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Abstract

Background Treatment with nusinersen has demonstrated significant and clinically meaningful benefits in clinical trials in
infants and children with spinal muscular atrophy (SMA).

Objective The objective of this analysis was to characterize the safety of nusinersen across the clinical trial program in
infants and children with symptomatic SMA.

Methods An integrated safety analysis evaluated end of study data from seven completed clinical trials that enrolled infants
and children with symptomatic SMA who were treated with intrathecal nusinersen or underwent sham procedures. Two of
the studies were conducted in symptomatic infants with infantile-onset SMA (most likely to develop SMA type I or II) and
the remaining five in symptomatic children and adolescents with later-onset SMA (have or are most likely to develop SMA
type II or III). Safety assessments included incidence of adverse events (AEs), physical and neurological examinations, vital
signs, clinical laboratory tests (serum chemistry, hematology, and urinalysis), and electrocardiograms.

Results Data were analyzed from 323 infants and children, including 240 treated with nusinersen (100 with infantile-onset
SMA and 140 with later-onset SMA) and 83 who underwent sham procedures (41 infantile-onset, 42 later-onset). Median
(range) exposure to nusinersen was 449.0 (6—1538) days (375.9 participant-years). The most common AEs with nusinersen
were pyrexia, upper respiratory tract infection, nasopharyngitis, vomiting, headache, and constipation. The incidence of
serious AEs was lower with nusinersen than with the sham procedure (41% vs. 61%). The overall incidence of respiratory,
thoracic, and mediastinal AEs was higher in participants with symptomatic infantile-onset SMA than those with symptomatic
later-onset SMA and similar in nusinersen- versus sham procedure—treated participants. Rates of post—lumbar puncture syn-
drome and related events were higher with nusinersen versus sham procedure in later-onset SMA participants. No abnormal
patterns or trends in laboratory test results were observed.

Conclusions Nusinersen demonstrated a favorable safety profile in children with symptomatic infantile- and later-onset SMA.
Most reported AEs and serious AEs were consistent with the nature and frequency of events typically seen with SMA or in
the context of lumbar puncture procedures.

Registration NCT01494701, NCT01703988, NCT01839656, NCT02193074, NCT02292537, NCT01780246, NCT02052791.
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A smaller proportion of children with symptomatic
spinal muscular atrophy (SMA) treated with nusinersen
compared with sham procedure experienced serious
adverse events (AEs).

No pattern of laboratory abnormalities was observed,
including no cases meeting criteria for Hy’s Law cases
or with evidence of liver failure.

The nature and frequency of most reported AEs and seri-
ous AEs were consistent with events typically seen with
SMA or in the context of lumbar puncture procedures.

In this analysis, there was no evidence that nusinersen
treatment led to thrombocytopenia or hepatic or renal
impairment, toxicities that have been reported with other
antisense oligonucleotides.

1 Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive
neuromuscular disorder that is characterized by progressive
and often severe muscular atrophy and weakness [1]. The
disorder is one of the leading causes of infant mortality and
is estimated to occur in 8.5-10.3 per 100,000 live births
[2-5]. SMA is caused by homozygous deletion or mutation
in the survival motor neuron 1 (SMNI) gene, resulting in
decreased levels of SMN protein expression and degenera-
tion of motor neurons in the anterior horn cells of the spinal
cord and brain stem [1, 6]. The homologous SMN2 gene also
codes for the SMN protein but fails to fully compensate for
SMNI gene loss due to aberrant splicing, resulting in insuf-
ficient amounts of SMN protein [1].

SMA has been broadly classified into four main pheno-
types [1]. In SMA type I, symptoms first appear at or before
6 months of age and can include severe generalized hypoto-
nia, weakness of limbs and neck, areflexia, tongue fascicu-
lations, abdominal paradoxical breathing, and respiratory
failure [1, 7]. Affected individuals never sit independently,
require more intensive and supportive care than those with
less severe forms of SMA, and generally have a lifespan
of <2 years if not treated [1, 7]. Those with symptom onset
after 6 months of age but before adulthood are considered to
have later-onset SMA and are most likely to develop SMA
type II or III, depending on the age of symptom onset and
highest motor function achieved [1, 7]. Children with SMA
type II begin displaying symptoms at 7—-18 months of age;

A\ Adis

these can include mild to moderate hypotonia, weakness,
areflexia, and hand tremor. Children with SMA type II
develop the ability to sit independently and may stand with
support, but they are never able to walk independently and
often develop significant restrictive lung disease [1, 7, 8].
SMA type III symptoms emerge at> 18 months of age and
are heterogeneous. Individuals with type III typically reach
independent walking, but some require wheelchair assis-
tance for mobility in childhood [1, 7, 8]. The legs are often
more severely affected than the arms [1]. Type IV devel-
ops in adulthood and is the least severe form of SMA [1].
Management of SMA, particularly the more severe forms,
requires a multidisciplinary approach due to the nature of
the symptoms. Most importantly, pulmonary support is fre-
quently necessary in patients with type I and Il SMA, as res-
piratory failure is the most common cause of mortality. Due
to respiratory muscle weakness, patients are often unable to
maintain a clear airway, require ventilatory support, and are
at risk of pneumonia and other respiratory tract infections
and respiratory distress [1, 9, 10].

The historical SMA classifications described above are
rapidly evolving with the advent of effective SMA treatment
options. Nusinersen is an antisense oligonucleotide (ASO)
that modifies the splicing of SMN2 pre—messenger RNA,
resulting in increased levels of full-length SMN protein [11].
Treatment with nusinersen has demonstrated significant and
clinically meaningful benefits on motor function in infants
and children with SMA [12-16]. The objective of this safety
analysis is to characterize the safety of nusinersen across the
clinical trial program in symptomatic infants and children
with SMA.

2 Methods
2.1 Study Design and Participants

This integrated safety analysis evaluated end of study data
from symptomatic infants and children with SMA who
underwent administration of nusinersen via intrathecal injec-
tion or a sham procedure (consisting of a small needle prick
to the lower back, which was then covered with a band-
age) in seven completed clinical trials (five open-label, two
blinded; Fig. 1). This integrated analysis was performed on
data from trials in symptomatic infants and does not include
the NURTURE study (NCT0286553) of nusinersen treat-
ment in presymptomatic infants; we believe the natural his-
tory, and therefore the AE profile, is markedly different in
individuals who initiate nusinersen after symptom onset
compared with those who initiate treatment before symp-
tom onset. Of the included studies, two were in infantile-
onset SMA (most likely to develop SMA type I or II), as
participants were aged 7 months or younger at screening,
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Fig. 1 Overview of the clinical
studies used for the integrated
analyses. SMA spinal muscular
atrophy

A

Phase 1, 1/2, or 2

Infantile-onset SMA
(most likely to develop
SMA type | or Il)

CS3A
(NCT01839656)
Open label
Dose: 6 mg x 3 then
12mgx9or12mgx 12
over 1261 days
N =20

ENDEAR
(NCT02193074)
Pivotal, randomized,
double blind, sham

procedure controlled

Later-onset SMA
(have or most likely to develop SMA type Il or lll)

CSs1
(NCT01494701)
Single dose, open label,
dose escalation
Dose: 1, 3,6, 0or9mg x 1
on 1 day
N =28

CS2
(NCT01703988)
Multiple dose, open label,
dose escalation
Dose: 3 mg x 3, 6 mg x 3,
9mgx2,or12mgx3
over 85 days
N=234

CHERISH
(NCT02292537)
Pivotal, randomized, double
blind, sham procedure
controlled

CSs10
(NCT01780246)
Single-dose, open-label
extension of CS1
Dose: 6 or 9 mg x 1
on 1 day
N=18

CSs12
(NCT02052791)
Multiple-dose, open-label
extension of CS2/CS10
Dose: 12 mg x 4
over 533 days
N =47

Phase 3
A

Dose: 12 mg x 6
over 302 days
N=121

Dose: 12 mg x 4
over 274 days
N=126

had onset of SMA symptoms at or before 6 months of age,
and had SMNI homozygous gene deletion or mutation [12,
13]. In CS3A (NCT01839656), an open-label, escalating-
dose, phase 2 study, participants received either three 6-mg
doses followed by nine 12-mg doses (n=4), or twelve
12-mg doses (n=16), of nusinersen and were followed for
1352 days (data cutoff date August 21, 2017). In the other
study, ENDEAR (NCT02193074), a randomized, double-
blind, sham-controlled, phase 3 study, participants received
up to six 12-mg equivalent doses of nusinersen (n=_80) or
sham procedures (n=41) over 302 days; the study follow-up
extended to day 394, but the data collected are up to the last
study visit (December 16, 2016) due to early termination of
the study [12].

The remaining five trials were in children and adoles-
cents with later-onset symptomatic SMA (i.e., those who
have or are most likely to develop SMA type II or III). In
CS1 (NCT01494701), a phase 1, multicenter, open-label,
dose-escalation study in children aged 2—14 years with an
SMNI homozygous gene deletion, a single 1-, 3-, or 6-mg
dose was administered to six participants each and a 9-mg
dose was administered to 10 participants [16, 17]. Eighteen
of the 22 participants in CS1 who received a>3-mg dose
enrolled in the open-label extension, CS10 (NCT01780246),
in which a single 6-mg (n=4) or 9-mg (n=14) dose of
nusinersen was administered. Those who received a 1-mg

dose in CS1 (n=06) could enroll in CS2 (NCT01703988),
a multidose, open-label, dose-escalation study in which
participants aged 2—15 years with an SMNI homozygous
gene deletion or mutation received either two doses of
nusinersen 9 mg (n=9), or three doses of nusinersen 3 mg
(n=8), 6 mg (n=38), or 12 mg (n=9), over 85 days. CS2
also enrolled treatment-naive participants (n =28). In CS12
(NCT02052791), a multidose, open-label extension study
of CS2 and CS10, participants (n =47) received four 12-mg
doses over 533 days [15]. Participants in CS1, CS2, and
CS10 who continued treatment in CS12 were followed up
to the last study visit of CS12 (January 24, 2017). In CHER-
ISH (NCT02292537), a multicenter, double-blind, sham-
controlled, phase 3 trial, participants aged 2—12 years with
homozygous deletion, mutation, or compound heterozygote
in SMNI and symptom onset after 6 months of age received
up to four 12-mg doses (n=84) or underwent sham proce-
dures (n=42) over 274 days; the study follow-up extended
to day 456, but the trial was stopped following a prespecified
interim analysis, and the data collected are up to the last
study visit (February 20, 2017) [14].

2.2 Safety and Tolerability Assessments

Safety assessments included adverse events (AEs), physi-
cal and neurological examinations, vital signs, clinical
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laboratory tests (serum chemistry, hematology, and urinal-
ysis), and electrocardiograms (ECGs). An AE was defined
as any untoward medical occurrence temporally associated
with the study or study drug, whether or not it was consid-
ered to be related to the treatment. A serious AE (SAE) was
defined as an AE that resulted in death, was life-threatening,
required inpatient hospitalization or prolongation of exist-
ing hospitalization, resulted in a persistent or significant
incapacity or substantial disruption of the ability to con-
duct normal life, resulted in birth defects in the offspring
of the participant, or could lead to one of the previously
listed outcomes without medical or surgical intervention.
AE and laboratory data, including shifts to abnormal levels
and trends in values over time, were evaluated in detail for
toxicities seen with other subcutaneously or intravenously
administered ASO drugs, including thrombocytopenia and
hepatic and renal impairment [18-20], and for relationships
to disorders associated with SMA, including cardiovascu-
lar abnormalities and respiratory illnesses [21-23], or the
route of drug administration (e.g., post-lumbar puncture
syndrome [PLPS]) [24, 25]. Clinical laboratory analyses
were evaluated using analysis of shifts relative to the normal
range from baseline to minimum (low) and maximum (high)
post-baseline values. Shifts to low included individuals with
normal, high, or unknown values at baseline and at least
one post-baseline value on the given laboratory test. Shifts
to high included individuals with low, normal, or unknown
values at baseline and at least one post-baseline value on the
given laboratory test. ECG qualitative results included an
overall interpretation categorized as normal, abnormal but
not clinically significant, or abnormal and clinically signifi-
cant. Shifts from unknown or normal at baseline to abnor-
mal and clinically significant or abnormal and not clinically
significant during the post-baseline period were evaluated.

2.3 Statistical Considerations

Treatment duration (exposure to study treatment) was
defined as the time from administration of the first dose
to the last day of follow-up. Incidence rates of AEs were
tabulated by Medical Dictionary for Regulatory Activities
(MedDRA) System Organ Class and Preferred Term. The
rate of PLPS was derived from the Preferred Term included
under the injury, poisoning and procedural complications
System Organ Class. Data including treatment duration,
amount of study drug received, and incidence of AEs and
SAEs were analyzed by treatment (nusinersen and control).
Events related to post—lumbar puncture were analyzed on a
per-procedure basis in the later-onset population using Med-
DRA Preferred Terms of back pain, cerebrospinal fluid leak-
age, headache, nausea, PLPS, procedural pain, procedural
nausea, procedural headache, and vomiting.
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3 Results
3.1 Participants and Treatment Exposure

Data were analyzed from 323 infants and children with symp-
tomatic SMA, including 240 treated with nusinersen (100
with infantile-onset SMA and 140 with later-onset SMA) and
83 who underwent sham procedures (control: 41 infantile-
onset, 42 later-onset). Baseline characteristics are shown in
Table 1, and any differences generally reflect the individual
study designs (e.g., geographical location of study sites, inclu-
sion age). The overall median (range) time on study for all
nusinersen-treated participants was 449.0 (6-1538) days, for
a total of 375.9 participant-years of exposure (Table S1 in the
Electronic Supplementary Material [ESM]).

3.2 Safety Events and Laboratory and Examination
Findings

Overall, 96% (231/240) of participants treated with nusinersen
and 99% (82/83) of control participants experienced at least
one AE (Table 2). The incidence of SAEs in nusinersen-treated
participants was lower than that in the control group for both
infantile-onset (77% in nusinersen-treated vs. 95% in control-
treated participants) and later-onset SMA (16% vs. 29%). The
incidence of AEs with fatal outcomes was lower among nusin-
ersen-treated versus control-treated participants (8% vs. 19%).
None of the participants with later-onset SMA died while on
study. The causes of death in the infantile-onset studies were
primarily respiratory in nature (10/18 fatal events [56%] in
nusinersen-treated infants and 12/16 fatal events [75%] in
control-treated infants) or were cardiac related (two nusin-
ersen [11%], three control [19%]) and were consistent with
those typically observed for infantile-onset SMA [1]; hence,
the events were considered to be unrelated to nusinersen by the
study investigator. There were six AEs with a >20% incidence
among the pooled nusinersen-treated participants: pyrexia,
upper respiratory tract infection, nasopharyngitis, vomiting,
headache, and constipation. These AEs, with the exception of
headache (nusinersen group: 53 [22%]; control group: 3 [4%]),
occurred at similar frequencies in the control group. One AE
(procedural nausea) was considered related to study drug by
the investigator; 41 AEs were considered possibly related, and
those occurring in more than one participant included head-
ache (n=9), pyrexia (n=_8), back pain (n="7), PLPS (n=4),
vomiting (n=23), and tachycardia (n=2).

3.2.1 Respiratory lliness
The overall incidence of respiratory, thoracic, and medias-

tinal disorders in participants treated with nusinersen was
higher in those with infantile-onset SMA than in those with
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Table 1 Baseline demographics

Nusinersen

Control

Infantile-onset

Later-onset

All nusinersen-

Infantile-onset

Later-onset

All control-treated

SMA SMA treated participants SMA SMA participants
n=100 n=140 N=240 n=41 n=42 N=283
Study CS3A [13], CHERISH [14], CS3A [13], ENDEAR [12] CHERISH [14] ENDEAR [12],
ENDEAR [12] CS1,CS2,CS10, ENDEAR [12], CHERISH [14]
CS12 CHERISH, CS1,
CS2, CS10,
CS12
Median (range) age 1.6 (0-5) 12.0 (3-60) 7.0 (0-60) 1.8 (0-5) 11.0 (6-20) 6.0 (0-20)
at SMA onset,
months
Mean (SD) age at  160.9 (52.2) days 5.5 (3.2) years 1234.8 (1275.9) 180.5 (50.9) days 3.9 (1.6) years 2.2 (2.0) years
first dose/sham days
procedure
Mean (SD) gesta-  39.0 (1.3) NA NA 39.3(1.3) NA NA
tional age, weeks
Sex, n (%)
Male 49 (49) 64 (46) 113 (47) 17 (41) 21 (50) 38 (46)
Female 51(51) 76 (54) 127 (53) 24 (59) 21 (50) 45 (54)
Race, n (%)
American Indian 0 0 0 0 0 0
or Alaskan
native
Asian 6 (6) 18 (13) 24 (10) 1(2) 7(17) 8 (10)
Black 44 4(3) 8(3) 0 1(2) 1(1)
Native Hawaiian 0 0 0 0 0 0
or other Pacific
Islander
White 84 (84) 113 (81) 197 (82) 36 (88) 30 (71) 66 (80)
Other 4(4) 1(<1) 5(2) 1(2) 0 1(1)
Multiple 2(2) 4(3) 6(3) 2(5) 4(10) 6(7)
Not reported 0 0 0 12) 0 1(1)
Geographic region, n (%)
Asia-Pacific 12 (12) 9 (6) 21 (9) 2(5) 5(12) 7(8)
Europe 30 (30) 28 (20) 58 (24) 17 (41) 14 (33) 31(37)
North America 58 (58) 103 (74) 161 (67) 22 (54) 23 (55) 45 (54)
Mean (SD) height, 64.2 (4.7) 118.3 (25.2)* 78.8 (27.6)° 64.2 (3.8) 93.9 (8.4)¢ 67.4 (10.3)¢
cm
Mean (SD) weight, 6.6 (1.1) 19.4 (13.0) 14.1 (11.8) 6.7 (1.0) 14.2 (3.7) 10.5 (4.7)
kg
Mean (SD) weight 29.4 (28.3) NA NA 24.4 (26.7) NA NA

for age percentile

NA not applicable, SD standard deviation, SMA spinal muscular atrophy

=37
bn=137
‘n=>5

=46

later-onset SMA (79% vs. 44%, respectively; Table S2 in the
ESM), and among the former group, incidence was slightly
lower in those treated with nusinersen (79%) compared
with those who received control (88%). Upper respiratory

tract infections were common in all groups, regardless of
nusinersen treatment: for participants with infantile-onset
SMA and later-onset SMA, respectively, upper respiratory
tract infection incidences were 22% and 45% for control
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Table2 AE summary

Nusinersen Control
Infantile-  Later-onset All nusinersen- Infantile-  Later-onset All control-
onset SMA treated onset SMA treated
SMA n=140 participants SMA n=42 participants
n=100 N=240 n=41 N=283
Any AE, n (%) 97 (97) 134 (96) 231 (96) 40 (98) 42 (100) 82 (99)
Common AEs, n (%)*
Pyrexia 62 (62) 52 (37) 114 (48) 24 (59) 15 (36) 39 (47)
Upper respiratory tract infection 36 (36) 54 (39) 90 (38) 9(22) 19 (45) 28 (34)
Nasopharyngitis 23 (23) 36 (26) 59 (25) 4(10) 15 (36) 19 (23)
Vomiting 22 (22) 36 (26) 58 (24) 8 (20) 5(12) 13 (16)
Headache 1(1) 52 (37) 53 (22) 0 3() 34)
Constipation 37 (37) 12.(9) 49 (20) 9(22) 5(12) 14 (17)
Cough 16 (16) 27 (19) 43 (18) 8 (20) 9 (21) 17 (20)
Back pain 1(1) 40 (29) 41 (17) 0 0 0
Pneumonia 31 (31) 9 (6) 40 (17) 7(17) 8 (19) 15 (18)
Respiratory distress 30 (30) 4(3) 34 (14) 12 (29) 2(5) 14 (17)
Scoliosis 12 (12) 20 (14) 32 (13) 2(5) 3D 5(6)
Joint contracture 13 (13) 15(11) 28 (12) 2(5) 7(17) 9(11)
Respiratory failure 27 (27) 1(<1) 28 (12) 16 (39) 1(2) 17 (20)
Diarrhea 17 (17) 10 (7) 27 (11) 7(17) 3(7) 10 (12)
Post—lumbar puncture syndromeb 0 27 (19) 27 (11) 0 0 0
Viral infection 13 (13) 13 (9) 26 (11) 3(7) 2(5) 5(6)
Atelectasis 24 (24) 1(<1) 25 (10) 12 (29) 0 12 (14)
Severity of reported AEs, n (%)
Mild 909 52 (37) 61 (25) 1(2) 19 (45) 20 (24)
Moderate 313D 72 (51) 103 (43) 6 (15) 20 (48) 26 (31)
Severe 57 (57) 10 (7) 67 (28) 33 (80) 3() 36 (43)
Incidence of serious AEs, n (%) 77 (77) 22 (16) 99 (41) 39 (95) 12 (29) 51 (61)
Incidence of treatment-related AEs, n (%) 0 1(<1) 1(<1) 0 0 0
Incidence of possibly treatment-related 12 (12) 29 (21) 41 (17) 6 (15) 4 (10) 10 (12)
AEs, n (%)
Incidence of AEs leading to treatment 17 (17) 0 17 (7) 16 (39) 0 16 (19)
discontinuation, n (%)
Incidence of AEs with a fatal outcome, n 18 (18) 0 18 (8) 16 (39) 0 16 (19)
(%)
Incidence of death, n (%) 18 (18) 0 18 (8) 16 (39) 0 16 (19)

AE adverse event, SMA spinal muscular atrophy

2> 10% in nusinersen-treated participants

®Preferred Term included under the injury, poisoning and procedural complications System Organ Class

participants and 36% and 39% for nusinersen-treated par-
ticipants (Table 2). Respiratory distress and respiratory fail-
ure were relatively common among all nusinersen-treated
participants (34 [14%] and 28 [12%], respectively), and were
higher in those with infantile-onset SMA (30 [30%] and 27
[27%], respectively). Rates were similarly high in children
with infantile-onset SMA who received sham procedure in
ENDEAR (respiratory distress: 12 [29%]; respiratory fail-
ure: 16 [39%]). High rates of respiratory events were antici-
pated in participants with infantile-onset SMA given the
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baseline disease characteristics of both nusinersen-treated
and control-treated infants in ENDEAR: SMA symptoms at
baseline were experienced by higher proportions of partici-
pants in the nusinersen versus control group, and included
paradoxical breathing (89% and 66%), pneumonia or respira-
tory symptoms (35% and 22%), and swallowing or feeding
difficulties (51% and 29%), while ventilatory support (use
of any ventilation) was required by 26% and 15%, respec-
tively [12]. Other respiratory-related AEs occurring at high
rates in nusinersen- and control-treated infantile-onset SMA
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participants included atelectasis (24% vs. 29%) and acute
respiratory failure (17% vs. 24%; Table S2 in the ESM). The
incidence of respiratory, thoracic, and mediastinal SAEs in
nusinersen- and control-treated participants with infantile-
onset SMA was 63% and 73%, respectively, and included
respiratory distress (29% and 20%), respiratory failure (25%
and 39%), acute respiratory failure (17% and 22%), atelec-
tasis (16% and 10%), aspiration pneumonia (11% and 12%),
and bronchial secretion retention (2% and 12%).

In the ENDEAR study, the rate of hospitalization
(adjusted annualized rate; 95% confidence interval [CI])
was 4.328 (3.608-5.192) with nusinersen and 5.704
(4.392-7.408) with control; reasons for hospitalization
were similar between groups, and respiratory-related events
accounted for 59% of all hospitalizations in the nusinersen-
treated group and 64% of hospitalizations in the sham
procedure—treated group [26]. The overall time spent hos-
pitalized was lower in nusinersen-treated versus sham pro-
cedure—treated infants (least squares mean 0.114 vs. 0.207,;
least squares mean treatment difference — 0.093 [95% CI
—0.151 to — 0.034]; p=0.0022). Among later-onset partici-
pants, the incidence of respiratory thoracic and mediastinal
SAEs was lower with nusinersen than with control (4% vs.
7%).

3.2.2 Cardiac Disorders and ECG Results

Overall incidence of cardiac disorders was relatively low
(13% [32/240]) among all nusinersen-treated participants.
The most common cardiac disorder in the nusinersen treat-
ment groups was tachycardia, occurring in 10% (10/100)
of infantile-onset SMA participants and 4% (5/140) of
later-onset SMA children, with a total incidence of 6%
(15/240) among all nusinersen-treated children. Incidences
of tachycardia were similarly low in control groups and
were reported in 12% (5/41) and 5% (2/42) of participants
with infantile- and later-onset SMA, respectively, with a
total incidence of 8% (7/83). The incidence of clinically
significant ECG shifts to abnormal was similar between all
nusinersen-treated participants (5% [10/190]) and all con-
trol-treated participants (3% [2/67]; Table S3 in the ESM).

3.2.3 Post-lumbar Puncture Syndrome (PLPS)

Reported incidences of PLPS and events associated with
PLPS [24, 25] were higher in nusinersen-treated children
with later-onset SMA compared with participants with
infantile-onset SMA who were younger and may have had
limited ability to communicate these symptoms. PLPS was
reported in 27 of 140 (19%) participants with later-onset
SMA who were treated with nusinersen: 11% reported mild
events, 7% reported moderate events, and < 1% reported
a severe event. PLPS, vomiting, headache, and back pain

occurred in 19% versus 0%, 26% versus 22%, 37% versus
1%, and 29% versus 1% of participants with later-onset
versus infantile-onset SMA, respectively. The incidence of
these events was also higher in nusinersen-treated than in
control-treated participants who did not undergo the lumbar
puncture procedure, with rates of 11% versus 0% for PLPS,
24% versus 16% for vomiting, 22% versus 4% for headache,
and 17% versus 0% for back pain.

Post—lumbar puncture events were analyzed on a per-
procedure basis in later-onset participants. In those treated
with nusinersen (655 lumbar punctures), 13% and 21% of
procedures were associated with an AE within 24 h and
168 h, respectively, while in control participants (168 sham
procedures), 3% of 168 sham procedures were associated
with an AE at both time points. Ninety-three percent of all
lumbar puncture procedures were performed with a 22- or
25-gauge needle (needle size range 19- to 27-gauge). The
median (range) duration of post—lumbar puncture events
commencing within 72 h of the procedure was 2.0 (1-106)
days.

3.2.4 Platelet Levels and Coagulation Abnormalities

Similar proportions of participants demonstrated shifts to
low platelets in the nusinersen-treated groups (ENDEAR
13%; CHERISH 20%; Table 3). The incidence of shifts to
low platelets was higher among nusinersen-treated compared
with control infants in ENDEAR (13% vs. 0%), but lower
among nusinersen-treated patients compared with control
children in CHERISH (20% vs. 26%). There were no sus-
tained shifts to low platelets, and no AEs of thrombocyto-
penia were reported. There were no cases of sustained or
severe thrombocytopenia in participants treated with nusin-
ersen, nor were there any bleeding-related AEs associated
with decreased platelet counts reported in the nusinersen-
treated population. Platelet counts < 20 x 10°/L occurred in
one infant in the ENDEAR study, two children in the CHER-
ISH study, and none of the participants in CS3A and CS12.
In the ENDEAR infant, the single low platelet count was
preceded by a high count (584 x 10° /L) and followed by nor-
mal levels at all other assessments. In one of the two children
from CHERISH, the single low platelet count was preceded
and followed by all normal levels. In the second child from
CHERISH, two isolated low platelet counts were recorded
245 days apart, with all other measurements demonstrating
normal platelet levels. Median platelet counts were generally
stable over time and were similar between nusinersen-treated
and control-treated participants (Fig. 2).

3.2.5 Renal Function Assessments

The incidence of shifts to high blood urea nitrogen, high
creatinine, or high cystatin C were low in each of the
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Table 3 Shifts to abnormal laboratory values

Infantile-onset SMA (ENDEAR)

Later-onset SMA (CHERISH)

Parameter, n/N (%) Nusinersen-treated

Control-treated Nusinersen-treated Control-treated

N=280 N=41 N=84 N=42
High blood urea nitrogen 1/73 (1) 0/34 2/84 (2) 1/42 (2)
High creatinine 0/73 0/34 1/84 (1) 0/42
High cystatin C 1/73 (1) 1/33 (3) 1/83 (1) 0/42
Urinary protein (> 1 positive® result)” 7/66 (11) 6/32 (19) 14/83 (17) 6/41 (15)
Urinary protein (>2 positive® results)® 1/55 (2) 0/23 1/83 (1) 1/41 (2)
Low platelets 9/70 (13) 0/33 15/76 (20) 10/39 (26)
High total bilirubin (direct) 0/68 0/30 0/84 0/42
High total bilirubin (indirect) 0/68 0/28 0/84 1/42 (2)
High alkaline phosphatase 3/72 (4) 0/32 0/84 0/42
High ALT 10/69 (14) 4/31 (13) 3/82 (4) 4/42 (10)
High AST 5/70 (7) 1/31 (3) 2/83 (2) 2/42 (5)

ALT alanine aminotransferase, AST aspartate aminotransferase
*Defined as > 1 + on urine dipstick

>The number at risk for shift to positive is the number of participants whose baseline values were not positive and who had at least one post-

baseline lab assessment

“The number at risk for shift to positive is the number of participants whose baseline values were not positive and who had at least two post-

baseline lab assessments

nusinersen-treated groups (0-2%) as well as the control
groups (0-3%; Table 3, Fig. 3). Similar proportions of
nusinersen-treated participants demonstrated at least one
positive urinary protein result (defined as > 1+ on urine
dipstick) in ENDEAR and CHERISH (11% and 17%).
Incidences of at least one positive urinary protein result
were lower among nusinersen-treated compared with
control infants in ENDEAR (11% vs. 19%) and similar in
CHERISH (17% vs. 15%). Two nusinersen-treated children
experienced two or more positive urinary protein results
(Table 3); the positive results were separated by normal
readings in one child and consecutive in the other child.
The overall incidence of renal and urinary disorders AEs
was low in all treatment groups (2-4%; Table S2 in the
ESM).

3.2.6 Hepatic Function Assessments

The incidence of shifts to high total bilirubin (direct), high
total bilirubin (indirect), and high alkaline phosphatase
were low among nusinersen- and control-treated infants/
children in the ENDEAR (0% vs. 0%, 0% vs. 0%, and 4%
vs. 0%, respectively) and CHERISH studies (0% vs. 0%,
0% vs. 2%, and 0% vs. 0%, respectively; Table 3). No clear
patterns in incidence of shifts to high alanine aminotrans-
ferase (ALT) or high aspartate aminotransferase (AST)
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were evident among participants with infantile-onset SMA
and later-onset SMA (Table 3; Fig. S1 in the ESM). No
Hy’s Law cases were reported in nusinersen- and control-
treated infants/children in the ENDEAR and CHERISH
studies, and none of the participants had an AE of liver
failure.

3.2.7 Growth

In ENDEAR, mean length/height and weight for age per-
centiles (percentile [standard deviation {SD}]) were similar
between nusinersen-treated and control infants with infan-
tile-onset SMA at baseline (45.8 [33.42] vs. 40.8 [34.16] and
26.8 [27.81] vs. 24.4 [26.73], respectively). Mean length/
height for age percentiles decreased by 16.1% (SD 38.88;
n=26) and increased by 18.6% (SD 22.41, n=10) in nusin-
ersen-treated and control infants, respectively, by last assess-
ment at day 394 in ENDEAR. Mean weight for age percen-
tiles increased by 0.1% (SD 35.77, n=26) and increased by
20.7% (SD 29.60, n=11) in nusinersen-treated and control
infants, respectively, by day 394 in ENDEAR. In CHERISH,
mean (SD) weight was similar between nusinersen-treated
and control infants with later-onset SMA at baseline (14.9
[4.78] kg vs. 14.2 [3.70] kg, respectively) and at last assess-
ment at day 456 (17.3 [6.37] kg, n=66, vs. 16.9 [4.88] kg,
n =34, respectively).
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4 Discussion

This safety analysis of data from seven clinical trials of
nusinersen in more than 300 infants and children with
symptomatic SMA showed that the rates and types of AEs
reported in those treated with nusinersen were consistent
with symptoms of SMA or the lumbar puncture procedure
[23-25, 27]. Incidences of respiratory illness were generally
higher in the infantile-onset SMA groups (nusinersen-treated
and control), who had more severe disease (SMA type I)
than older children (later-onset; SMA type II or III). The rel-
atively high rate of respiratory events was consistent with the
natural history of SMA, as pulmonary disease represents the
major cause of morbidity and mortality in individuals with
SMA types I and II [23]. In the ENDEAR study, respiratory-
related events accounted for the majority of hospitalizations
in both the nusinersen-treated and sham procedure—treated

- Nusinersen - median
-A- Nusinersen - maximum -#- Control - maximum
@ Nusinersen - minimum

-#- Control - median

@+ Control - minimum

groups [26]. All events that led to death occurred in the
infantile-onset SMA group, but the overall incidence of such
events was higher in control-treated infants compared with
nusinersen-treated infants. Upon medical review by the site
investigator and sponsor, the types of events leading to death
were considered consistent with direct or indirect causes of
death observed in the context of infantile-onset SMA. Par-
ticipants in all studies received consistent standards of care
including airway clearance and coughing assistance, respira-
tory support, and management of nutritional needs [23]; spe-
cifically, greater utilization of pulmonary, gastrointestinal,
and orthopedic consultants and dieticians may have occurred
in this study than in routine clinical care. Additionally, vac-
cination rates may have been higher among participants from
the included studies than in other SMA populations due to
the standard of care guidelines. Thus, SMA disease-related
events may be even further decreased in both the nusinersen

A\ Adis



928

B.T. Darras et al.
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and control arms compared with the general SMA commu-
nity, where clinical care may be more varied than in the
studies included in this analysis [28-30].

PLPS-associated events, including headache, back pain,
and vomiting, were more common in older participants
(later-onset SMA) than in infants. This could be because
the younger participants with infantile-onset SMA were
not yet verbal and thus could not report these lumbar punc-
ture-related symptoms. Incidences of events associated
with PLPS have been shown to be more common in chil-
dren > 10 years old compared with those < 10 years old and
are less common in children than adults [24]. The overall
rates of post-lumbar events when analyzed on a per-proce-
dure basis (13% and 21% after 24 and 168 h, respectively)
were comparable to rates of 16-27% for headache and 40%
for back pain reported elsewhere in children who undergo
lumbar puncture procedures [24, 31]. None of the head-
aches reported in these patients were identified by the site
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investigator as an indication of increased intracranial pres-
sure or hydrocephalus.

Mean weight for age percentile remained stable in nusin-
ersen-treated infants from baseline to the day 394 assess-
ment, while an increase in mean weight for age percentile
over this time period was observed in control infants. The
larger weight increase in control infants over the course of
the study could be related to differences in caloric demands
and motor function between groups. For instance, control
infants may have reduced caloric demands with progressive
weakness, compared with increasing caloric demands and
motor function in those treated with nusinersen. Another
explanation for the differences observed could be the chal-
lenge in estimating caloric requirements for both groups of
infants. A larger percentage of control versus nusinersen-
treated infants underwent gastrointestinal tube placement
during the course of the study (41% vs. 30%). A gastro-
intestinal tube allows additional calories to be provided,
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even if not necessary. Mean length/height for age percentile
decreased in nusinersen-treated infants and increased in con-
trol infants from baseline to the day 394 assessment. The
mechanisms by which nusinersen could affect weight and
height are not known. However, the differences in height
between nusinersen-treated and control infants are most
likely due to measurement challenges (e.g., hyptonia, con-
tractures) or measurement errors. Infants with poor muscle
tone would measure longer than those with more muscle
tone whose limbs would not be fully extended during the
measurement. Weight is closely linked to height, and over-
weight children are taller on average than non-overweight
children [32], indicating that the increased incidence of gas-
trointestinal tube placement to facilitate nutrition and feed-
ing in the control group could also have led to the increased
length gain in that group.

A range of toxicities associated with ASOs have been
reported in human clinical trials and include increased ami-
notransferase levels (e.g., ALT and AST), proteinuria, and
thrombocytopenia [20, 33]. Although often referred to as
class effects, these toxicities are only seen with a minority
of ASOs tested in humans [34-36]; they appear to result
from the chemical structure of the ASOs and the individual
nucleic acid sequence, are related to dose (i.e., systemic
exposure), and are usually self-limiting after dosing is
stopped [20, 33, 37, 38]. In some cases they may represent
a unique interaction between drug and disease [37], and in
other cases they may relate to the targeted pathway rather
than to the ASO itself [39, 40]. Renal and liver injury most
likely occur due to accumulation with repeated doses [38],
because subcutaneously or intravenously administered ASOs
bind to plasma proteins that are filtered at the glomerulus
and then reabsorbed in the proximal tubule [38, 41]. Pro-
teinuria may be a sign of either glomerular or tubular tox-
icity [38]. Although ASO-associated glomerulonephritis is
uncommon, the presence of high molecular weight proteins
or large increases of proteins in the urine may be indica-
tive of glomerulonephritis [38]. While thrombocytopenia
has been one of the major concerns in the development of
some ASO-based therapies, the underlying mechanism is
still under investigation and may differ by severity and spe-
cies [38, 42-44].

In the current integrated safety analysis, there was no
systemic evidence of the types of toxicities that have been
reported with some ASOs, including thrombocytopenia and
hepatic and renal impairment [18-20]. This may be in part
because nusinersen differs from other ASOs in its route of
administration (intrathecal vs. subcutaneous or intravenous),
dose, and dosing frequency; therefore, a lower level of sys-
temic exposure is expected. No cases of severe, sustained
thrombocytopenia were reported in nusinersen-treated
participants. The US prescribing information recommends

monitoring of urine protein concentration, platelet count,
and coagulation at baseline and prior to each administra-
tion of nusinersen, and monitoring platelet counts and
coagulation as clinically needed [45]. Repeat testing and
further evaluation is recommended for urine protein con-
centrations > (0.2 g/L.. No imbalance in the incidence of AEs
signifying possible liver dysfunction was noted between
nusinersen-treated participants and those who received sham
procedure, and none of these AEs were reported as serious;
all events resolved. Median laboratory values of direct biliru-
bin, indirect bilirubin, alkaline phosphatase, ALT, and AST
were similar between groups and remained stable over time.
There were no reports of renal failure, glomerulonephritis,
nephrotic syndrome, or other relevant renal toxicity in par-
ticipants receiving nusinersen. The results reported here for
shift to positive urinary protein are semi-quantitative and
based on the definition of a result of > 1 + on urine dipstick,
which is approximately equivalent to levels of 0.3 g/L [46].
The occurrence of proteinuria is similar to or lower than
that reported previously [45] and is not suggestive of renal
toxicity, given the relative stability of blood urea nitrogen,
creatinine, and cystatin C levels.

Preliminary safety data on nusinersen use in real-world
clinical practice have been reported by several groups
[47-50]. In one report based on the experience from seven
centers in Germany in children with infantile-onset SMA,
SAEs were reported in 54.7% of treated children, severe
AEs in 45.3%, and PLPS in 4.9% [48]. The most frequently
observed AEs across the reports were respiratory events,
fever, headache, nausea, and vomiting [47-50]. With the
exception of a transient decrease in platelet count in one
patient with mild thrombocytopenia at treatment initiation,
there were no relevant changes in clinical laboratory values
in 28 adults with SMA Type II or III treated with nusinersen
[49]. Although collection and reporting of safety parameters
varied in the real-world reports, the safety profile of nusin-
ersen observed in real-world clinical practice is consistent
with that observed in the current integrated analysis of clini-
cal study data.

There are limitations to this safety analysis. For data
from ENDEAR and CHERISH, due to early study termina-
tion after positive interim analyses showing a benefit:risk
profile favoring nusinersen [12, 14], not all children were
assessed up to the final visit date. Therefore, participants
at final assessment may not be representative of the whole
cohort. Some AEs requiring verbalization from the partici-
pant (e.g., back pain, headache) may not have been captured
in children who were not yet able to speak (i.e., those with
infantile-onset SMA). This analysis only covers safety data
from clinical trials and does not address potential findings
from the post-market setting. Finally, due to small popula-
tion sizes, rare AEs may not have been captured. Infants and
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children included in this safety analysis had the option to
enroll in SHINE, which is collecting long-term safety data
in these SMA populations.

5 Conclusion

Across the nusinersen clinical trial program in participants
with symptomatic infantile-onset or later-onset SMA, nusin-
ersen demonstrated a favorable safety profile, and most AEs
and SAEs were consistent with the nature and frequency
of events typically seen with SMA or in the context of the
lumbar puncture procedure. No new safety findings emerged
from this dataset (N> 300), and it represents 375.9 partici-
pant-years of exposure to nusinersen. These data, together
with the significant and clinically meaningful benefits on
motor function seen in infants and children with sympto-
matic SMA [12-16], support the early treatment of children
with SMA.
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