all age subgroups showed
improvement in the mean distance walked over the study period (Table I111). The mean
increase in the distance walked at follow-up by the baseline age 4-12 year-old group was
71.0 £ 108.5 m and was 57.4 + 89.2 m by the baseline age =13 year-old group.

ERT patients with high baseline uGAGs showed lower or no improvement in endurance as
compared to those with uUGAG levels <200 pg/mg creatinine at baseline (Table I11). The
increase in the distance walked by the patients with baseline uGAG levels of <100 pg/mg
creatinine (n=14) was 74.0 £ 77.2 m while the increase in mean walk distance in the high
baseline uUGAG group (n=32) was minimal at —=14.8 £ 179.0 m.

Pulmonary function tests

FVC and FEV1 increased by 29% and 18% over baseline at 10-year follow-up (Fig 2 and
Supplementary eTable 11 in supporting information online). The mean change in FVC from
baseline was 0.37 L (P<.0001) in the ERT group (n=48) and —0.70 L in the naive group
(n=3). The mean change in FEV1 was 0.21 L (P=.001) in the ERT group (n=47) and -0.60
L in the naive group (n=3) (Supplementary eTable Il in supporting information online).

FVC improvements were observed across all baseline age groups, with the greatest increase
seen in the <13y old baseline age group (Fig 2, Supplementary eTable I1). This increase of
68% (FVC) and 55% (FEV1) over baseline is in part due to growth. [Decker et al., 2010;
Harmatz et al., 2010]. The older patients (=13 year-old baseline age) also showed an
increase of 12.8% in FVVC compared to baseline, with minimal increase in FEV1.

In patients with high baseline uGAG levels, FVC improvements were seen in both younger
(<13 year-old baseline age) and older (=13 year-old baseline age) patient subgroups
(Supplementary eTable 11 in supporting information online): FVC improved by 48% in the
younger patient subgroup and by 15% in the older patient subgroup.
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Cardiovascular parameters

Of the 55 patients in the study, evaluable ECHOs were available for 33 patients at follow-
up, of which 31 had evaluable baseline ECHOs. Paired analyses for the various ECHO
parameters were performed on patients with evaluable ECHOs at both baseline and follow-
up. Overall, there was neither significant improvement nor worsening of the cardiac valve
outcomes (Table V). There was no significant change in left ventricular dimension at end
diastole or systole (LVED or LVES, respectively), left ventricular shortening fraction
(LVSF), left ventricular septal (LVSW) or posterior wall thickness (LVPW) from baseline to
follow-up (Supplementary eTable Il1 in supporting information online).

The 12-lead ECG results did not indicate major conduction abnormalities at baseline or
follow-up (Supplementary eTable I11 in supporting online). The PR, QRS, QT and QTc
intervals were within normal reference ranges as described in the literature [Mason et al.,
2007]. However, sinus tachycardia was recorded in 11 (20.0%) patients during follow-up vs
7 (12.7%) at baseline, and left and right axis deviations were noted in 11 (20.0%) patients at
follow-up vs 1 (1.8%) patient at baseline, though this was an isolated finding in these
patients.

Quality of life assessments

Survival

There was no change in the disability, or pain and arthritis scores between the 2 timepoints
(Supplementary eTable IV in supporting information online). Patients <18 years old
reported moderate disability scores and those >18 years old scored as mild at baseline and
follow-up. Similarly, mean pain and arthritis scores were in the mild category for <18 year-
olds as well as >18 year-old patients at both timepoints.

Survival data were available for 117 of the 121 patients enrolled in the Survey Study, of
which 103 patients received galsulfase ERT and 14 were ERT naive (Table V). Of the 117
patients, 24 died since the Survey Study; mortality rate was 16.5% in the ERT group
(died=17/103) vs 50% in the naive group (died=7/14) (Table V). The Kaplan-Meier analysis
indicated that patients treated with ERT had significant survival benefit over naive patients
The Kaplan-Meier curve for the treated patients in Figure 3A showed a statistically
significant separation (Logrank P=.0006, Wilcoxon P=.0002) from the Kaplan-Meier curve
for the naive patients. Cox proportional hazard regression model was used to determine the
association of ERT with long-term survival of MPS VI patients. ERT was shown to be
positively associated with survival (unadjusted HR, 0.24; 95% CI, 0.10 to 0.59). After
adjustment for baseline age and baseline uUGAG groups, the adjusted HR for ERT was 0.11
(95% Cl, 0.04 to 0.29).

Although there was a significant age difference at the time of enrollment in the Survey
Study between the naive and treatment groups (mean age 19.8 vs 13.7 years; Table V), this
did not appear to impact the mortality rate. The mean age at enrollment in the Survey Study
for the deceased naive and deceased treatment patients was 14.4 and 15.4 years,
respectively. Moreover, the mean age at the time of death was 19.2 and 22.9 years in the
naive and treated groups, respectively (Table V).
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The Kaplan-Meier survival analysis of age and uGAG subgroups in the ERT treated patients
suggest that those with low baseline uUGAG <200 ug/mg creatinine have a better survival
probability than those with high baseline uGAG levels (Fig 3B and Table V). The survival
probability of <13 year-old baseline age patients with baseline UGAG levels <200 ug/mg
creatinine was higher than those with high baseline uUGAGs. The survival probability of the
>13 year-old patients with high baseline uUGAG levels was lower compared to all other ERT
subgroups (Fig 3B).

DISCUSSION

There are few large studies outside the randomized clinical trials (RCTSs) that define the
natural history of MPS V1 on a population-wide basis including those on long-term
galsulfase treatment to determine impact on the clinical disease course [Brands et al., 2013b;
Hendriksz et al., 2013; Swiedler et al., 2005]. One of the largest population-wide studies
reported to date on MPS VI was a cross-sectional Survey Study of 121 patients conducted
10 years ago [Swiedler et al., 2005]. In this cross-sectional Survey Study, it was concluded
that the pre-ERT UGAG levels predict clinical morbidity. Patients with high baseline uUGAG
levels (>200 pg/mg creatinine) had an accelerated clinical course of disease with poor
endurance (impaired 6MWT), reduced pulmonary function, reduced joint range of motion,
and short stature. Cardiac abnormalities including stenosis and/or regurgitation in one or
more cardiac valves were present in nearly all of the patients (96%). Most patients who were
over 20 years of age had uGAG levels <100 ug/mg creatinine (all except one patient whose
UGAG level was 152 ug/mg creatinine). This observation suggested a correlation between a
low baseline uGAG level and longer survival or slower progression of disease. Since the
time of the Survey Study, galsulfase ERT has become available and considered standard of
care [Giugliani et al., 2007]; thus allowing the ability to assess whether long-term exposure
to galsulfase ERT can alter the course of MPS VI clinical natural history.

The observations from the 10-year follow-up described in this report are the longest
longitudinal data assessments in any MPS VI study to date. The majority of the patients in
the study were young (60% were 4-12 year-olds and 18% were 13-18 year-olds) at baseline
and these patients continued to increase in height over this time period. Growth rates at any
specific age in the 4-7 year-old and the 8-12 year-old baseline age groups were impossible
to calculate given that there were only two widely separated data timepoints in this report.

Improved endurance was seen in all ERT patient subgroups (by baseline age) that completed
the walk test. There was an increase in pulmonary function with significant increases in the
FVC and FEV1 in the ERT patients. This increase in pulmonary function may be due in part
to growth in the younger patients and as an effect of ERT. Cardiac function had stabilized
except for a small increase in the number of patients with aortic regurgitation. In patients
with rapidly progressive disease, both endurance and pulmonary functions were stabilized in
the ERT group. Thus, the progression of symptoms attributed to the MPS VI disease has
stabilized or improved in the ERT-treated patients, the majority of whom had rapidly
progressive disease.
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Endurance testing in MPS VI patients as measured by the 6MWT provides an indication of
cardiopulmonary health, endurance, mobility and extent of morbidity [Morales-Blanhir et
al., 2011]. In the Resurvey Study, the patients who completed the 6MWT walked a mean of
65.7 m (P<.0001) more at follow-up. This gain was consistent with that posted for the
patients receiving ERT in the Phase 3 randomized clinical trial (53 m at week 24, P=.007)
and in the final analysis of the open-extension part of the Phase 3 trial (80 m at week 96, P<.
001); both values were from the 6-minute timepoint assessment of the 12MWT [Harmatz et
al., 2006; Harmatz et al., 2008]. Further, among Resurvey Study patients who completed the
walk test, all baseline age groups made similar gains in the distance walked.

The mean increases in pulmonary function measures (FVC and FEV1) in the 4-12 year-old
age group in the Resurvey Study were statistically significant and similar to improvements
in pulmonary function seen after up to 240 weeks of ERT in the galsulfase clinical trial
extension program [Harmatz et al., 2010]. The improvement in pulmonary function
observed after long-term galsulfase treatment may be related to an increase in skeletal
growth (height). In addition to growth, other studies have suggested direct effect of ERT on
lung function [Harmatz et al., 2010]. A 96-week follow-up of older patients (=12 year-old
baseline age group) participating in galsulfase clinical trials and extension program found a
22.6% increase in FVC, which was attributed to direct effects of ERT on lung function
[Harmatz et al., 2010]. In the Resurvey Study, the FVC increased by 12.8% over baseline in
the older patients (=13 year-old baseline age group) indicating sustained and long-term
improvement in pulmonary function in ERT treated patients. This increase is considered
clinically significant as pulmonary function generally declines with age in all individuals,
including in those with MPS disorders [Lin et al., 2013].

Cardiac involvement particularly mitral and aortic valve thickening resulting in stenosis/
regurgitation, and intraseptal or ventricular hypertrophy are commonly seen in MPS VI and
other MPS diseases where dermatan sulfate accumulation is the primary storage defect
[Azevedo et al., 2004; Brands et al., 2013c; Braunlin et al., 2012; Dangel 1998; Fesslova et
al., 2009; Golda et al., 2012; Swiedler et al., 2005]. Mitral and aortic valve abnormalities are
typical cardiac manifestations in MPS VI; however, pulmonary and tricuspid valves are less
commonly involved (reviewed in[Golda et al., 2012]). The Survey Study found that of the
68 patients with ECHO data, nearly all (96%) had evidence of stenosis and/or regurgitation.
[Swiedler et al., 2005]. Although the cardiac valve pathology was not graded in the
Resurvey study, we did not notice any significant improvement or worsening of the cardiac
valve outcomes based on the number of patients with or without valve abnormalities, though
aortic regurgitation rate was somewhat increased (25/31 at follow-up vs 16/31 at baseline).
Further, the follow-up of ERT patients at Resurvey found no change in LVSF, LVED,
LVES, LVSF, LVSW or LVPW findings when compared to baseline suggesting no change
in ventricular dimensions, mass or function. Results of a long term observational study led
to the conclusion that ERT neither resolves nor prevents cardiac valve problems [Hendriksz
et al., 2013], consistent with the findings in this study. Thus, the progressive valve pathology
is difficult to reverse by ERT, although the disease progression is slowed or stabilized.

The patients treated with ERT had a survival advantage over the untreated patients, as
demonstrated by reduced overall mortality rates among the ERT patients vs the naive group
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(16.5% vs 50.0%). There was an observed difference in survival between those patients with
high pre-ERT uGAG levels, with 12/67 (17.9%) deaths in the ERT group and 6/7 (85.7%) in
the naive group suggesting that patients with rapidly progressive disease may also benefit by
ERT treatment. The unadjusted hazard ratio of 0.242 indicates that ERT patients have a
75.8% reduction in the chance of death than those not on ERT. After adjusting for covariates
(baseline age and baseline uGAG groups), there remained a very strong benefit of ERT
treatment. The adjusted hazard ratio of 0.107 indicates an 89.3% reduction in the chance of
death among patients who were ERT treated compared with patients who were not on ERT.
Because most patients in this study did not receive ERT until their teen years, it is
hypothesized that early initiation of ERT in life may further improve long-term survival.

Although adverse events (AEs) related to galsulfase-treatment, or seroconversion status of
galsulfase-treated patients were not collected as part of the Resurvey Study, several other
long-term studies confirm that galsulfase is safe and tolerable; and infusion-associated
reactions (IARs) are manageable [Brands et al., 2013b; Harmatz et al., 2008; Hendriksz et
al., 2013; Lin et al., 2010]. Galsulfase treatment-related serious AEs are rare: only 31 events
were reported for 11 patients in a 5-year follow-up of patients in the CSP (n=123)
[Hendriksz et al., 2013].

Other studies, including a Dutch 5-year follow-up study (n=12) and a 2-year Taiwanese
follow-up study (n=9) also did not report any major safety concerns [Brands et al., 2013b;
Lin et al., 2010]. In the galsulfase clinical trials where safety data were collected up to a 5
year period, 14% of the AEs were galsulfase treatment-related, of which only 2% were
described as severe [Harmatz et al., 2008]. The most common severe AEs included chest
pain, dyspnea, laryngeal edema, and conjunctivitis [BioMarin 2013]. In contrast, most I1ARs,
which occurred in >50% of patients in the clinical studies, were mild-to-moderate, and were
easily managed by altering the infusion rate, interrupting infusion and/or premedications
with antihistamines, anti-inflammatory and/or antipyretics. Fewer IARs were reported in the
CSP, possibly due to underreporting of the AE due to voluntary participation [Hendriksz et
al., 2013], IARs are common occurrence in other studies. For instance, the Taiwanese study
reported IARs in three of nine patients at some point during treatment, all of which were
manageable with premedications [Lin et al., 2010].

There was a high rate of compliance during the clinical trials and their extension program
with 53 of 56 enrollees (94.6%) completing the study; the three withdrawals were unrelated
to the galsulfase treatment. Of the 59 patients in the open-label clinical trial phase, none
discontinued galsulfase treatment due to adverse events [BioMarin 2013]. Seroconversion
occurs by 6-7 months in almost all patients after galsulfase ERT initiation [Brands et al.,
2013a; Hendriksz et al., 2013]. Antibody titers are heterogeneous ranging from modest to
high [Brands et al., 2013a; Harmatz et al., 2006; Hendriksz et al., 2013], and may remain
stable over several years [Brands et al., 2013a]. Although an in vitro study suggested that
high antibody titers may potentially interfere with galsulfase protein uptake by cells [Brands
etal., 2013a], a regression analysis of data from CSP showed no correlation of anti-
galsulfase antibody titers with uGAG levels (determined at the time of antibody analysis
after ERT initiation) (r=—0.067; P=.32), and similarly individual increases in titers did not
correlate with a decrease in efficacy as determined by endurance measures or an increase in
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AEs [Hendriksz et al., 2013]. One patient in the Dutch study, with an ASB gene mutation
resulting in a complete absence of the ASB protein, had high baseline uGAG levels. This
patient developed high and sustained anti-ASB antibody titers after galsulfase ERT, but
showed reduction of uGAGs from >1000 pg/mg creatinine to 115 pg/mg [Brands et al.,
2013a]. Thus, current evidence suggests that the antibody response against galsulfase does
not affect uGAG reduction or galsulfase clinical efficacy [Brands et al., 2013a].

The progressive nature of the disease in the absence of ERT suggests an adverse impact on
the activities of daily life, quality of life and survival [Neufeld and Muenzer 2001; Swiedler
et al., 2005]. In the Resurvey Study, there was no change in the quality of life measures
(CHAQ/HAQ scores) from baseline in spite of the fact that most of these participants had
rapidly-progressing phenotypes (Fig 1 and Swiedler et al., [2005]). The effect of galsulfase
ERT on multiorgan physiology along with better standard of care may have contributed to
arresting a decline in the quality of life in these patients. Similar trends in the quality of life
measures were also reported for MPS VI and other lysosomal storage disorders for which
ERTSs are now available [Brands et al., 2013a; Clarke et al., 2009; Freedman et al., 2013].

The disease progression in MPS VI patients with severe or rapidly progressive disease (ie,
based on high baseline uUGAG levels) appears to have been stabilized by ERT. While the
greatest improvements in height and endurance were seen primarily in patients with lower
baseline UGAG levels <200 pg/mg creatinine, clinical parameters (such as walk distance in
6MWT and pulmonary function) in the high baseline uUGAG group remained stable in the
ERT group. However, additional or newer approaches may be required to increase the
clinical benefit of galsulfase ERT in patients with rapidly progressive disease, such as
different dosing schedules [Cotugno et al., 2010]) and/or substrate reduction therapy, both of
which have not yet been tested in clinical studies [Schuchman et al., 2013; Simonaro et al.,
2010; van Gelder et al., 2012]. Neonatal screening leading to early diagnosis and prompt
ERT initiation may be key to improve the management and outcomes of patients with
rapidly progressive disease [Furujo et al., 2011; Giugliani 2012; Horovitz et al., 2013;
McGill et al., 2010].

In conclusion, long-term galsulfase ERT results in improved survival, continued growth,
improvement in endurance and pulmonary function, and stabilization of cardiac and quality
of life measures in the MPS VI patients. Even in patients with more severe disease,
galsulfase ERT results in stabilization of endurance and pulmonary function as well as
improved survival. Clinical benefits of galsulfase ERT are likely to be enhanced by early
initiation of the therapy in MPS VI patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Age in Years

Urinary GAG levels of patients at baseline and follow-up. Each red circle represents an
individual patient at baseline and blue crosses indicate patients at resurvey. The X-axis
represents the age at baseline and at resurvey.
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FIGURE 2.
FVC and FEV1 at baseline and follow-up. The error bars are SD. The number of patients in

each group, absolute values and ranges are shown in Supplementary eTable 11 (in supporting
information online).
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Product-limit survival estimates of Resurvey Study patients. (A) Kaplan-Meier survival
curves of ERT (n=103) (blue dashed line) and naive (n=14) (red solid line) patient groups.
The 95% confidence limits are indicated by blue (ERT) or red (naive) shaded boxes. The
calculated P values were: Logrank P=.0006, Wilcoxan P=.0002. (B) Kaplan-Meier survival
curves of patients analyzed by baseline age and baseline uGAG levels. Survival probability
curves are as follows: low baseline uUGAG and <13 year-old age (blue solid line), low
baseline uUGAGs and =13 year-old (red dashed line), high baseline uGAG and <13 year-old
age (green dashed line), and high baseline uGAGs and =13 year-old (brown dashed line).
Three ERT patients with missing baseline uUGAG values were excluded in this analysis. The
calculated P values (Logrank P=.0906, Wilcoxan P=.0689) for the differences in survival
were not statistically significant (at P=.05), as 95% CI bands were generally overlapping.
These results do not indicate statistically significant differences among the four ERT
subgroups.
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TABLE IV

Echocardiograms of ERT Patients

ECHO Findings Number of patients®

Baseline  Follow-up

Stenosis or regurgitation 29/31 31/33
Stenosis and regurgitation 10/31 9/33
Regurgitation
Aortic 16/31 25/31
Mitral 20/31 22/31
Pulmonary 5/31 2/31
Stenosis
Mitral valve 9/31 12/31
Aortic value 5/31 4/31
Pulmonary value 0/31 0/31
Tricuspid valve 0/31 0/31

ECHO data was available for 31 patients at baseline and 33 patients at Resurvey. All valve comparisons were performed pairwise (n=31)
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TABLE V
Survival of ERT and Naive Patients
parametersl Treatment Groups
ERT Naive

ALL patients with survival data
n 103 14
Baseline age (y) 13.7 (9.8) 19.8 (12.8)
Deceased patients2
Mortality3 17/103 (16.5%)  7/14 (50%)

Baseline age (y) 15.4 (12.4) 14.4 (13.5)
Age at death (y) 229 (11.4) 19.2 (15.0)
Patients by baseline uUGAG levels

<200 pg/mg n 33 7
Baseline age (y) 21.2(11.4) 30.4 (9.3)
Mortality 2/33(6.1%)  1/7 (14.3%)
>200 pg/mg n 67 7
Baseline age (y) 9.44.2)y 933B4)y
Mortality 12/67 (17.9%)  6/7 (85.7%)
missing UGAG value n 3
Baseline age (y) 26.7 (19.5)y
Mortality 3/3 (100%)

1Baseline age or age at death are indicated as mean (SD) in years. Mortality is shown as n of total (%).
2Balseline age or age at death of deceased patients refer to 17 ERT and 7 naive deceased patients.

3Logrank P=.0006
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