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Abstract.
Background: Long-term, real-world effectiveness and safety data of disease-modifying treatments for spinal muscular
atrophy (SMA) are important for assessing outcomes and providing information for a larger number and broader range of
SMA patients than included in clinical trials.
Objective: We sought to describe patients with SMA treated with onasemnogene abeparvovec monotherapy in the real-world
setting.
Methods: RESTORE is a prospective, multicenter, multinational, observational registry that captures data from a variety of
sources.
Results: Recruitment started in September 2018. As of May 23, 2022, data were available for 168 patients treated
with onasemnogene abeparvovec monotherapy. Median (IQR) age at initial SMA diagnosis was 1 (0–6) month and at
onasemnogene abeparvovec infusion was 3 (1–10) months. Eighty patients (47.6%) had two and 70 (41.7%) had three copies
of SMN2, and 98 (58.3%) were identified by newborn screening. Infants identified by newborn screening had a lower age at
final assessment (mean age 11.5 months) and greater mean final (SD) CHOP INTEND score (57.0 [10.0] points) compared
with clinically diagnosed patients (23.1 months; 52.1 [8.0] points). All patients maintained/achieved motor milestones. 48.5%
(n = 81/167) experienced at least one treatment-emergent adverse event (AE), and 31/167 patients (18.6%) experienced at
least one serious AE, of which 8/31 were considered treatment-related.
Conclusion: These real-world outcomes support findings from the interventional trial program and demonstrate effectiveness
of onasemnogene abeparvovec over a large patient population, which was consistent with initial clinical data and published
5-year follow-up data. Observed AEs were consistent with the established safety profile of onasemnogene abeparvovec.

Keywords: AAV9 vector-based gene replacement therapy, long-term follow-up, motor neuron disease, newborn screening,
onasemnogene abeparvovec, outcomes, rare disease, real-world evidence, RESTORE registry, spinal muscular atrophy

INTRODUCTION

Spinal muscular atrophy (SMA) is a rare, debil-
itating neuromuscular disease characterized by loss
of motor neurons, leading to progressive weakness
and atrophy of skeletal and bulbar muscles [1–8].
Although almost all cases of SMA have the same
underlying genetic cause — a biallelic deletion or
mutation in the survival motor neuron 1 (SMN1)
gene — clinical severity is heterogeneous, with
varying copy number of the SMN2 “backup” gene
being strongly correlated with disease onset and
severity as an important phenotypic modifier of
SMA [2–11]. Historically, SMA phenotype has been
classified by five clinical types based on the age at
onset and maximum motor function ranging from
type 0 (most severe with prenatal onset) to type 4
(less severe with later onset) [3, 4, 6, 12–14]. SMA
type 1 (severe with onset during the first 6 months
of life) is the most common phenotype, accounting
for approximately 60% of SMA cases [1, 6, 8, 9,
15, 16]. Because SMA type is based on maximum
motor function achieved by untreated patients, it
does not take into account the more recent changes
in disease phenotype caused by administration of
disease-modifying treatments (DMTs) [14].

SMA has long been cited as the leading genetic
cause of infant mortality, with natural history studies
of SMA type 1 reporting nearly all patients (90%)
dying or requiring permanent ventilation by 2 years
of age with supportive treatment only [9, 15, 17–20].
However, prognoses have improved markedly in
recent years, mainly owing to the advent of DMTs
[13, 14, 21–38]. The first of these, nusinersen,
became available for the treatment of SMA in 2016.
Nusinersen is an intrathecally administered antisense
oligonucleotide that alters the splicing of SMN2 to
increase the amount of functional SMN protein pro-
duced [22, 23]. An oral SMN2 splicing modifier,
risdiplam, became available in 2020 [24, 25]. In 2019,
the US Food and Drug Administration approved
onasemnogene abeparvovec, a one-time, intravenous,
adeno-associated virus 9 (AAV9) vector-based gene
replacement therapy that delivers a fully functional
copy of the human SMN1 cDNA into target cells
[26––28]. Since then, onasemnogene abeparvovec
has been approved for the treatment of SMA by the
European Medicines Agency and in many other coun-
tries.

Knowledge of these new treatments for SMA has
been largely based on interventional trial data, which
is limited most notably by narrow eligibility crite-
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ria and limited follow-up duration. In onasemnogene
abeparvovec clinical studies, which included patients
with SMA type 1 who had two or three copies of
SMN2, almost all of whom were younger than 6
months of age at infusion (mean age range, 0.5–7.9
months), and presymptomatic infants with either two
or three copies of SMN2 at risk for developing SMA
type 1 or SMA types 2 or 3, respectively, gene ther-
apy administration resulted in longer survival (free
from permanent ventilation), achievement of motor
milestones, and improved motor function, especially
for patients treated earlier, or in the prodromal phase
of the disease [27, 31–34]. The inclusion criteria
for these onasemnogene abeparvovec clinical trials
were defined based on the need to produce robust
evidence of clinical efficacy within the duration of
the clinical trial setting; however, the real-world use
of onasemnogene abeparvovec also targets patients
with different criteria from those of the clinical tri-
als [27, 31–34]. Because the approved indication for
onasemnogene abeparvovec is broader than the study
population upon which initial approval was based [26,
27], real-world evidence became especially impor-
tant shortly after the approval of onasemnogene
abeparvovec. In addition, long-term safety and dura-
bility data could not be obtained in the course of
the onasemnogene abeparvovec clinical studies [27,
31–34], and long-term extension studies will fill this
data gap [38, 39].

Published real-world evidence to date, which
mostly consists of individual case reports, small case
series, and single-center experiences, has contributed
a limited amount of clinical information to the body
of knowledge that assists clinicians and caregivers
with treatment decisions and guides therapeutic
expectations for SMA patients receiving DMTs
[40–46]. Therefore, additional long-term, real-world
data that are more reflective of the broader SMA
patient population are needed to fill this knowledge
gap and characterize the effectiveness and safety
of these DMTs and to guide treatment decisions
[47–49].

RESTORE is an ongoing, prospective, multina-
tional, multicenter, observational disease registry
assessing real-world treatment patterns and outcomes
for patients with SMA, with the goal of informing
treatment decisions and improving patient outcomes
[47]. The RESTORE registry was designed to aug-
ment data from existing SMA registries [38, 50–54]
by providing important information about the clini-
cal course of SMA for patients receiving DMTs that
were not available as treatment options when ear-

lier SMA patient registries were created. To enhance
data from long-term extensions of completed and
ongoing clinical trials and existing real-world study
data, we describe patients with SMA treated with
onasemnogene abeparvovec monotherapy from the
RESTORE registry, including patient demographics
and clinical characteristics and real-world effective-
ness and safety outcomes.

METHODS

The RESTORE registry is governed by a steering
committee of international SMA experts committed
to ensuring data quality and the sharing of RESTORE
registry data [47]. RESTORE is sponsored by
Novartis Gene Therapies, Inc., the manufacturer of
onasemnogene abeparvovec [47], and was designed
to capture SMA history and treatment, effectiveness,
and safety data for patients receiving DMTs [47].
Detailed study methodology that encompasses study
design, ethical considerations, patient eligibility, data
acquisition, and variables assessed has been pub-
lished (Supplementary Figure 1) [47].

Patient care in RESTORE follows usual SMA
treatment practices in each country and participat-
ing clinical site and depends upon local resources.
Patients are recruited worldwide to provide sufficient
data to document differences between patients who
receive a variety of treatments as they evolve dur-
ing the 15-year duration of this registry [47]. Patients
are enrolled consecutively at each site to minimize
selection bias [47]. Data for patients with SMA meet-
ing RESTORE eligibility criteria were collected from
individual de novo (i.e., new, independent) clinical
study sites [47]. Data cutoff for the current analysis
was May 23, 2022.

Clinical care in RESTORE is not dictated by a
research protocol [47], and no additional support is
provided by Novartis. RESTORE participation does
not require any mandatory visits, tests, or assessments
[47]. Participating centers contributing data are not
required to have experience or expertise in perform-
ing rigorous clinical trials. RESTORE enrollment
is rolling (i.e., continuous, allowing consecutive,
ongoing patient enrollment without waiting or dead-
lines) over a 5-year period, with a follow-up period of
15 years, until death, or until the patient is withdrawn
from the registry, which may occur at the discretion of
the patient or the patient’s parent/legal representative
or physician [47].
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Patients

In the current study, real-world effectiveness and
safety outcomes were assessed for patients fol-
lowing onasemnogene abeparvovec monotherapy
(i.e., patients who received only onasemnogene
abeparvovec gene therapy and have not received any
dose of another DMT [i.e., nusinersen and/or ris-
diplam [55]. This population was selected because it
represents a large percentage of the patients enrolled
in RESTORE, and follow-up evidence in the first
years of treatment with onasemnogene abeparvovec
is critical to more fully characterize patient impacts
in larger populations, given the often smaller pop-
ulations associated with most rare disease clinical
studies, and including current advanced treatments
that most frequently center on niche populations.
Patient variables collected in RESTORE include
sociodemographics (i.e., age, year of birth, sex, race),
medical history of SMA (i.e., date of and age at diag-
nosis, genetic status, SMN2 copy number, weight and
height at diagnosis, newborn screening [NBS] status),
date of onasemnogene abeparvovec administration,
and prednisolone treatment [47].

Effectiveness

Patient assessments in RESTORE included event-
free survival, motor function, motor milestones, and
bulbar function [47].

Event-free survival
Event-free survival was assessed by SMN2 copy

number using Kaplan-Meier estimates [47] and was
defined as the avoidance of death or the require-
ment of permanent ventilatory support. Permanent
ventilatory support was defined as requiring either a
tracheostomy or respiratory support for 16 or more
hours per day (including non-invasive ventilatory
support) continuously for 14 or more days in the
absence of an acute reversible illness, excluding peri-
operative ventilation. Patients requiring permanent
ventilatory support prior to treatment were excluded.

Motor function
Children’s Hospital of Philadelphia Infant Test of

Neuromuscular Disorders (CHOP INTEND), Ham-
mersmith Infant Neurological Examination – Section
2 (HINE-2), and Hammersmith Functional Motor
Scale – Expanded (HFMSE) were collected in
RESTORE (Supplementary Table 1) [47]. The inter-
val for each collection (e.g., at enrollment or at every

follow-up) was dependent on the routine practice
of follow-up visits at each participating SMA clinic
and the family’s ability to bring the patient into the
SMA clinic for a routine follow-up visit. Motor func-
tion was assessed for patients in RESTORE treated
with onasemnogene abeparvovec monotherapy hav-
ing two or more assessments (one or more occurring
post-treatment) with at least 6 months between first
and last assessments. Scores were not required to have
been collected pretreatment; therefore, two scores
available for analysis may both reflect post-treatment
changes.

Motor milestones
The evaluation of motor milestones was assessed

using performance criteria from the World Health
Organization (WHO) [56, 57] and Bayley Scales of
Infant Development, Third Edition (BSID) [58]. Ten
select performance criteria were used to define the
achievement of developmental milestones on the case
report form, specifically: holds head erect 3 seconds;
rolls from back to sides; sits without support for 10
seconds (WHO) and 30 seconds (BSID); stands with
assistance; crawls; pulls to stand; walks with assis-
tance; stands alone; and walks alone.

Bulbar function
Measures of bulbar function in RESTORE

included total oral nutrition, ability to swallow, and
aspiration pneumonia/pneumonia.

Safety

Safety data, including pulmonary assessments
(i.e., was it performed; normal/abnormal; if abnor-
mal, details), ventilatory support (i.e., cough assist
details, noninvasive details, invasive details), use of
non-oral feeding support, safety laboratories includ-
ing liver function tests, and start and stop dates of
serious adverse events (SAEs) and adverse events of
special interest (AESIs), including dates and primary
causes of death, were collected in RESTORE [47].
An SAE was defined as being an AE with at least one
of the following outcomes: death, is life-threatening,
requires inpatient hospitalization or causes prolonga-
tion of existing hospitalization, results in persistent
or significant disability/incapacity, may have caused
a congenital anomaly/birth defect, or requires inter-
vention to prevent permanent impairment or damage.
Treatment-emergent was defined as an AE with start
date on or after onasemnogene abeparvovec admin-
istration or an AE with a severity that worsened on
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or after onasemnogene abeparvovec administration.
AEs were coded using MedDRA®, Version 25.0, with
patients counted only once at each level of summa-
rization.

AESIs included hepatotoxicity, transient throm-
bocytopenia, cardiac AEs, and thrombotic microan-
giopathy (TMA). In the RESTORE registry,
physicians reported AEs at their discretion, with
any reported AESIs matching the predefinitions
being counted as an AESI. Hepatotoxicity was
predefined as having clinically significant labora-
tory values (i.e., alanine aminotransferase [ALT]
or aspartate aminotransferase [AST] > 3×upper
limit of normal [ULN] with associated biliru-
bin > 2×ULN); hepatic failure, fibrosis, cirrhosis
and other liver damage-related conditions, or hep-
atic disorders. Thrombocytopenia was predefined as
having an AE identified as hematopoietic throm-
bocytopenia, hemorrhages, or platelet disorders.
Cardiac AESIs were predefined as having ischemic
heart disease, cardiomyopathy, cardiac arrhythmias,
myocardial infarction, or embolic and thrombotic
events.

Descriptive analyses

Demographic, clinical, and treatment characteris-
tics were analyzed using descriptive analyses with
means (± standard deviation [SD]), median and
range, or percentages, as applicable. The relation-
ships of the endpoints were investigated qualitatively
[47]. Missing observations were not imputed in
the analysis of individual questions or items [47].
Time-to-event outcomes, such as event-free survival,
were assessed using Kaplan-Meier analysis. Analy-
ses were performed using SAS Version 9.4 (Cary,
NC). Mean change in first observation to last, mean
monthly change, and time between assessments were
assessed for CHOP INTEND, HINE-2, and HFMSE
for overall population, infants identified by NBS,
and patients with any SMN2 copy number. Mini-
mal clinically important differences (MCID) were
defined for CHOP INTEND (≥ 4-point change),
HFMSE, (≥ 3-point change), and HINE-2 (≥ 2-point
change). Patients were classified into three cate-
gories: improved (patients who achieved a higher
milestone at the last assessment compared with the
first assessment); maintained (patients remained sta-
ble and were at the same milestone at the first and the
last assessments); and other (patients who achieved
a milestone that was not recorded at a subsequent
evaluation).

RESULTS

Patients

Recruitment started in September 2018, and,
as of the May 23, 2022, data cutoff, data were
available for 385 patients globally. There were
168 patients with SMA treated with onasemno-
gene abeparvovec monotherapy from seven countries
worldwide (United States n = 138; Japan n = 19; Tai-
wan n = 4; Portugal n = 3; Israel n = 2; Greece n = 1;
and Russia n = 1). The median (IQR) age at initial
diagnosis of SMA was 1 (0–6) month (Table 1).
The median (IQR) age at onasemnogene abepar-
vovec infusion was 3 (1–10) months. The mean (SD)
weight was 5.05 (2.31) kg at initial diagnosis and
5.92 (2.34) kg at onasemnogene abeparvovec infu-
sion. Approximately half of the patients (n = 80/168;
47.6%) had two copies of SMN2, 82 patients (48.8%)
were asymptomatic at diagnosis, and 98 infants
(58.3%) were identified by NBS (see Table 1). Nine
of the 168 (5.4%) patients treated with onasemno-
gene abeparvovec monotherapy had gestational age
≤ 35 weeks at birth, with eight of these nine patients
(88.9%) receiving treatment before 6 months of
age (median age 2.0 [range 1–7] months). Mean
(SD) time from onasemnogene abeparvovec infu-
sion to last known visit was 13.68 (8.94) months,
with patients who received onasemnogene abepar-
vovec monotherapy having a range of post-treatment
follow-up of 0.03 to 37.06 months.

Effectiveness

Event-free survival
Event-free survival for patients with two copies

of SMN2 was dramatically improved compared with
natural history (Fig. 1a). Event-free survival of 93.7%
was observed for 79 patients with two copies of
SMN2 post-treatment at 1 year, and 90% event-free
survival was observed for these patients at 2 years
(three two-copy patients had a tracheostomy). Event-
free survival of 100% was observed for 70 patients
with three copies of SMN2 post-treatment at 1 year.
Although one patient required ventilatory support,
there were insufficient data to estimate event-free sur-
vival for patients with one copy (n = 3) or four or more
copies (n = 14) of SMN2. Treatment benefits were
observed for patients with two copies of SMN2 iden-
tified by NBS who were treated with onasemnogene
abeparvovec (Fig. 1b). For the 42 infants with two
copies of SMN2 identified by NBS, 100% event-free
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Table 1
Demographics and baseline clinical characteristics for all patients identified by newborn screening, clinical diagnosis, and in the overall

cohort

Characteristics Newborn screening Clinical diagnosis All patients
(n = 98) (n = 70) (N = 168)

Age, months
At initial SMA diagnosis

Mean (SD) 1.34 (7.12) 9.49 (6.54) 4.73 (7.96)
Median (IQR) 0 (0–1) 8.5 (4–14) 1 (0–6)
Min, Max 0, 70 0, 27 0, 70

At onasemnogene abeparvovec infusion
Mean (SD) 3.30 (7.99) 10.70 (6.66) 6.38 (8.29)
Median (IQR) 1 (1–2) 9.5 (5–15) 3 (1–10)
Min, Max 0, 72 0, 28 0, 72

Weight, mean (SD), kg
At initial SMA diagnosis 3.53 (0.86) 7.20 (1.98) 5.05 (2.31)
At onasemnogene abeparvovec infusion 4.65 (1.74) 7.56 (1.96) 5.92 (2.34)

Weight range (kg) at onasemnogene abeparvovec infusion 1.6–10.5 3.3–12.3 1.6–12.3
Weight category at onasemnogene abeparvovec infusion

< 8.5 kg 76 (77.5) 45 (64.3) 121 (72.0)
≥ 8.5 kg 4 (4.1) 17 (24.3) 21 (12.5)
Missing 18 (18.4) 8 (11.4) 26 (15.5)

Duration, months
Time from diagnosis to treatment

Mean (SD) 1.96 (3.61) 1.23 (1.17) 1.65 (2.87)
Median (IQR) 1 (1–1) 1 (1–2) 1 (1–2)
Min, Max 0, 23 0, 6 0, 23

Time from first treatment to last known visit
Mean (SD) 12.06 (8.18) 15.95 (9.5) 13.68 (8.94)
Median (IQR) 11.15 (5.26–17.81) 13.44 (9.17–24.02) 12.24 (6.03–19.22)
Min, Max 0.03, 30.62 0.03, 37.06 0.03, 37.06

Sex
Female, n (%) 52 (53.1) 35 (50.0) 87 (51.8)
Male, n (%) 46 (46.9) 35 (50.0) 81 (48.2)

SMA type, n (%)
1 27 (27.6) 43 (61.4) 70 (41.7)
2 3 (3.1) 23 (32.9) 26 (15.5)
3 2 (2.0) 0 (0.0) 2 (1.2)
Missing/not specified where not applicable 66 (67.4) 4 (5.7) 70 (41. 7)

Asymptomatic at SMA diagnosis, n (%)
Yes (asymptomatic) 79 (80.6) 3 (4.3) 82 (48.8)
No (symptomatic) 19 (19.4) 67 (95.7) 86 (51.2)

SMN2 copy number, n (%)
One 3 (3.1) 0 (0.0) 3 (1.8)
Two 42 (42.9) 38 (54.3) 80 (47.6)
Three 39 (39.8) 31 (44.3) 70 (41.7)
Four or more than four 14 (14.3) 0 (0.0) 14 (8.3)
Unknown 0 (0.0) 1 (1.4) 1 (0.6)

Country, n (%)
United States 92 (93.9) 46 (65.7) 138 (82.1)
Japan 1 (1.0) 18 (25.7) 19 (11.3)
Greece 0 (0.0) 1 (1.4) 1 (0.6)
Israel 1 (1.0) 1 (1.4) 2 (1.2)
Portugal 0 (0.0) 3 (4.3) 3 (1.8)
Russia 0 (0.0) 1 (1.4) 1 (0.6)
Taiwan 4 (4.1) 0 (0.0) 4 (2.4)

Race, n (%)
White 61 (62.2) 38 (54.3) 99 (58.9)
Asian 6 (6.1) 20 (28.6) 26 (15.5)
Black 6 (6.1) 2 (2.9) 8 (4.8)
Multiracial 6 (6.1) 0 (0.0) 6 (3.6)
Native Hawaiian or other Pacific Islander 0 (0.0) 1 (1.4) 1 (0.6)
Not reported 13 (13.3) 5 (7.1) 18 (10.7)
Missing 6 (6.1) 4 (5.7) 10 (6.0)

IQR, interquartile range; SD, standard deviation; SMA, spinal muscular atrophy; SMN2, survival motor neuron 2 gene.
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Fig. 1. Event-free survival: patients treated with onasemnogene abeparvovec (A) by SMN2 copy number and (B) patients with two copies
of SMN2 gene identified by newborn screening or clinical diagnosis.

survival was observed at 1 year and 2 years post-
treatment. For the 37 patients with two copies of
SMN2 diagnosed clinically, 87.9% event-free sur-
vival was observed at 1 year and 81.7% at 2 years
post-treatment.

Motor function
Of the 66 patients treated with onasemnogene

abeparvovec monotherapy who had CHOP INTEND
scores, 41 (62.1%) had two or more CHOP INTEND
assessments, with ≥ 6 months between first and
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Table 2
Changes in CHOP INTEND total score: patients identified by newborn screening or clinical diagnosis

Newborn screening (n = 20) Clinical diagnosis (n = 21)

Score at first assessment, mean (SD) 44.9 (13.0) 37.3 (11.3)
Score at last assessment, mean (SD) 57.0 (10.0) 52.1 (8.0)
Difference between scores, mean (SD) 12.1 (7.8) 14.1 (9.8)
Months between assessments, mean (SD) 9.7 (4.6) 12.1 (4.9)
Age at first assessment, months, mean (SD) 1.7 (1.5) 11.0 (5.7)
Age at last assessment, months, mean (SD) 11.5 (94.7) 23.1 (7.2)
Achieved ≥ 4-point increase between first and last assessment, n (%)a 17 (85.0) 20 (95.2)

CHOP INTEND, Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; SD, standard deviation. aThree patients
identified by newborn screening did not achieve a ≥ 4-point increase between first and last assessment. This was most likely related to the
ceiling effect.

last assessments. It must be noted that in nine
patients, the first CHOP INTEND was performed
after onasemnogene abeparvovec infusion. CHOP
INTEND scores increased overall, with treatment
benefits observed for the 41 patients having two
or more assessments (n = 20 identified by NBS and
n = 21 diagnosed clinically) (Table 2). A total of 13
of 20 (65.0%) patients identified by NBS and 13
of 21 (61.9%) clinically diagnosed patients having
two or more CHOP INTEND assessments had two
SMN2 gene copies (Supplementary Table 2). For
patients having two or more assessments, the mean
(range) age at onasemnogene abeparvovec infusion
was 2.15 (1–11) months for NBS patients and 8.2
(0–19) months for clinically diagnosed patients. For
patients with two SMN2 copies, the mean (SD) age at
onasemnogene abeparvovec infusion was 1.41 (0.9)
months for NBS patients and 4.50 (3.56) months for
clinically diagnosed patients. The range of CHOP
INTEND total scores for patients with two copies of
SMN2 was much greater than the range for patients
with three copies of SMN2, for both patients identi-
fied by NBS and those clinically diagnosed (Fig. 2). It
should be noted that, unlike the other CHOP INTEND
evaluations, this analysis included all patients with
at least two assessments, regardless of time between
assessments (i.e., not necessarily 6 months between
first and last assessments). An increase in scores of
≥ 4 points between first and last assessment was real-
ized in the infants identified by NBS and the patients
who were clinically diagnosed (85.0% [n = 17/20]
and 95.2% [n = 20/21], respectively) (see Table 2).
Three patients identified by NBS did not achieve
a ≥ 4-point increase between first and last assess-
ment. Infants identified by NBS were identified and
assessed at the mean age of 1.7 months and had
initial mean (SD) CHOP INTEND scores of 44.9
(13.0) points. Patients who were clinically diagnosed
were identified and assessed at the mean age of 11.0

months and had initial mean (SD) CHOP INTEND
scores of 37.3 (11.3) points. The difference in mean
age and initial mean CHOP INTEND scores for
patients identified by NBS and clinically diagnosed
patients demonstrate relatively lower motor neuron
loss. For infants identified by NBS, mean age at
final assessment was 11.5 months and final mean
(SD) CHOP INTEND scores were 57.0 (10.0) points.
For clinically diagnosed patients, mean age at final
assessment was 23.1 months and final mean (SD)
CHOP INTEND scores were 52.1 (8.0) points.

Of infants identified by NBS, 85.0% (n = 17/20)
either achieved or maintained CHOP INTEND scores
≥ 40 points (Supplementary Figure 2). The three
patients (15.0%) who had scores that remained < 40
points indicated symptoms at diagnosis but experi-
enced an increase in CHOP INTEND scores (see
Supplementary Figure 2). Of patients identified by
clinical diagnosis, 90.5% (n = 19/21) either achieved
or maintained CHOP INTEND scores ≥ 40 points,
with the two patients who remained with scores below
40 points also demonstrating increased scores (see
Supplementary Figure 2).

Overall, there was a mean (SD) increase in the
HFMSE score of 10.5 (8.73) points for patients
(n = 20) treated with onasemnogene abeparvovec
monotherapy (Supplementary Table 3). Mean (SD)
age at time of assessment was 20.5 (10.3) (range
6.9–45.0) months. Mean (SD) change in score/month
was 0.9 (0.69) points, with a mean (SD) time between
assessments of 11.0 (5.57) months. The mean (SD)
overall increase in HFMSE score for NBS infants
(n = 6) was 11.3 (9.63) points and the mean (SD) age
at time of assessment was 23.6 (16.5) months. The
mean (SD) overall increase for clinically diagnosed
patients (n = 14) was 10.1 (8.68) points.

Mean (SD) increase in the HINE-2 score for
all patients treated with onasemnogene abeparvovec
monotherapy (n = 22) was 7.3 (4.43) points (see Sup-
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Fig. 2. CHOP INTEND scores: newborn screening versus clinical diagnosis.a CHOP INTEND, Children’s Hospital of Philadelphia Infant
Test of Neuromuscular Disorders. aCHOP INTEND scores were not required to have been collected pretreatment; therefore, patients with
two scores available for analysis may both reflect post-treatment changes. Unlike the other CHOP INTEND evaluations, the data in this
figure include all patients with at least two assessments, regardless of time between assessments.

plementary Table 3). Mean (SD) age at time of
assessment was 6.4 (4.9) (range 0.2–16.6) months.
Mean (SD) change in score/month was 0.9 (0.56)
points, with a mean (SD) time between assessments
of 8.4 (4.34) months. The mean (SD) overall increase
in the HINE-2 score for NBS infants (n = 10) was 8.6
(3.95) points, and the mean (SD) age at time of assess-
ment was 2.7 (2.7) months. The mean (SD) overall
increase for clinically diagnosed patients (n = 12) was
6.2 (4.67) points.

Overall, 95.5% of patients (n = 21/22) had a
> 1-point change in HINE-2 scores, and therefore
achieved the MCID (HINE-2 ≥ 2-point change)
(Supplementary Table 4). One hundred percent
(n = 10/10) of NBS infants achieved MCID in
HINE-2. For clinically diagnosed patients, 91.7%
(n = 11/12) achieved MCID in HINE-2. Overall,
80.0% of patients (n = 16/20) achieved MCID in
HFMSE (see Supplementary Table 4). For NBS
infants, 83.3% (n = 5/6) achieved MCID in HFMSE.
For clinically diagnosed patients, 78.6% (n = 11/14)
achieved MCID in HFMSE.

Overall, 95.0% of patients improved or maintained
HINE-2 and HFMSE scores (see Supplementary

Table 4). All NBS infants (100%) improved or main-
tained HINE-2 and HFMSE scores. Of clinically
diagnosed patients, 91.7% improved HINE-2 scores,
and 92.9% improved or maintained HFMSE scores.

Motor milestones
Median age of all first motor milestone achieve-

ments was lower for infants diagnosed through NBS
(range, 3.03–21.46 months) than clinically diag-
nosed patients (range, 15.24–29.32 months) (Fig. 3).
The median age that NBS infants first reported the
milestone of independent sitting for ≥ 30 seconds
was 10.63 months. The median age that clinically
diagnosed patients first reported the milestone of
independent sitting for ≥ 30 seconds was 20.03
months. No clinically diagnosed patients reached the
milestone of walking independently (at a median
age 18.0 months). A total of 16 of 32 evaluable
NBS infants reached the milestone of walking inde-
pendently (median age 15.4 months). Six of the
16 patients (37.5%) were > 18 months of age at
the time when the milestone of independent walk-
ing was recorded. Although 16 NBS infants did
not achieve standing by 11 months of age (median
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Fig. 3. Median age of milestone achievements: newborn screening versus clinical diagnosis.

[SD] age 18 [5.77] months), four of these patients
did achieve walking with assistance (at a median
age of 16.1 months). Of the three two-copy patients
with tracheostomy, two patients achieved new motor
milestones, and one patient maintained achieved
milestones during the observation period.

Bulbar function
Twelve months post-onasemnogene abeparvovec

infusion, 162/168 patients (96.6%) were fed exclu-
sively by mouth. Most patients with recorded data on
calorie intake during the last 4 weeks before the data
cutoff (35/39, 89.7%) reported sufficient intake by
oral feeding alone. Twenty-two patients reported dys-
phagia/swallowing and/or feeding difficulty. Eight
patients experienced pneumonia/aspiration pneumo-
nia.

Safety

After enrollment, AE data were available
for 99.4% (n = 167/168) of patients with SMA
treated with onasemnogene abeparvovec monother-
apy (Table 3). Of these patients, 48.5% (n = 81/167)
experienced at least one treatment-emergent AE,
18.6% (n = 31/167) experienced an SAE, and 4.8%
(n = 8/167) experienced AEs that were determined by
the investigator to be serious and treatment-related.

Table 3
Treatment-emergent adverse events

Patients (n = 167)

Any grade TEAE, n (%) 81 (48.5)
≥ Grade 3 TEAE, n (%) 40 (24.0)
Any serious AE, n (%) 31 (18.6)
Related AE, n (%) 54 (32.3)
Serious related AE, n (%) 8 (4.8)
AESIs

Hepatotoxicity, n (%) 49 (29.3)
Transient thrombocytopenia, n (%) 23 (13.8)
Cardiac AEs, n (%) 22 (13.2)
Thrombotic microangiopathy, n (%) 1 (0.6)

AE, adverse event; AESI, adverse event of special interest; TEAE,
treatment-emergent adverse event.

AEs often occurred during the short-term (com-
monly within three months) post-infusion period. No
malignancies were reported. These data are consis-
tent with the overall safety profile for onasemnogene
abeparvovec.

AESIs included hepatotoxicity, transient throm-
bocytopenia, cardiac AEs, and TMA (see Table 3).
Hepatotoxicity events were reported in 29.3%
(n = 49/167) of patients. Hepatotoxicity pertained to
elevated aminotransferases. No cases of acute liver
failure or acute serious liver injury were reported
or identified in this patient cohort. Transient throm-
bocytopenia was reported for 13.8% (n = 23/167)
of patients. Thrombocytopenic events comprised
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isolated decreases in platelet counts without clini-
cal significance or sequelae. Cardiac AEs (13.2%,
n = 22/167) were mainly elevated troponin without
clinical significance or sequelae. No events sugges-
tive of dorsal root ganglion toxicity were reported.

TMA was reported in one case (0.6%). The patient
was a 15-month-old female, and SMA was sus-
pected at the age of 13 months. Increased leukocytes
were observed within 2 weeks of onasemnogene
abeparvovec infusion, and after treatment, leuko-
cytes continued to rise. One week after receiving
onasemnogene abeparvovec, TMA was diagnosed
based on the clinical evidence of thrombocytopenia,
hemolytic anemia, and acute kidney injury. Aspi-
ration pneumonia was also suspected at the time
of the TMA diagnosis. After 1 month of treat-
ments including plasmapheresis, peritoneal dialysis,
hemofiltration, and blood pressure control with a
calcium channel blocker, the patient completely
recovered from TMA.

Deaths were reported for two patients. Neither
case was assessed to be related to onasemnogene
abeparvovec monotherapy. One was found prone and
dead on an adult bed after being placed supine with his
head and torso elevated by pillows, suggesting acci-
dental obstruction of the airway. The other patient
experienced aspiration pneumonia, followed by res-
piratory insufficiency, followed by death.

At least one treatment emergent AE was expe-
rienced by 36.1% (n = 35/97) of infants identified
by NBS, and 9.3% (n = 9/97) experienced any SAE
(Supplementary Table 5). For patients who were
clinically diagnosed, 65.7% (n = 46/70) experienced
at least one treatment-emergent AE, and 31.4%
(n = 22/70) experienced any SAE (see Supplemen-
tary Table 5). Hepatotoxicity events were reported in
19.6% (n = 19/97) of NBS patients; transient throm-
bocytopenia was reported for 5.2% (n = 5/97); and
cardiac AEs were reported for 8.2% (n = 8/97) (see
Supplementary Table 5). Hepatotoxicity events were
reported in 42.9% (n = 30/70) of clinically diagnosed
patients; transient thrombocytopenia was reported for
25.7% (n = 18/70); and cardiac AEs were reported for
20.0% (n = 14/70) (see Supplementary Table 5).

Any treatment-emergent AE was observed in
49.2% (n = 59/120) of patients weighing < 8.5 kg,
and 21.7% (n = 26/120) experienced any SAE
(Supplementary Table 6). For heavier patients weigh-
ing ≥ 8.5 kg, 61.9% (n = 13/21) experienced any
treatment-emergent AE, and 4.8% (n = 1/21) had
any SAE (see Supplementary Table 6). Similar
incidences were observed for ≥ Grade 3 treatment-

emergent AEs and transient thrombocytopenia for
patients weighing < 8.5 kg and ≥ 8.5 kg (see Sup-
plementary Table 6). No heavier patients weighing
≥ 13.5 kg experienced an AE, and 5.8% (n = 7/120)
of patients weighing < 8.5 kg experienced AEs
that were determined by the investigator to be
serious and treatment-related (see Supplementary
Table 6).

Any treatment-emergent AE was observed in 80%
(n = 4/5) of older patients ≥ 24 months of age, and
20% (n = 1/5) experienced a treatment-related SAE
(Supplementary Table 7). For patients ≥ 12 months
and < 24 months of age, 69.0% (n = 20/29) reported a
treatment-emergent AE, and 10.3% (n = 3/29) had a
treatment-related SAE (see Supplementary Table 7).
Any treatment-emergent AE was experienced by
57.7% (n = 15/26) of patients ≥ 6 months and < 12
months of age, and 3.8% (n = 1/26) had a treatment-
related SAE (see Supplementary Table 7). For
patients < 6 months of age, any treatment-emergent
AE was observed in 39.3% (n = 42/107) of patients,
and 2.8% (n = 3/107) had a treatment-related SAE
(see Supplementary Table 7). A greater percentage of
older patients ≥ 24 months of age experienced AESIs
compared with younger patients (see Supplementary
Table 7).

DISCUSSION

These findings from the RESTORE registry pro-
vide extended assessments (up to 37 months of
post-treatment follow-up) of real-world outcomes
from routine clinical practice for patients with SMA
who received onasemnogene abeparvovec monother-
apy. Patients receiving onasemnogene abeparvovec
demonstrated improved survival and achieved motor
milestones, and AE and SAE profiles were consis-
tent with those described during clinical trials of
onasemnogene abeparvovec [27, 29–38]. These find-
ings further validate substantial improvement and
outcome gains versus the natural history of SMA
[9, 15–17, 27, 29, 31–34, 38]. In the real world,
SMA presentation is more heterogeneous than for
patients included in clinical trials [59], and the
current enrollment in the RESTORE registry for
patients treated with onasemnogene abeparvovec
monotherapy reflects a range of SMA phenotypes
and SMN2 genotypes. Real-world data, including
experience from RESTORE, has been crucial for
filling knowledge gaps and demonstrating through
clinical experience that onasemnogene abeparvovec
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is associated with improvements in motor function,
bulbar function, and pulmonary function in a var-
ied SMA patient population and over an extended
period of observation [37, 40–43, 59–61]. Ongoing
patient follow-up in RESTORE will further extend
long-term data on the effectiveness and safety of gene
replacement therapy for SMA.

Given the pathophysiology of SMA, characterized
by rapid death of motor neurons, early intervention
is necessary to optimize outcomes [32, 33, 62–64].
RESTORE provides information on early interven-
tion for the broad population of patients with SMA,
including those identified by NBS, patients with
two or three copies of SMN2, and patients who
were asymptomatic or symptomatic at diagnosis. Our
observations underscore that initial diagnosis by NBS
does not directly equate with presymptomatic diagno-
sis or treatment, which may explain low initial CHOP
INTEND scores observed for some NBS patients in
RESTORE, as well as real-world results that only
partially reproduced the outcomes observed in the
presymptomatic patients in SPR1NT. The SPR1NT
trial of onasemnogene abeparvovec demonstrated
that neonates treated presymptomatically achieved
greater and earlier developmental milestones than
both untreated patients and patients treated after
symptom onset [32, 33]. All patients in SPR1NT
achieved their primary efficacy endpoint (indepen-
dent sitting ≥ 30 seconds for two-copy patients at
a median age of 265 [range, 172–354] days; inde-
pendent standing ≥ 3 seconds for three-copy patients
at a median age of 377 [range, 284–549] days) [32,
33]. Moreover, nine of 14 two-copy patients (64.3%)
walked independently ≥ 5 steps at a median age of
526 (range, 367–564) days [32]. All but one of the
three-copy patients (14/15; 93.3%) achieved indepen-
dent walking at a median age of 422 (range, 362–563)
days [33]. To better clarify the “true” presymptomatic
state for patients with SMA, a new classification
has been proposed that includes clinically silent dis-
ease (no symptoms with normal motor examination),
prodromal disease (subtle symptoms and/or find-
ings consistent with SMA but not definitive), and
symptomatic SMA (definite clinical findings typ-
ical of SMA) [65]. Indeed, infants identified by
NBS who present with CHOP INTEND scores < 40
may not be truly presymptomatic and may be con-
sidered as exhibiting very early features of SMA,
warranting prompt treatment [66]. An important
finding of the current study is that patients iden-
tified by NBS with CHOP INTEND scores < 40
demonstrated substantial improvements after treat-

ment with onasemnogene abeparvovec monotherapy,
as exemplified by CHOP INTEND increases and
motor milestone acquisition. Additional follow-up is
needed to evaluate the long-term evolution of these
patients.

Our data confirm other real-world and clinical
study data that infants identified by NBS are diag-
nosed and assessed earlier, have greater initial CHOP
INTEND scores, and overall greater improvements
[32, 33, 63, 67, 68]. Mean overall increase in HFMSE
and HINE-2 scores were greater for NBS infants
compared with clinically diagnosed patients, and a
greater percentage of NBS infants achieved MCID
in HINE-2 and HFMSE. In addition, all NBS infants
improved or maintained HINE-2 and HFMSE scores,
which was not the case for the clinically diagnosed
patients. Median age of all first milestone achieve-
ments was lower for infants diagnosed though NBS
compared with clinically diagnosed patients. These
results support the benefits of early identification and
treatment of patients with SMA, and, as more data
become available, the RESTORE registry could allow
for further evaluation of NBS and early intervention.

Evaluating the safety and effectiveness of treat-
ment with onasemnogene abeparvovec in older
patients ≥ 6 months of age and heavier patients
weighing ≥ 8.5 kg remains critical. These real-world
data from RESTORE indicate clear clinical bene-
fit for older, heavier patients. Since onasemnogene
abeparvovec dosing is weight-based and immune-
mediated reactions may be in direct relation to vector
load [61, 69], further investigation of onasemnogene
abeparvovec is warranted and ongoing in clini-
cal trials for SMA patients ≤ 24 months of age
and weighing ≤ 17 kg (OFELIA [NCT05073133])
[70] and for patients weighing ≥ 8.5 kg to ≤ 21 kg
(SMART [NCT04851873]) [69]. RESTORE could
allow for further evaluation of SMA treatment for
older and heavier patients as additional data become
available [71, 72].

The observed AEs in RESTORE were consistent
with the established safety profile of onasemnogene
abeparvovec in clinical trials [27, 31–34] and in
limited case reports (e.g., TMA has been reported
only outside published clinical trials) [37]. These
data are also supported by other studies in the real-
world setting [37, 40–43, 60]. A key finding from
this study was the improved safety profile that was
demonstrated for infants identified by NBS. However,
current data are insufficient to draw a firm conclu-
sion regarding any potential differences in safety
profile based on patient weight or age for the fol-
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lowing reasons: (1) greater or similar percentage of
serious AEs, ≥ Grade 3 AEs, and thrombocytope-
nia were observed in patients weighing < 8.5 kg, (2)
no serious and related AEs were reported in the
heavier group (weighing ≥ 8.5 kg), and (3) body
weight was not available for all patients, especially
for older patients, therefore greater incidence of AEs
in older patients may not be fully explained. In addi-
tion, the lower AE incidence observed for younger
patients was likely driven by the infants diagnosed via
NBS. Although the current safety findings and those
reported for 102 patients weighing ≥ 8.5 kg admin-
istered onasemnogene abeparvovec from a global
managed care access program were consistent with
AEs described for patients weighing < 8.5 kg from
clinical trials, overall safety data for heavier patients
weighing > 8.5 kg are limited and analyses may be
underpowered [73]. Factors driving AAV-related tox-
icity are not completely understood, and although
ostensibly related AEs are detected in the real-world
setting (with older and heavier patients associated
with greater risk), age or weight may not be the
only risk factors [74–78]. Additional studies and real-
world data are needed to better understand why some
patients experience these AEs and to assess the poten-
tial impact of patient weight and age.

There are methodologic difficulties with assessing
motor milestone evolution for patients with SMA.
Standardized assessment during real-world studies
lacks the precision obtained in controlled study
methodology. Therefore, evaluators did not have the
same degree of training and familiarity with the dif-
ferent scales, and the assessments were conducted at
different time points, which makes descriptive analy-
sis more complex. Motor milestones could constitute
a valuable alternative, but it should be noted that
the order in which children acquire and/or exhibit
motor milestones is variable (i.e., attainment of mile-
stones is not an ordinal progression), and children
with SMA may not acquire milestones in the antici-
pated pattern of a typically developing child [79]. The
10 milestones originally selected for RESTORE were
initially ranked from motor milestones that were sup-
posed to be achieved earliest to milestones that were
supposed to be achieved later, but the motor mile-
stone results clearly demonstrate that the order can
be different than initially anticipated, as displayed
in Fig. 3. In this context, the original design of the
case report form could lead an evaluator to inter-
pret that a patient who acquired a new milestone
outside of the anticipated order of milestone acqui-
sition was actually losing a milestone, even though

the patient had truly achieved a new milestone. The
case report form has since been adapted to capture
the dynamics of motor milestone acquisition and any
potential milestone loss more precisely. Further anal-
ysis of RESTORE using the revised case report form
will provide additional data regarding achievement
of motor milestones.

Our study presents several limitations. Because
of the descriptive nature of the study, statistical
testing was not performed on the available real-
world data for patients treated with onasemnogene
abeparvovec monotherapy. Future studies may incor-
porate statistical modeling as data permit. The
duration of follow-up is variable and necessarily lim-
ited. Because patients’ clinical care is not dictated
by the RESTORE protocol, the nature of data gen-
erated across study sites and the completeness of
these data at the time of analysis are variable. Several
patients, likely identified through NBS, had greater
baseline motor function, making it more difficult to
observe improvements for these patients when using
the CHOP INTEND. Other motor function measures
will be needed as these patients, and patients with
SMA types 2 or 3, mature and grow. From a safety
perspective, AEs occurring before enrollment may
not be captured. In addition, the RESTORE registry
did not capture specific SAEs for each patient. This
potentially biases the safety signals, as it is likely that
most treatment-related AEs occur soon after admin-
istration, and these AEs would not be recorded for
patients with a substantial gap in time between treat-
ment and enrollment.

Regional differences impact SMA treatment,
including disparities between countries regarding
access to care, NBS and diagnosis, specialty care,
and ventilation support, as well as differences in reg-
ulatory approvals of DMTs [80]. The majority of
patients in the current data cut were from the United
States (n = 138; 82.1%) largely because RESTORE
enrollment initiated in the United States before initi-
ation in other countries. A greater representation of
patients from countries outside of the United States is
necessary to enhance these real-world data. As more
countries approve onasemnogene abeparvovec for the
treatment of patients with SMA, more information is
needed regarding its use in clinical practice that is
not addressed in the prescribing information, clinical
trial experience, or real-world assessments [81–83].

Although RESTORE enrolls patients with SMA
regardless of treatment(s) received, those treated
with onasemnogene abeparvovec alone represent the
largest percentage of patients in the registry at the
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time of this analysis. These findings add further
support for gene therapy as a treatment modal-
ity that can deliver durable transformative effects
for patient populations with profound unmet needs
[84, 85]. Although some patients in RESTORE
received onasemnogene abeparvovec in sequence
or combination with other DMTs, these patients
were not included in the current report. This may
have induced a positive bias by including only
patients who did not receive treatment with another
DMT in a potential effort to maximize benefit
or because of a perceived regression. The defi-
nitions for sequential/combination treatment with
onasemnogene abeparvovec have been addressed in
a separate analysis [55].

CONCLUSIONS

The RESTORE registry represents a successful
collaboration between industry and academia and is
a robust real-world instrument providing a wealth of
long-term data on patients receiving DMTs for SMA.
RESTORE continues to enroll new patients and
engage new study sites around the world. The find-
ings in this report reflect a range of SMA patient types
treated with onasemnogene abeparvovec monother-
apy. Generally, patients with SMA who received
onasemnogene abeparvovec derived benefit from
treatment, with most evaluable patients achieving
improvements in CHOP INTEND scores during the
follow-up period. The observed AEs in RESTORE
were consistent with the safety profile of onasemno-
gene abeparvovec in clinical trials. An improved
safety profile was observed for infants diagnosed via
NBS compared with those who were clinically diag-
nosed. Treatment with onasemnogene abeparvovec
monotherapy was transformative for this vulnerable
patient population. Further analyses of the RESTORE
real-world data will be conducted for various patient
populations to increase our understanding of SMA in
the era of DMTs.
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