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Abstract.

Background: Duchenne muscular dystrophy (DMD) is a rare, X-linked, fatal, degenerative neuromuscular disease caused
by DMD gene mutations. A relationship between exon skipping and dystrophin production in exon 51-amenable patients
treated with eteplirsen (EXONDYS 51®) is established. Once-weekly eteplirsen significantly increased dystrophin, with
slower decline in ambulatory function compared to baseline. Long-term treatment with eteplirsen leads to accumulation of
dystrophin over time and observed functional benefits in patients with DMD.

Objective: Compare long-term ambulatory function in eteplirsen-treated patients versus controls.

Methods: Study 201/202 included 12 eteplirsen-treated patients assessed twice/year for ambulatory function over 4 years.
Ambulatory evaluations (6-minute walk test [6©MWT], loss of ambulation, and North Star Ambulatory Assessment [NSAA])
were compared with matched controls from Italian Telethon and Leuven registries.

Results: At Years 3 and 4, eteplirsen-treated patients demonstrated markedly greater mean 6MWT than controls (difference
in change from baseline of 132 m [95%CI (29, 235), p=0.015] at Year 3 and 159 m [95%CI (66, 253), p=0.002] at Year 4).
At Year 4, a significantly greater proportion of eteplirsen-treated patients were still ambulant versus controls (10/12 vs 3/11;
p=0.020). At Year 3, eteplirsen-treated patients demonstrated milder NSAA decline versus controls (difference in change
from baseline of 2.6, 95%CI [-6, 11]), however, the difference was not statistically significant; Year 4 control NSAA data
were not available.

Conclusions: In this retrospective matched control study, eteplirsen treatment resulted in attenuation of ambulatory decline
over a 4-year observation period, supporting long-term benefit in patients with DMD.
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ambulation
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is a rare,
X-linked, fatal, degenerative neuromuscular disease
that occurs in approximately 1 in every 3,500 to 5,000
males born worldwide [1-4]. In the US, the preva-
lence of DMD is approximately 9,000 to 12,000 based
on the global estimate of DMD prevalence [4-8].
This irreversible, progressive disease is caused by
mutations in the dystrophin gene (DMD) [9, 10].
Mutations that are due to deletions in the dystrophin
gene result in an out-of-frame messenger ribonucleic
acid (mRNA) that prevents translation of functional
dystrophin protein [11, 12]. Dystrophin is a compo-
nent of the dystrophin-associated protein complex
(DAPC) that links the intracellular cytoskeleton to
the extracellular matrix, and its molecular function
is critical for maintenance of structural integrity of
muscle fibers and protection against damage. Thus,
absence of this protein leads to progressive deteri-
oration of muscle fibers and loss of function [13].
Muscle damage is evident in patients with DMD
upon histologic examination, with an increase in
inflammation and fibrosis in the first years of life.
However, because of the rapid motor development
associated with this early stage of life, the under-
lying progressive and irreversible muscle damage
and resulting muscle weakness are often unnoticed
until later. Although early signs include delayed mile-
stones and presence of the Gowers’ sign when rising
from the floor, functional assessments of patients
with DMD in the first decade of life generally have
demonstrated maturational improvements in ambula-
tory function until age 7 years; pulmonary function
remains close to age-predicted normative values until
the age of 10 years, with progression correlated to loss
of ambulation [14—19].

Declining ambulatory function in patients with
DMD is reflected by reductions in numerous assess-
ments, including North Star Ambulatory Assessment
(NSAA) total score and 6-minute walk test (6MWT).
Loss of ambulation is a notable milestone and indi-
cator of disease progression and severity [20-22],
and it has been used to predict other milestones such
as cardiopulmonary health in the clinical course and
medical care of patients with DMD [20]. In particu-
lar, the age at loss of ambulation is closely linked to
milestones of pulmonary decline such as FVC< 1L
or FVC%p <30%, both of which are associated with
increased mortality and increased cost of care [22].

Eteplirsen (EXONDYS 51®; Sarepta Therapeu-
tics, Inc., Cambridge, MA) is an antisense phospho-

rodiamidate morpholino oligomer (PMO) approved
by the US Food and Drug Administration for treat-
ment of patients with DMD having a confirmed
mutation amenable to the skipping of exon 51
[23-26], comprising approximately 13% of patients
with DMD [27]. Eteplirsen binds to exon 51 of dys-
trophin pre-mRNA to induce skipping of exon 51 in
order to restore the mRNA reading frame and enable
translation of internally truncated, yet functional,
dystrophin protein [23, 24]. Once-weekly eteplirsen
has been shown to significantly increase dystrophin
expression and slow the decline of ambulatory and
pulmonary function compared with natural history
controls [23-25, 28]. This report compares ambu-
latory function data from eteplirsen-treated patients
from the 201/202 study with observational patient
data from natural history cohorts [23, 29-31] to fur-
ther understand the impact of eteplirsen on long-term
disease trajectory.

MATERIALS AND METHODS

Patients

Twelve boys between the ages of 7 and 13 years,
with DMD gene mutations amenable to skipping
exon 51, were enrolled in the study. All patients
were on stable glucocorticoids for at least 24 weeks
prior to baseline and throughout the duration of the
study. Two-thirds (8/12) of eteplirsen-treated patients
received deflazacort (0.9 mg/kg) versus prednisone
(0.75 mg/kg). The mean age at steroid initiation of
the eteplirsen-treated patients was 5.2 years (N=12;
standard deviation [SD], 1.07 years). All 12 patients
were ambulatory at baseline with a 6BMWT between
256 and 416 meters. The study protocol was approved
by an institutional review board and conducted in
accordance with the principles of the Declaration of
Helsinki and Good Clinical Practice guidelines. Prior
to enrolment, written informed consent (and assent as
appropriate for age) was obtained from each patient
or parent/caregiver, respectively.

Study design

Study 201/202 (NCT01396239 and NCT01540409)
has been described previously [23-25] and is shown
in Fig. 1. Briefly, patients (N=12) were assessed
at time points permitting long-term analysis of
the relationship between treatment duration, dys-
trophin production, and clinical efficacy. Patients
were randomized to eteplirsen 30mg/kg (n=4),
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+  Average walk distance within 200m and 400m (£10%) over 6 minutes

Primary efficacy endpoint:
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« FVC*

*Pulmonary function tests assessed in compliance with American Thoracic Society guidelines at least every 24 weeks. 6MWT, six-minute walk test; FVC, forced vital capacity; LVEF, left ventricular ejection fraction.

Kinane BT, Mayer OH, Duda PW, et al. ] Neuromusc Dis. 2018;5:47-58.

Fig. 1. Study design for eteplirsen studies 201/202. Twelve patients with Duchenne muscular dystrophy were randomly assigned to 1 of 3
cohorts receiving weekly intravenous (IV) infusions in a 24-week, double-blind, placebo-controlled study (Study 201): eteplirsen 30 mg/kg,
eteplirsen 50 mg/kg, or placebo. At Week 25, eteplirsen-treated patients continued the same weekly dose open-label, and placebo patients
were randomized to open-label treatment with eteplirsen 30 mg/kg or 50 mg/kg weekly IV (Study 202).

eteplirsen 50mg/kg (n=4), or placebo (n=4)
treatment groups for 24 weeks. Study 201 included a
24-week placebo-controlled period, followed by an
open-label eteplirsen treatment period; efficacy data
from the 4 patients randomized to receive placebo
and subsequent eteplirsen treatment were pooled
with the efficacy data from the 8 patients originally
randomized to eteplirsen. Muscle biopsies were
obtained for all patients at baseline and at a second
time point (half of the study patients at Week 12
and the other half at Week 24). At completion of
24 weeks, patients randomized to receive placebo
and subsequent eteplirsen treatment (n=4) were
switched to open-label treatment with either 30 or
50 mg/kg eteplirsen. All patients had a third biopsy
at Week 48. Eleven of the 12 patients consented to
a fourth biopsy at Week 180; optimized, validated
methods for dystrophin measurement were used in
analysis of the Week 180 biopsies. Clinical outcomes
of 6OMWT (primary endpoint), loss of ambulation,
and NSAA were collected through Year 4 for patients
enrolled in Study 201/202.

Evaluations

For Study 201/202 and natural history control
patients derived from the Italian Telethon and Leuven

registries (primary external controls), ambulatory
evaluations included: 6MWT [32-35], loss of ambu-
lation (defined as 0 meters on the 6BMWT), and NSAA
[31, 36-39]. Lead physical therapists representing
multiple regions were engaged in a collabora-
tive training on administration of these ambulatory
assessments.

Natural history control groups for ambulatory
assessments

The natural history controls were derived from
well-characterized and established patient-level nat-
ural history studies from DMD centers of excellence
participating in the Italian Telethon and Leuven
registries (referred to as primary external controls
throughout this manuscript) [23, 24, 40] (Fig. 2). In
brief, of the 186 ambulatory patients selected from
the 2 registries, 116 patients were receiving steroids
and had > 1 post-baseline 6 MWT measurement; and
91 were>7 years of age. Following application
of the selection criteria to the combined dataset, a
primary external control group amenable to exon
51 skipping (N=11) was identified (Fig. 2). For
the primary external controls, 63.6% (7/11) patients
received deflazacort (0.9 mg/kg) versus prednisone
(0.75 mg/kg). The mean age at steroid initiation of
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Fig. 2. Primary external controls for ambulatory assessment were derived from patient-level natural history data from Duchenne muscular
dystrophy centers of excellence participating in the Italian Telethon and Leuven registries.*

*2 patients were excluded from the analysis for the following reasons:

e Patient OBG 16 withdrew consent.

e Though included in earlier reports, it was later determined that Patient OBG 20 was enrolled in a drisapersen trial in Year 2 and lost

ambulation while on drisapersen.

the primary external controls was 6.8 years (N=11;
SD, 2.08 years). All primary external control patients
were ambulatory at baseline with a 6MWT between
200 and 458 meters.

Statistical analyses

The eteplirsen intent-to-treat population (N=12)
was compared to natural history controls for the on-
treatment time period. This was done by excluding
the first 24 weeks of data for the 4 patients initially
on placebo for 24 weeks. After this adjustment, Week
24 was considered the baseline (Week 0) assessment
for these patients and all subsequent time points for
the purpose of data analyses were counted from this
new readjusted baseline for the 4 patients originally
on placebo.

Study 201/202 included patients dosed at either
30 mg/kg or 50 mg/kg and data for both dosing levels
were pooled. The ambulatory assessments of 6 MWT,
NSAA, and loss of ambulation were assessed at base-
line and at 1-year (defined as 48 weeks) intervals over
the course of 4 years for 6MWT and loss of ambu-
lation, and 3 years for NSAA (NSAA analysis was
limited to 3 years based on availability of NSAA data
from the Italian telethon registry). If a patient was
unable to perform the 6BMWT, they were considered

to have loss of ambulation and were assigned a score
of 0 for all subsequent assessments, and a 0 value was
included in the calculation of mean 6MWT at each
time point.

Although the study protocol specified 6MWT
assessments on 2 consecutive days for some time
points, we used only Day 1 values for the purposes of
this analysis. This approach was more consistent with
methodology employed in the natural history cohorts,
where patients were only assessed on 1 day, once per
visit. Baseline visit was defined as the first visit for the
natural history patients and was considered the first
recorded visit within the registry; 1 year was con-
sidered to be 52 weeks. Derivation of natural history
control cohorts has been described extensively [23,
40]. Sensitivity analyses were performed to assess
potential bias arising from any imbalances in base-
line characteristics (eg, 6(MWT, age, height, weight,
glucocorticoid schedule, age of steroid initiation) and
any difference in assessment schedule.

Mean 6MWT data for eteplirsen-treated patients
and primary external controls were plotted at base-
line (Year 0) and every year thereafter. Standard errors
were also plotted. For the purposes of this analysis,
a study year was counted as 48 weeks for eteplirsen-
treated patients, and 52 weeks for primary external
controls. Means and standard errors were plotted
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Fig. 3. 6-minute walk test (60 MWT) in eteplirsen-treated patients and primary external controls over 4 years. (A) Mean 6MWT results;
*p=0.0145; **p=0.0022. N represents the number of patients at the time point specified. One external control patient did not have data at
Year 3; 2 patients did not have data at Year 4. A represents the adjusted difference between change in baseline values of eteplirsen-treated
patients and untreated primary external controls from the ANCOVA model. (B) Individual 6MWT results.

over time for both groups. The groups were com-
pared using the analysis of covariance (ANCOVA)
model, with treatment group as a fixed-effect term and
baseline 6BMWT as a covariate; adjustment was calcu-
lated for change from baseline for each group and for
difference of change from baseline. No adjustments
were made for multiple comparisons. The approach
to analysis of NSAA was consistent with that of the
6MWT, with the exception that NSAA data were not
available from the Leuven registry so this resulted in
only 8 available patients for comparison, with data
provided through Year 3. 95% confidence intervals
for change from baseline at Year 3 in NSAA total
score were generated using Welch’s unequal vari-
ances -test.

RESULTS
Baseline characteristics

Baseline characteristics in the eteplirsen group and
the primary external control group used for the ambu-
latory measures are shown in Table 1. All patients
in both groups were ambulatory at baseline. The
mean age of the eteplirsen-treated patients was 9.4
years (SD, 1.18 years) compared with 9.6 years (SD,
1.52 years) in the primary external controls. Baseline
6MWT for the eteplirsen group was 363.2m (SD,
42.19m) compared with 361.3 m (SD, 69.93 m) for
the primary external control group. Baseline NSAA
score for the eteplirsen group was 24.9 (SD, 4.93)
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Table 1
Summary of baseline characteristics: Study 201/202 and primary
external controls

Parameter Combined 201/202 Primary external
Studies (N=12)  controls (N=11)
Age (years)
n 12 11
Mean (SD) 9.4 (1.18) 9.6 (1.52)
Median (Min, Max) 9.7 (7, 11) 9.0 (7, 12)

Baseline 6MWT (m)
n 12 11

Mean (SD) 363.2 (42.19) 361.3 (69.93)

Median (Min, Max) 370.0 (256,416)  373.0 (200, 458)
NSAA score

n 12 82

Mean (SD) 24.9 (4.93) 22.8 (6.54)

Median (Min, Max) 25.5(17,31) 24.0 (10, 31)
Able to rise from floor

independently, n (%) 11 (92%) 8 (80%)°
Rise time (seconds)

n 12 10¢

Mean (SD) 8.2 (7.57) 10.0 (10.74)

Median (Min, Max) 5.5 (3, 30) 5.3(2,30)
Deletion mutations 45-50, 48-50, 45-50, 48-50,

49-50, 50, 52 49-50, 50, 52

Height (cm)

n 12 11

Mean (SD) 123.9 (8.37) 129.7 (8.25)

Median (Min, Max) 119.0 (117, 138)  131.5 (107, 136)
Weight (kg)

n 12 11

Mean (SD) 32.4 (6.75) 34.2 (10.22)

Median (Min, Max) 34.6 (24, 41) 31.0 (17, 48)

6MWT, 6-minute walk test; NSAA, North Star Ambulatory
Assessment. *Since only the Italian Telethon registry provided
NSAA data, the primary external control consisted of 8 patients.
YAt Baseline (on Day 1), 1 patient was unable to rise; however,
he was able to rise at the Week 4 and subsequent assessment time
points. “For patients unable to rise independently, a rise time of 30
seconds was used. Data are missing for 1 patient; data were not
imputed as 30 seconds for this patient.

compared with 22.8 (SD, 6.54) in the primary exter-
nal control group. At baseline, 92% of patients in the
eteplirsen-treated group and 64% of patients in the
primary external control group received continuous
(vs intermittent) dosing of glucocorticoids. Patients
across both groups were comparable in terms of their
deletion mutations, heights, and weights.

Ambulatory function

Eteplirsen-treated patients experienced less
decline across all measures of ambulatory function
compared with primary external controls. Eteplirsen-
treated and primary external control groups had sim-
ilar baseline 6MWT, and their disease progression
trajectories overlapped through Year 1 (Fig. 3A, 3B).

After Year 1, mean walking distance stabilized for
eteplirsen-treated patients but declined substantially
for the primary external controls. Eteplirsen-treated
patients experienced less decline with a notable
difference observed at Year 2 compared with primary
external controls (295.9 m vs. 227.5 m, respectively).
In Years 3 and 4, eteplirsen-treated patients demon-
strated significantly greater mean walking distance
of 263.1m and 196.3m, respectively (difference
between the adjusted change from baseline values
between eteplirsen-treated patients and control
patients =132 m [95%CI (29, 235), p=0.015] and
159 m [95%CI (66, 253), p=0.002], respectively).
Individual data series for 6MWT over time are
shown in Fig. 3B. All sensitivity analyses, which
were performed to assess potential bias arising
from any imbalances in baseline characteristics and
any difference in assessment schedule, continued
to demonstrate a clinically meaningful difference
of more than 100 meters on the 6MWT favoring
eteplirsen-treated patients, and maintained statistical
significance (p <0.05) (Supplement).

Eteplirsen-treated patients showed a preserva-
tion of ambulation compared with primary external
controls (Fig. 4). At Year 1, 17% of eteplirsen-
treated patients had lost ambulation. Despite this,
no additional eteplirsen-treated patients lost ambu-
lation through Year 4. Conversely, the proportion
of primary external controls who lost ambulation
steadily increased over time. At 4-year follow-up, sig-
nificantly more primary external controls were not
ambulant compared with eteplirsen-treated patients
(73% [8/11] vs. 17% [2/12], p=0.020). Eight of 11
patients in the primary external control group lost
ambulation, with the median age for loss of ambula-
tion equal to 13 years. In contrast, at the time of the
last GOMWT (Week 216), 10 of 12 eteplirsen-treated
patients were ambulant, hence the median time to loss
of ambulation was not yet reached. The median age
for eteplirsen-treated boys at Week 216 of eteplirsen
treatment was 13.8 years. Moreover, 4 of 12 (33.3%)
eteplirsen-treated patients were older than 14 years
of age, and all were still ambulant.

Over the first year, eteplirsen-treated patients and
primary external controls demonstrated a decline in
NSAA total score (Fig. 5). As with the 6 MWT, how-
ever, after 1 year, the decline in NSAA total score
for the eteplirsen-treated patients appears slower over
time compared with primary external controls. Over
3 years, eteplirsen-treated patients experienced less
decline in NSAA total score, with a change from
baseline of —11.3 vs. —13.8 for the primary exter-
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patients versus external controls. NSAA data for primary external controls were available from the Italian Telethon registry patients only (8
of the 12 natural history patients used for ambulatory comparisons). In the eteplirsen-treated group, 1 patient did not have NSAA measured

at Year 3.

nal controls (difference =2.6, 95%CI [-6, 11]); this
difference was not statistically significant.

DISCUSSION

In Study 201/202, over the course of 4 years,
eteplirsen-treated patients outperformed patients
from well-matched, natural history databases for
ambulatory outcomes.

The divergence from natural history seen in
eteplirsen-treated patients in Study 201/202 is
demonstrated by 5-fold fewer eteplirsen-treated

patients who lost ambulation by Year 4 compared
with primary external controls. The median age for
loss of ambulation for the controls of 13 years is
consistent with the published natural history data
for ambulatory decline in exon 51-amenable patients
with DMD [41]. The loss of ambulation data are
consistent with other ambulatory assessments in the
eteplirsen-treated patients. After Year 1, the observed
deviation in 6MWT trajectory for eteplirsen-treated
patients from primary external controls may be due
to dystrophin accumulation, as supported by a large,
US-based, multi-center study of efficacy and safety
in exon 51-amenable patients with DMD [42]. The
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magnitude of difference seen in the 6MWT after
Year 2 far exceeds the minimal clinically important
difference of 30 meters for patients with DMD estab-
lished in studies observing patients with DMD for 1
year [35, 43]. Loss of ambulation is a major mile-
stone of disease progression in DMD as this function
is irreversible and prognostic for further irreversible
losses of function. The 6 MWT results account for this
important milestone of disease progression by assign-
ing a value of zero in the case of lost ambulation. All
patients in both groups were ambulatory at baseline,
the groups were well-matched for known prognostic
factors, and any loss of ambulation-driven differences
in 6GMWT between groups over time highlight the
important role of eteplirsen in delaying irreversible
disease progression. Future analyses with larger sam-
ple sizes will allow additional evaluation of 6MWT
in patients who did not lose ambulation. The NSAA
total score for the eteplirsen-treated patients demon-
strated a trend toward a slower decline compared with
primary external controls after 1 year of treatment.

The sustained long-term slowing of ambulatory
decline observed with eteplirsen-treated patients is
promising. Of note, differences between eteplirsen-
treated patients and natural history patients emerged
after at least 1 year of treatment, and this striking con-
sistency between treated and untreated groups during
the first year, in addition to the closely matched base-
line parameters, suggests the differences between the
eteplirsen-treated patients and natural history patients
after Year 1 are due to eteplirsen treatment.

Dystrophin production has been shown in
eteplirsen-treated patients, with higher levels of dys-
trophin seen after 180 weeks on treatment in Study
201/202 compared to untreated patients with DMD
[40]. Further, previous reports have shown dystrophin
levels increase over time with increased duration of
eteplirsen treatment [24]. These findings, combined
with the data reported here, suggest continued treat-
ment with eteplirsen results in the accumulation of
dystrophin over time, and this ultimately translates
to clinical divergence of eteplirsen-treated patients
from natural history. Further study is needed to con-
firm this relationship, as there are some limitations to
the present work.

Study 201/202 was a long-term, open-label exten-
sion study over the course of 4 years. While there
was an initial 24-week placebo period, the subsequent
portion of the study did not have a placebo cohort as a
comparator due to challenges associated with running
long-term, multi-year, placebo-controlled studies in
an irreversible, progressive and fatal rare disease

like DMD. Due to the lack of long-term placebo
controls, the data from the treated patients were com-
pared to well-matched natural history cohorts, but
the comparisons were post-hoc. Additional limita-
tions include restrictions in statistical comparison
associated with small number sample size and non-
randomized design.

There are 2 imbalances in the comparison of
steroid treatment between the primary external con-
trol group and eteplirsen-treated patients. First, the
mean age at the time of steroid initiation for the pri-
mary external controls was 1.6 years older than in the
eteplirsen-treated group (6.8 vs. 5.2 years, respec-
tively). Second, at baseline, a higher percentage
of patients in the eteplirsen-treated group received
glucocorticoids daily (continuous regimen): 92% in
the eteplirsen-treated group compared with 64% in
primary external control group. Sensitivity analy-
ses for the 6MWT using covariates of the age of
steroid initiation and steroid regimen (intermittent
vs continuous) demonstrate minimal impact on the
primary endpoint of 6MWT. Despite possible imbal-
ances, all sensitivity analyses indicate a statistically
significant (p <0.05) and clinically meaningful dif-
ference of more than 100 meters on the 6MWT,
favoring eteplirsen-treated patients. When interpret-
ing the mean 6MWT data, we recognize that due
to loss of ambulation, 8 patients with 6MWT data
in the primary external control group included at
Year 4 are assigned a value of zero, which lowers
the mean. However, these zeros are not null val-
ues, but instead represent the valid, actual effort and
ability of patients on the day of their 6MWT. Fig-
ure 3B shows individual loss of ambulation data
(primary external controls, 73% [8/11] vs. eteplirsen-
treated, 17% [2/12], p=0.020) as well as each 6 MWT
score for patients still able to perform the test over
time.

The present work demonstrates consistency be-
tween ambulatory measures over 4 years of etep-
lirsen treatment. During the initial year of treatment,
eteplirsen-treated patients performed no different
from natural history controls, while significant and
meaningful differences emerged between treated
and untreated patients over time. Treatment with
eteplirsen slowed the decline in ambulatory com-
pared to natural history controls, indicating that
eteplirsen alters the long-term disease trajectory for
patients with DMD. The long-term clinical bene-
fit of eteplirsen treatment in ambulatory outcomes
shows potential for the production of low levels of
novel dystrophin protein in patients amenable to exon
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51 skipping to be a significant advance in clini-
cal amelioration of this progressive and life-limiting
disease.
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