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Despite the remarkable benefits of nusinersen and other disease-modifying
therapiesin spinal muscular atrophy (SMA), patients may still experience
clinical manifestations of the disease. Here we assessed the potential

for high-dose nusinersen to rapidly slow neurodegeneration and lead to
improved outcomes for patients. The global, three-part, phase 2/3 DEVOTE
trial evaluated the efficacy and safety of high-dose nusinersen (50-mg
loading dose; 28-mg maintenance dose) in individuals with SMA. In Part B,
treatment-naive individuals (n = 75) were randomized 2:1to 50/28 mg or
12/12 mg nusinersen. In asupportive open-label cohort (Part C),
nusinersen-experienced individuals (12/12 mg for more than1year) were
enrolled. The primary endpoint (Part B infantile-onset participants) was

a 6-month change in the Children’s Hospital of Philadelphia Infant Test

of Neuromuscular Disorders (CHOP-INTEND) total score comparing
50/28 mg with matched ENDEAR participants (n=20) who received sham.
DEVOTE metits primary endpoint: at day 183, the CHOP-INTEND total
score significantly improved (+15.1 points) in those who received 50/28 mg
nusinersen and worsened (-11.1 points) in matched ENDEAR participants
who received sham (difference, 26.19 (95% confidence interval =20.7 to
31.74); statistical testing was performed using the joint-rank test where
the difference in ranks was 26.06 (95% confidence interval =17.9to 34.2;
P<0.0001). The safety profile of 50/28 mg nusinersen was similar to the
12/12 mg regimen. The data support that high-dose nusinersen provides
benefitin patients with SMA, with a generally well-tolerated safety

profile. ClinicalTrials.gov registration: https://clinicaltrials.gov/study/
NCT04089566. EudraCT no:2019-002663-10.

Spinal muscular atrophy (SMA) is an autosomal recessive neuromus-
cular disease characterized by alpha-motor neuron degeneration which
leads to progressive skeletal muscle weakness and atrophy'. SMA is
caused by homozygous loss of function mutations of the SMNI gene.
The paralogous SMN2 gene produces primarily truncated and rap-
idly degraded survival motor neuron (SMN) protein, but also small
amounts of full-length SMN?~, SMA disease severity correlates inversely
with SMN2 copy number; a lower SMN2 copy number is associated
with lower SMN protein levels, earlier symptom onset and a more
severe phenotype*®.

Nusinersen, anintrathecally administered antisense oligonucleo-
tide, modifies SMN2 precursor mRNA splicing to increase expression
of full-length SMN protein and compensate for the loss of expres-
sionfrom SMNI1. Nusinersen was the first disease-modifying therapy
(DMT) approved for individuals with SMA of all ages™. The current
dosing regimen consists of four 12-mg loading doses followed by
12-mg maintenance doses every 4 months (12/12 mg). The clinical
pharmacokinetics, safety and efficacy of nusinersen have been evalu-
ated across a broad range of ages and SMA phenotypes’**. Benefits
of nusinersen include improvements in survival, motor function
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Fig.1|Parts B and C: patient disposition. The Part B cohort with infantile-onset SMA was compared with a matched group of 20 participants from ENDEAR who had
received sham. The Part B cohort with later-onset SMA was compared with two matched groups of participants from CHERISH who had received sham (n =16) and

12/12 mg nusinersen (n =32).

outcomes and reductionin plasmaneurofilament levels, abiomarker
of neurodegeneration''>¢,

Despite the remarkable impact that nusinersen and other DMTs
have had on the disease, many patients still manifest functional
impairment and require more complete and sustained motor neu-
ron protection allowing potential for greater benefit. Long-term
follow-up of infants treated early has shown delayed milestones that
may represent an unveiling or emergence of weakness not evident
when motor functions had not yet developed. This may be due to
(1) motor neuron degeneration before treatment (either because
of prenatal pathology or delayed diagnosis and treatment)'"*%, (2)
insufficient motor neuron protection on treatment (for example,
because of inadequate SMN2 modulation orincomplete motor neu-
rontransduction) and (3) comorbid features that often accompany
SMA, such asjoint contractures, scoliosis or pulmonary restrictions.
In this study, we assessed the potential for high-dose nusinersen to
rapidly slow neurodegeneration and lead to improved outcomes
for patients.

The effects of high-dose nusinersen were assessed in the
three-part, phase 2/3 DEVOTE trial, informed by the results of stud-
ies using lower doses of nusinersen, population pharmacokinetics
and exposure-response modeling, and nonhuman primate safety
studies'*"*122 Previously published results from DEVOTE Part A, an
initial safety and tolerability assessment, showed that 28-mg loading
and maintenance doses of nusinersen were generally well tolerated
and no new safety concerns were identified®.

We report results from Parts B and C of the DEVOTE study that
examined the safety and efficacy of high-dose nusinersen (50-mg
loading doses and 28-mg maintenance doses (50/28 mg)). The primary
component of the study was the Part B treatment-naive infantile-onset
SMA cohort, which was powered to assess the primary and key sec-
ondary endpoints in the high-dose group compared with a matched
subset of the sham arminthe ENDEAR trial. Secondary endpoints were
also included to compare high-dose nusinersen with 12/12 mg nusin-
ersen; however, the study was not powered for these comparisons.
We also report further evidence of efficacy and safety in the smaller
treatment-naive later-onset SMA cohort (Part B), and in participants
who transitioned from the 12/12 mg regimen (Part C).

Results

Participant disposition

Parts B and C of the DEVOTE trial screened 170 patients and enrolled
139 participants between 12 November 2020 and 8 August 2023. In
the Part B cohort with infantile-onset SMA, 50 participants received
50/28 mg nusinersen (35 (70%) completed the trial) and 25 received
12/12 mg (13 (52%) completed). The matched sham arm from ENDEAR
included 20 participants. For the cohort with later-onset SMA, 16
received 50/28 mg (all completed the trial) and eight received 12/12 mg
(seven (87.5%) completed). Comparator groups for the DEVOTE cohort
with later-onset SMA included matched participants from CHERISH
who had received sham (16 participants) and 12/12 mg nusinersen
(32 participants). In Part C, 40 participants were enrolled (all com-
pleted the trial). Screening failures and treatment discontinuations
are shownin Fig. 1.

Participants’ characteristics across all DEVOTE cohorts and
matched comparator groups are shownin Table 1.

Participantsinthe cohort withinfantile-onset SMA in Part B had
ameanage at first dose of 18.4 (s.d. = 9.15) weeks and disease duration
0f 9.6 (s.d. =5.26) weeks in the 50/28 mg group compared with 22.0
(s.d.=7.96) weeks and 11.1 (s.d. = 4.92) weeks, respectively, in the
matched sham group. All had two SMN2 copies. Prespecified match-
ing helped minimize imbalance between groups; however, DEVOTE
participants were younger at symptom onset with lower Children’s
Hospital of Philadelphia Infant Test of Neuromuscular Disorders
(CHOP-INTEND) scores indicating more severe disease relative to
the ENDEAR matched sham group.

Inthe cohort with later-onset SMA in Part B, nearly all participants
(22/24 (92%)) had three SMN2 copies and a median age of 6.1 (Ql, 4.2;
Q3,8.2) yearsat first dosein the 50/28 mg group compared with 5.7 (Q1,
2.8;Q3,8.5)inthe12/12 mggroup. The demographic characteristics and
disease characteristics of the DEVOTE treatment groups and CHERISH
comparator groups were generally similar. However, baseline Ham-
mersmith Functional Motor Scale Expanded (HFMSE) scores, Revised
Upper Limb Module (RULM) scores and World Health Organization
(WHO) motor milestones were lower in the DEVOTE 12/12 mg group
compared with the 50/28 mg, CHERISH matched sham and CHERISH
matched 12/12 mg groups.
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Table 1| Parts B and C: baseline demographics and disease characteristics

Part B: cohort with infantile-onset SMA 50/28 mg (n=50) 12/12mg (n=25) Matched sham (ENDEAR)?
(n=20)
Age at first dose, Mean (s.d.) (range) 18.4(9.15) (2to 33) 16.5(8.03) (3to 31) 22.0(7.96) (4to 34)
weeks Median (Q1, Q3) 18.4 (10.9 to 26.0) 15.9 (11.9t0 21.0) 22.2(16.6 10 29.2)
Age at symptom Mean (s.d.) (range) 7.5 (5.26) (1to 21) 5.8 (4.44) (2 to 20) 8.8 (5.11) (1to 19)
onset, weeks Median (Q1, Q3) 6.0 (3.0t012.0) 4.0(3.0t08.0) 8.0 (5.5t013.0)
Disease duration at informed consent, weeks, mean (s.d.) 9.6 (5.29) (O to 20) 9.1(6.11) (O to 25) 111(4.92) (O to 21)
(range)
CHOP-INTEND total score, mean (s.d.) (range) 20.9 (10.23) (5 to 56) 19.9 (9.63) (0 to 39) 23.6 (5.84) (11to0 33)
HINE-2 score, mean (s.d.) (range) 1.4(1.36) (O to 5) 1.4(1.29) (O to 4) 1.3(1.02) (O to 4)
Plasma NfL, n 40 22 20
pgml™ Mean (s.d.) (range), pgml™ 304.7(283.9) (78.6 t0 1,480.0) 329.4 (175.9) (83.9 to 678.0) 287.3 (140.4) (119.0 to 691.0)
Geometric mean (95% Cl) 253.3 (190.2 to 291.0) 287.6 (225.9 to 366.2) 260.3 (211.2 t0 320.9)
Geography, n (%) Asia-Pacific 20 (40) 8(32) 2(10)
Europe 12 (24) 7(28) 5(25)
North America 1(2) 0 13(65)
South/Central America 17 (34) 10 (40) 0
Part B: cohort with later-onset SMA 50/28 mg (n=16) 12/12mg (n=8) Matched sham Matched 12/12mg

(CHERISH)"® (n=16)

(CHERISH)® (n=32)

Age at first dose, Mean (s.d.) (range) 6.1(2.59) (2.1t0 9.8) 5.7(3.00) (2.0t09.3) 51(1.82) (21t0 7.5) 5.5(1.83) (2110 9.2)
years Median (Q1, Q3) 6.1(4.2t08.2) 5.7(2.8t08.5) 5.1(3.9t06.8) 5.4(4.5t06.7)
Age at symptom Mean (s.d.) (range) 111 (4.11) (6.0 to 22.0) 9.9 (2.36) (7.0 to 15.0) 11.9 (3.85) (7.0 to 20.0) 10.7 (3.49) (6.0 to 18.0)
onset, months Median (Q1, Q3) 11.5(8.5t012.0) 9.0(9.0t010.5) 10.5(9.0t0 15.0) 10.0 (7.5t013.0)
SMN2 copy 2 0 1(13) 3(18.8) 3(9.4)
number, n (%) 3 15 (94) 7(88) 12 (75.0) 28 (87.5)
>4 1(6) 0] 1(6.3) 1(31)
HFMSE score Mean (s.d.) (range) 20.3(10.05) (10.0t0 42.0)  13.8(4.59) (10.0t022.0)  21.4(7.49) (13.0 to 34.0) 21.8 (8.60) (10.0 to 43.0)
RULM score Mean (s.d.) (range) 20.2(5.31) (12.0 to 30.0) 14.9 (5.96) (4.0 to 25.0) 20.9 (4.99) (12.0 t0 28.0) 20.6 (6.04) (1.0 to 33.0)
WHO motor Mean (s.d.) (range) 1.6 (1.09) (1.0 to0 5.0) 1.0 (0) (1.0 to 1.0) 1.4 (0.62) (1.0 to 3.0) 1.4 (1.01) (1.0 to 5.0)
milestone
Plasma NfL, Mean (s.d.) (range) 15.0 (14.45) (3.1t0 58.6) 9.7(3.32) (61t016.9) 14.0 (10.1) (5.3 to 46.4) 13.2(9.6) (3.5t0 47.4)
pgml” Geometric mean (95% Cl)  10.9 (712 t0 16.59) 9.3 (71410 11.98) 11.8 (8.62t016.22) 10.6 (8.16 t0 13.79)
PartC Infantile-onset SMA Later-onset SMA Total
(n=2) Aged <18 years Aged >18 years n=40
(n=14) (n=24)

Age at first study dose, years, median (range) 4.8 (4to 6) 10.3(5t017) 32.5 (19 to 65) 23.0 (4to 65)
Time on 12/12mg nusinersen, years, median (range) 3.2(3to 4) 3.9(2to 4) 3.9(1to5) 3.9(1to5)
Sex, female, n (%) 1(50) 6(42.9) 8(33.3) 15(37.5)
Age at symptom onset, months, median (range) 5(4to6) 1.5(6to72) 36.0 (12t0192) 24.0 (4t0192)
SMN2 copy 1 0 0 1(4) 1(3)
number, n (%) 2 0 1(7) 2(8) 3(8)

3 2(100) 12 (86) 6(25) 20 (50)

4 0] 1(7) 13 (54) 14 (35)

Other: 2-3 or 3-4 0 0 2(8) 2(5)
Achieved and Sat without support 1(50) 12 (86) 24 (100) 37 (93)
maintained Stood without support 0 3(21) 19 (79) 22 (55)
milestone, n (%) Walked with support 0 5(36) 18 (75) 23(58)

Walked (at least 4.6 meters) 0 3(21) 18 (75) 21(53)

independently
HFMSE score n 2 13 23 38

Mean (s.d.) (range) 17.5 (17.7) (5 to 30) 28.2(16.7) (O to 49) 40.6 (16.35) (7 to 64) 35.1(17.61) (O to 64)
RULM score n 2 12 24 38

Mean (s.d.) (range) 15 (0) (15) 23.2(9.67) (O to 34) 32.2(6.63) (17 to 37) 28.4(9.12) (0 to 37)
Plasma NfL, Mean (s.d.) (range) 6.8 (1.6) (5.7t0 8.0) 5.0(2.4) (0.7t0 9.5) 6.5(3.3)(1.9t0 14.4) 6.0 (3.0) (0.7t014.4)
pgml™ Geometric mean (95% Cl) 6.7 (0.76 to 59.55) 4.2 (27510 6.46) 5.8 (4.67 to 712) 5.2 (4.34t06.32)

*Prespecified matched sham group from ENDEAR based on disease duration and baseline CHOP-INTEND score. "Prespecified propensity-score matching was used to select sham control
and 12/12mg (three loading doses over 85 days with maintenance doses every 6 months thereafter) participants from CHERISH who were comparable at baseline to the 50/28 mg group from
DEVOTE on key prognostic factors: age, HFMSE and RULM at baseline. Despite matching, a residual imbalance in age remained between the matched sham group and the 50/28 mg group.

Q, quarter.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-04193-6

Of the 40 participants enrolled in Part C, two participants (5%)
had infantile-onset SMA (both had three SMN2 copies) and 38 (95%)
had later-onset SMA. Part C participants had 1-4 SMN2 copies, were
aged 4-65 years at the time of first study dose and had received
12/12 mg for a median of 3.9 years before transitioning to 50/28 mg
in DEVOTE.

Primary outcomes

For the primary endpoint, assessed in the Part B cohort with
infantile-onset SMA, the 50/28 mg group experienced a statistically
significantimprovementin CHOP-INTEND at day 183 compared with
the ENDEAR matched sham group, accounting for death using the
joint-rank test (difference in ranks was 26.06 (95% confidence interval
(CI)=17.9t034.2); P<0.0001). The least-squares mean (LSM) change
was a 15.1-point (95% Cl =12.4 t0 17.8) improvement with 50/28 mg
and an11.1-point (95% Cl = -15.9 to —6.2) worsening in the matched
sham (difference, 26.19 (95% Cl = 20.7 to 31.74)) (Fig. 2a and Table 2).

Secondary outcomes

Part B cohort with infantile-onset SMA: motor function. The propor-
tion of Hammersmith Infant Neurological Exam Section 2 (HINE-2)
responders at day 183 was significantly higher in the 50/28 mg group
compared with the ENDEAR matched sham group (P < 0.0001), as
was the magnitude of improvement in mean HINE-2 score at day 183
(P<0.0001) (Table 2 and Extended Data Fig. 1).

While the study was not powered to detect statistically significant
differences between the active treatment groups, secondary end-
points were included in the hierarchy of testing. For CHOP-INTEND,
the LSMranked score from baseline at day 302 was numerically higher
in the 50/28 mg group than the 12/12 mg group, indicating greater
improvement on CHOP-INTEND when accounting for death; the LSM
actual score was numerically greater in the 12/12 mg group (Table 2 and
Extended Data Fig. 2). For HINE-2, both the ranked and actual scores
trended in favor of the 50/28 mg group.

Part B cohort with infantile-onset SMA: neurodegeneration. Reduc-
tion in plasma neurofilament light chain (NfL) levels from baseline at
day 183 were significantly greater in the 50/28 mg group (94% reduc-
tion) compared with the ENDEAR matched sham group (30% reduction)
(P<0.0001), indicating a substantial slowing of neurodegeneration
inresponse to high-dose nusinersen (Table 2 and Fig. 2b). More rapid
reductions in NfL levels were observed in the 50/28 mg group (88%)
compared with the 12/12 mg group (77%) at day 64 (nominally signifi-
cantP=0.0050;joint-rank test) (Fig. 2b).

Part B cohort with infantile-onset SMA: event-free survival. The
50/28 mg group experienced a lower risk of death or permanent ven-
tilation relative to the ENDEAR matched sham group (hazard ratio
(HR) = 0.322; nominal P=0.0006; log-rank test); results were similar
for survival (Table 2 and Fig. 2c). The 50/28 mg group experienced a
trend toward alower risk of death or permanent ventilationrelative to
the12/12 mggroup (HR=0.701; P=0.2775;log-rank test); results were
againsimilar for survival.

Part B cohort with infantile-onset SMA: other key outcomes. The
proportion of participants hospitalized and time in hospital attrib-
uted to serious adverse events (SAEs), the proportion of partici-
pants experiencing serious respiratory events and the proportion
of time participants used ventilation support were all numerically
lower in the 50/28 mg group compared with the 12/12 mg group
(Extended Data Table 1). Of those participants with an opportu-
nity to improve (those with a suck or swallow deficit on HINE-1 at
baseline (n =23 in the 50/28 mg group and n=11in the 12/12 mg
group), 39% of the 50/28 mg group and 9% of the 12/12 mg group
experienced improvement from baseline to day 302. Additionally,

anumerically larger proportion of investigators and caregivers of
participants in the 50/28 mg group reported a response of ‘much
improved’ or ‘very much improved’ from baseline to day 302 on
the Clinical Global Impression of Change than was reported for
the 12/12 mg group.

Part B cohort with later-onset SMA (treatment-naive participants,
n=24randomized 2:1): motor function. Participantsin the 50/28 mg
group experienced numerically greaterimprovements on both HFMSE
and RULM frombaseline to day 302 compared with the 12/12 mg group
(Fig. 3a,c). However, these trends were variable over time, which is
consistent with the limited sample size. More consistent differentiation
was observed between the 50/28 mg group and prespecified matched
comparator groups from CHERISH (sham and 12/12 mg), both of which
provided larger sample sizes (Figs. 3b,d).

Part B cohort with later-onset SMA: neurodegeneration. Greater
reductions in plasma NfL levels were observed in the 50/28 mg group
compared with the 12/12 mg group at day 64 (nominally significant
P=0.0495) (Extended Data Fig.4).

Part C previously-treated participants (n=40 open-label): motor
function. After transition to the 50/28 mgregimen, participants expe-
rienced ameanimprovement on HFMSE of 1.8 points (s.d. = 3.99) from
baseline to day 302, with a 2.3-point (s.d. = 3.95) mean improvement
inthe adultsubgroup (n =24) (Supplementary Fig. 1a). Overall, 53% of
participants (n=20/38) experienced anincrease in HFMSE score from
baseline to day 302 (Extended Data Fig. 5a).

On RULM, participants experienced a mean improvement of 1.2
points (s.d. =2.14) from baseline to day 302, witha 0.9-point (s.d. = 1.89)
improvementin the adult subgroup (Supplementary Fig. 1b). Of those
with an opportunity toimprove (ascore below the maximum possible
at baseline; n=26), 16 (62%) experienced an increase in RULM score
frombaseline to day 302 (Extended Data Fig. 5b).

Part C previously-treated participants: neurodegeneration. Given
prior treatment with nusinersen, older age and more advanced disease,
plasma NfL levels were low at baseline in DEVOTE Part C (5.2 pg ml™;
Table 1) and remained low throughout the study.

Parts B and C: pharmacokinetics. The 50/28 mg regimen in both
Part B cohorts with infantile-onset and later-onset SMA achieved
higher plasma and cerebrospinal fluid (CSF) trough concentrations
than the 12/12 mg regimen (Supplementary Notes (Results, p. 24)
and Supplementary Figs. 2 and 3). Day 15 CSF trough concentra-
tions of nusinersen were approximately twofold higher after the
first dose of 50 mg compared with the first dose of 12 mg nusinersen
(Supplementary Fig. 4). Although the increase in CSF exposures was
less than dose-proportional, 50/28 mg achieved higher CSF trough
levels more quickly (one dose of 50 mg versus three doses of 12 mg)
(SupplementaryFig. 5). Plasma concentrations of nusinersenincreased
approximately linearly with dose across all measured time points. In
Part C, pre-dose CSF concentrations of nusinersen increased rapidly
after the 50-mgloading dose on day 1; the higher concentrations were
maintained during the maintenance dose period (Supplementary
Notes: Results, p. 25). No nusinersen accumulation within plasmawas
observed after multiple doses in Parts Band C.

Safety
The safety profile of the 50/28 mg regimen was broadly consistent with
the known safety profile of the 12/12 mg regimen.

Across Part B, 66 treatment-naive participants (50 infantile-onset, 16
later-onset) received 50/28 mgnusinersen, foratotal of 50.06 participant-
years; 33 treatment-naive participants (25 infantile-onset, eight later-
onset) received 12/12 mgnusinersen for 21.44 participant-years.InPart C,
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40 participants received 50/28 mg nusinersen for a total of 34.52
participant-years.

Across all groups treated with 50/28 mg in Parts B and C, most
adverse events (AEs) were mild tomoderate inseverity and did not lead
totreatment discontinuation; all AEs thatled to study withdrawal were
fatal AEs and were assessed as unrelated to treatment by the investiga-
tor (Table 3). Many of the commonly reported AEs were consistent with
events occurring in the natural history of SMA, common conditionsin
the general population or events observed in the context of a lumbar
puncture procedure. Few AEs were considered related to study treat-
mentacross all groups (<7%across all Part B; 20% in both Part Cand the
ENDEAR matched sham). Across allgroups, only one participantinthe
Part Binfantile-onset 12/12 mg group experienced a treatment-related
SAE (respiratory failure).

In the Part B cohort with infantile-onset SMA of 50 participants,
the most common AEs (=15% of participants) in the 50/28 mg group
were pneumonia (10 (20%)), respiratory failure (10 (20%)), pyrexia
(9 (18%)), coronavirus disease 2019 (COVID-19) (8 (16%)) and upper res-
piratory tractinfection (8 (16%)). In the ENDEAR matched sham group,
there was a higher incidence of respiratory failure (8 (40%)), pyrexia
(9 (45%)) and upper respiratory infection (5(25%)), and alower incidence
of pneumonia (1(5%)) and COVID-19 (0 (0%)) compared with the Part B
infantile-onset 50/28 mg group. COVID-19 was not relevant at the time
of ENDEAR; the higherincidence of pneumoniais discussed below. Over-
all, the frequency of participants reporting severe AEs in the 50/28 mg
(22/50 (44%)) and 12/12 mg groups (14/25 (56%)) was lower compared
with the ENDEAR matched sham group (18/20 (90%)). The frequency
of participants reporting SAEs was lower in the 50/28 mg group (30/50
(60%)) compared with the12/12 mg (18/25 (72%)) and ENDEAR matched
sham groups (19/20 (95%)) (Table 3). There were no treatment-related
SAEsinthe 50/28 mg group. SAEs that occurred in >10% participantsin
the 50/28 mg group, which also had a frequency >5% in the 50/28 mg
group compared with the ENDEAR matched sham, were pneumonia
(seven (14%) versus 1(5%)) and pneumonia aspiration (seven (14%) ver-
sus one (5%)). Of seven participants with pneumonia aspiration in the
50/28 mg group, five experienced the event before day 35, with two
eventsoccurringonday 1. Allevents were assessed as unrelated to study
treatment by the investigator.

The frequency of fatal AEs was lower in participants treated with
nusinersen across all groups compared with matched sham (Table 3).
Allfatal AEs occurred inthe Part B cohort withinfantile-onset SMA, and
thefrequencyinthe 50/28 mggroup (10/50 (20%)) was lower thaninthe
12/12 mg (6/25 (24%)) or ENDEAR matched sham groups (11/20 (55%)).

Fig.2|Part B cohort with infantile-onset SMA: CHOP-INTEND (primary
endpoint), NfL levels and EFS. a, The primary analysis was performed using
ranking based on the CHOP-INTEND score at day 183 or day of death and fitting
an ANCOVA model adjusting for disease duration and baseline CHOP-INTEND
to determine the difference in ranks via the joint-rank test. Ml was used to
impute missing data. b, Results are from an ANCOVA model with adjustment for
participants’ disease duration, baseline log plasma NfL and baseline CHOP-
INTEND score. Ml was used to impute missing data. In the table, the LSGM ratio
from the ANCOVA is shown; the Pvalue was determined using the joint-rank test.
¢, The Pvalue was determined using the log-rank test stratified according to
disease duration (<12 weeks or >12 weeks). P values were obtained by comparing
the two treatment groups indicated per row in each table above each chart.
Comparisons between 50/28 mg and 12/12 mg, and between 50/28 mg and
matched sham, were performed as separate analyses. In addition to the Pvalue,
rankings, changes from baseline in actual scores and ratios are shown. For

the EFS and OS, comparisons were similarly made between the two treatment
groups. Because of hierarchical testing, none of the time-to-event endpoints
were considered statistically significant. Where P< 0.05 but hierarchical testing
had stopped, the Pvalue was considered nominally significant and is denoted.
?Pvalue was considered nominally significant. Study day 1 was the baseline. All
statistical tests were two-sided. LSGM, least-squares geometric mean.

Safety profilesinthe Part B later-onset and Part C cohorts were simi-
lartothatinthePartB cohortwithinfantile-onset SMA. Across Parts Band
C, there were no AEs of meningitis, hydrocephalus, thrombocytopenia
orrenal/liver failure reported, and noclinically relevant trends related to
nusinerseninlaboratory evaluations, electrocardiograms or vital signs.
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Table 2 | Part B cohort with infantile-onset SMA: efficacy summary

Outcome Hierarchical test 50/28 mg 12/12mg ENDEAR matched LSM difference P
order (n=50) (n=25) sham (n=20) (95% CI)

LSM ranking® 1 42.9 NA 16.9 26.06 (17.9 t0 34.2) <0.0001°
LSM change from baseline at +15.1 NA -1 26.19 (20.7 to 31.7) <0.0001¢
day 183°

CHOP-INTEND?
LSM ranking 5 38.3 373 NA 1.0(-9.3t011.3) 0.8484°
LSM change from baseline +19.6 +21.6 NA -1.94 (<777 t0 3.88) 0.5132¢
at day 302
LSM ranking 3 431 NA 16.5 26.67 (18.8 to 34.5) <0.0001°
LSM change from baseline +3.7 NA -0.2 3.9(2.5t05.4) <0.0001¢
at day 183

HINE-2° LSM ranking 6 40.0 33.9 NA 6.1(-2.7t014.9) 0.1734°
LSM change from baseline +5.9 +5.3 NA 0.58 (-1.89 to 3.04) 0.6454¢
at day 302
Responders at day 183f 2 58% NA 0% NA <0.0001
LSM rank accounting for 4 44.0 NA 14.4 29.58 (22110 37.0) <0.0001°
death (day 183)
LSM rank accounting for 7 42.2 29.5 NA 12.74 (3.8 t0 21.6) 0.0050°"
death (day 64)

LSGM ratio
g

NfL (95% Cl)
LSGM ratio to baseline at 4 0.06 NA 0.70 0.08 (0.05to 0.14) NA
day 183
LSGM ratio to baseline at 7 0.12 0.23 NA 0.51(0.33t0 0.78) NA
day 64
Comparison HR (95% Cl)' P

EFS 50/28 mg versus ENDEAR 8 0.322 (0158 t0 0.657) 0.0006"
matched sham
50/28 mg versus 12/12mg 10 0.701(0.338t01.452) 0.2775
50/28 mg versus ENDEAR 9 0.279 (01120 0.696)  0.0012"

oS matched sham
50/28mg versus 12/12mg il 0.730(0.2641t02.015) 0.4821

Outcomes and time points reflect the prespecified hierarchical testing (Extended Data Table 2). All P values were obtained from comparing the two treatment groups indicated per row. In

the treatment columns, rankings, changes from baseline in actual scores and ratios are shown; the corresponding LSM differences and LSGM ratios correspond to the differences between
treatments. The comparisons of EFS and OS were all pairwise; adjustment for multiplicity was handled by the hierarchical testing—none of the comparisons were considered statistically
significant and are denoted by ". All statistical tests were two-sided. *Results shown are from Ml and an ANCOVA model with adjustment for participants’ disease duration and baseline
CHOP-INTEND score. The primary analysis was performed using ranking based on the CHOP-INTEND score at day 183 or day of death and fitting an ANCOVA model to determine the difference
in ranks. ®Primary endpoint. °The statistical test was a joint-rank test. “The statistical test was an ANCOVA+MI. ®Results shown are from Ml and an ANCOVA model with adjustment for participants’
disease duration, baseline HINE-2 score and baseline CHOP-INTEND score. HINE-2 responders were defined as a participants who demonstrated at least a two-point increase in their ability

to kick (or increase to the maximal score on that category (touching toes)), or a one-point increase in the motor milestones category of head control, rolling, sitting, crawling, standing or
walking, and demonstrated improvement in more categories than worsening across the seven motor milestone categories (with the exclusion of voluntary grasp). °MI was performed based

on log-transformed plasma NfL. The results in the chart are from an ANCOVA model with adjustment for participants’ disease duration, baseline log plasma NfL and baseline CHOP-INTEND
score. The comparisons between 50/28 mg and 12/12mg, and between 50/28 mg and matched sham, were performed as separate analyses. In the table, the LSGM ratio from the ANCOVA is
shown; the P value from the joint-rank test is also shown. "P considered nominally significant. HR determined using a Cox proportional hazards model adjusting for disease duration and baseline
CHOP-INTEND score. 'P is from a log-rank test stratified according to disease duration (<12 weeks or >12 weeks). For CHOP-INTEND, see Fig. 2a for 50/28 mg versus the ENDEAR match sham, and
Extended Data Fig. 2 for 50/28 mg versus 12/12mg. For the HINE-2, NfL, EFS and OS, see Extended Data Fig. 1, Fig. 2b,c and Extended Data Fig. 3, respectively. NA, not applicable.

Exploratory outcomes and post hoc analyses
Exploratory outcomes and post hoc analyses are described in the Sup-
plementary Notes: Results, p. 26.

Discussion

The DEVOTE study demonstrated the safety and efficacy of high-dose
nusinersen for the treatment of SMA. In treatment-naive infantile-onset
participants, the 50/28 mg group experienced significantly greater
reductionsin neurofilamentlevels, significantly greaterimprovement
in function (CHOP-INTEND) and milestone attainment (HINE-2), and
nominally significantly prolonged event-free survival (EFS) relative
tothe prespecified, matched natural history comparator group (sub-
group of the ENDEAR sham arm). While the study was not powered to
detect statistically significant differences between the active treat-
ment groups, the totality of data supports the potential for the novel
50/28 mgregimen to further optimize benefit relative to the 12/12 mg

regimen. The 50/28 mg regimen slowed neurodegeneration more
rapidly, as evidenced by nominally significantly greater reductions
in plasma NfL at day 64. Over time, the 50/28 mg group experienced
trends of greater improvement across nearly all measures assessed,
including CHOP-INTEND (when accounting for mortality), HINE-2, EFS,
overall survival (OS), serious respiratory events and hospitalizations
dueto SAEs. Datafrom treatment-naive later-onset participants in Part
B further support the benefits of the 50/28 mg regimen. Consistent
with the trajectory observed in the infantile-onset population, the
50/28 mgregimen againled to more rapid lowering of plasma NfL rela-
tivetothe12/12 mgregimen. The 50/28 mg group experienced trends
of greater improvement on HFMSE and RULM but the results were
highly variable over time, which is consistent with the small sample
size (n =24, randomized 2:1). Prespecified comparisons to matched
subgroups from the CHERISH trial (12/12 mg and sham control groups)
enabled contextualization of the improvements seenin the 50/28 mg
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Fig.3|Part B cohort with later-onset SMA: HFMSE and RULM. Datain the
tables represent the mean (s.d.). a,c, Study day 1 was the baseline and Ml was
used for missing data. b,d, Data were based on Ml and ANCOVA with treatment
as afixed effect and adjustment for each participant’s age at first dose, baseline
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log plasma NfL and baseline HFMSE or RULM score. CHERISH matched 12/12 mg
and sham groups indicate prespecified subsets of participants matched to the
characteristics of the DEVOTE 50/28 mg group. Analysis days 183 and 279 in
DEVOTE correspond with days 169 and 274 in CHERISH, respectively.

group relative to larger populations. Part C enrolled a heterogeneous
population by design, with awide range of ages, disease phenotypes,
ambulatory status, time on prior commercial nusinersen and baseline
HFMSE and RULM scores. Some participants were at the upper end
of HFMSE and RULM scoring at baseline; thus, they may have had a
limited opportunity for additionalimprovementinscores. Regardless,
observed improvements on HFMSE and RULM were in line with what
has been previously reported after initiation of the 12/12 mg regimen
in treatment-naive patients” and exceeded what would be expected
inapopulation that had been on nusinersen for several years (median
3.9 years at study entry)**>,

Secondary endpoints comparing 50/28 mg with12/12 mg showed
trends in favor of the high-dose regimen, suggesting that high-dose
nusinersen may drive greater benefits in individuals with SMA. How-
ever, the potential for greater benefit with the 50/28 mg regimen should
be consideredinthe context of therisk profile. Importantly, the safety
of the 50/28 mg regimen is broadly consistent with the known safety
profile of the12/12 mg regimen. The most common AEs were generally
consistent with (1) the types and severity of AEs reported in people
living with SMA, (2) common conditions in the pediatric population
or (3) events observed in the context of a lumbar puncture proce-
dure. Of note, in Part B (cohorts with infantile-onset and later-onset
SMA), there was alower incidence of SAEs in the 50/28 mg group com-
pared with both the 12/12 mg and matched sham groups. Continued
follow-up in the ongoing ONWARD study (ClinicalTrials.gov registra-
tion: NCT04729907) will further inform the longer-term safety profile
of the 50/28 mg regimen, which has been well established with over a
decade of follow-up for the 12/12 mg regimen.

Before DEVOTE, 12 mg was the highest dose of nusinersen evalu-
ated in people living with SMA, a meaningfully lower dose level than

those used for antisense oligonucleotides in other disease areas.
Given the safety profile of the 12/12 mg regimen of nusinersen,
data from high-dose toxicology studies in nonhuman primates and
exposure-response data from humans, there was an opportunity to
explore anovel, high-dose regimen to help further optimize benefit
for patients.

The DEVOTE trial was powered to compare treatment-naive
infantile-onset participants randomized toreceive high-dose nusinersen
with amatched subset of the ENDEAR sham control group. Participants
were matched withthe ENDEAR control group because it was infeasible
to (1) randomize participants to a placebo/sham cohortin regions with
approvedtherapiesand (2) enroll enough participants to formally power
the study for comparison of the 50/28 mg and 12/12 mg groups. While
use of similar eligibility criteriaand the prespecified matching algorithm
accounted for differences in key baseline characteristics, the broad geo-
graphical scope and inclusion of newssites inthe DEVOTE trial introduced
additional complexity, including the impact of differences in standard
of care. For example, inconsistencies in the availability of cough assist
machines or ventilatorsin some countries can meaningfully affect out-
comes for patients and trial results. As discussed above, this supportive
equipmentwas not provisioned to sites withidentified gaps until laterin
the study. In one country, ten of the 13 participants enrolled in the Part
B cohort with infantile-onset SMA met the definition for permanent
ventilation or died during the study, highlighting the impact of such
differencesinstandard of care. With the evolving treatment landscape,
aninnovative trial design andinclusion of new countries and sites around
the world was important in testing this hypothesis.

Perhaps most notably, changesin neurofilament levels, amarker
of axonal injury and neurodegeneration’*” were evaluated as a key
secondary endpointinthetrial. InSMA, neurofilament levels correlate
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Table 3 | Parts B and C: overall safety summary

PartB PartC
Infantile-onset SMA Later-onset SMA Infantile-onset
and later-onset
SMA
Participants 50/28 mg 12/12mg Matched 50/28mg 12/12mg Matched sham Matched 50/28 mg
(n=50) (n=25) sham (n=16) (n=8) (CHERISH) 12/12mg (n=40)
(ENDEAR) (n=16) (CHERISH)
(n=20) (n=32)
Any AE, n (%) 45 (90.0) 22 (88.0) 20 (100) 14 (87.5) 7(87.5) 16 (100) 27 (84.4) 37(92.5)
Severity,? n (%)
Mild 13(26.0) 3(12.0) 0 10 (62.5) 2(25.0) 8(50.0) 13 (40.6) 18 (45.0)
Moderate 10(20.0) 5(20.0) 2(10.0) 3(18.8) 4(50.0) 6(37.5) 12(37.5) 14(35.0)
Severe 22 (44.0) 14 (56.0) 18 (90.0) 1(6.3) 1(12.5) 2(12.5) 2(6.3) 5(12.5)
Treatment-related AE,® n (%) 3(6.0) 1(4.0) 4(20.0) 1(6.3) 0 2(12.5) 7(21.9) 8(20.0)
SAE, n (%) 30 (60.0) 18 (72.0) 19 (95.0) 2 (12.5) 4(50.0) 5(31.3) 5 (15.6) 6 (15.0)
Treatment-related SAE, n (%) 0 1(4.0) 0 (0] 0 0 (0] 0
AE leading to treatment 0 0 NA 0 0 0 0 0
discontinuation, n (%)
AE leading to study 10 (20.0) 6(24.0) 11(55.0) 0 0 0 0 6]
withdrawal, n (%)
AE leading to death, n (%) 10 (20.0) 6(24.0) 11(55.0) 0 0 0 0 0]
AEs occurring in more than 15%° according to preferred term, n (%)
Pneumonia 10 (20.0) 5(20.0) 1(5.0) 0 1(12.5) 3(18.8) 3(9.4) 0
Respiratory failure 10 (20.0) 4(16.0) 8(40.0) 0 (0] 0 0 0
Pyrexia 9 (18.0) 4(16.0) 9 (45.0) 1(6.3) (0] 4(25.0) 10 (31.3) 4(10.0)
COVID-19 8(16.0) 2(8.0) 0 1(6.3) 1(12.5) 0 (0] 11(27.5)
Upper respiratory tract 8(16.0) 3(12.0) 5(25.0) 2(12.5) 2(25.0) 8(50.0) 9(28.1) 2 (5.0)
infection
Procedural pain 3(6.0) 0 3(18.8) 3(375) 1(3.1) 8(20.0)
Procedural headache 0 0 4(25.0) 0 0 13(32.5)
SAEs occurring in more than 10%° according to preferred term, n (%)
Pneumonia 7(14.0) 5(20.0) 1(5.0) (0] 0 3(18.8) 2(6.3) 0
Pneumonia aspiration 7(14.0) 1(4.0) 1(5.0) 0 1(12.5) 0 0 0
Respiratory failure 8(16.0) 4(16.0) 8(40.0) 0 0 0 0 0
Acute respiratory failure 2(4.0) 3(12.0) 4(20.0) 0 0 0 0 0
Pneumonia respiratory 1(2.0) 0 0 1(6.3) 1(12.5) 0 0 0
syncytial viral
Pneumonia mycoplasmal 1(2.0) 0 0 0 1(12.5) 0 (0] 0
Atelectasis 0 0 1(5.0) 0 1(12.5) 0 (0] 0
Asthma (0] 0] 0 0 1(12.5) 0 0 6]
Gastroenteritis rotavirus 0 0 0 0 1(12.5) 0 0 0
Pneumonia pneumococcal 0 0 0 0 1(12.5) 0 (0] 0

Events are classified according to Medical Dictionary for Regulatory Activities preferred terms. Participants were counted once in each category. *Participants were counted once at their
maximum severity. “Related as assessed by the investigator. °AEs and SAEs occurring in the investigational treatment arms (Part B 50/28 mg and 12/12mg arms, and Part C).

withdisease phenotype and age, with the highest levelsin the youngest
patients with the most severe phenotype. Treatment with nusinersen
hasbeen previously shownto drive robust, sustained reductions of neu-
rofilament, and these early reductions preceded demonstrable clinical
benefit over time'®", Recognizing that many of our traditional clinical
outcome measures were designed over adecade ago, when trials were
assessing an investigational treatment relative to the progressive
natural history of SMA, these measures may have more limited utility
to assess the relative benefit of different DMTs, dosing regimens or
treatment paradigms (for example, monotherapy versus combination
orsequential therapy). Future studies should consider incorporation of

more sensitive and objective measures, such as neurofilament levels,
to help address these important questions for the field. Neurofilament
levels can help us understand whether a therapy or combination of
therapies are arresting motor neuron degeneration sufficiently and
quickly enough, recognizing that the downstreamimpact of failing to
do so may not be clinically evident for months or even years.
Potential limitations that should be considered when interpret-
ing these study results are primarily due to the DEVOTE study not
being powered to detect differences between the 50/28 mg and
12/12 mg cohorts. As such, additional factors, such as the limitations
of traditional clinical outcome measures that were not created to
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evaluate therelative benefit of different DMTs, and the impact of dif-
ferences in standard of care across a diverse study population, may
havealargerimpactonthereportedresultsthanifalarger population
were enrolled.

Inconclusion, datafrom DEVOTE Parts Band C support the poten-
tial of the high-dose regimen of nusinersen to provide greater benefit
compared withthe12/12 mg regimen while maintaining a similar safety
profile. DEVOTE also offers important insights for the SMA field around
trial design, trial conduct in new countries and sites with evolving
standard of care, and the need for objective and sensitive outcome
measures to assess new therapeutic approaches and ultimately inform
animproved future state for SMA care.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Study design

DEVOTE was aglobal, three-part phase 2/3 study. Part A evaluated initial
safety and tolerability of 28/28 mg nusinersen®. Part B was a rand-
omized, double-blind evaluation of the efficacy and safety of 50/28 mg
nusinersen in treatment-naive participants with infantile-onset SMA
(pivotal trial population). Part B also included a supportive, smaller
cohort of treatment-naive participants with later-onset SMA. Part
C was an open-label cohort that evaluated 50/28 mg nusinersen in
participants with SMA who transitioned from the 12/12 mg nusinersen
regimen (Extended Data Fig. 6).

Ethics approval and consent

DEVOTE was conducted in accordance with the Good Clinical Prac-
tice Guidelines of the International Council for Harmonization and
accordingtothe ethical principles outlined in the 2013 Declaration of
Helsinki. The protocol was approved by relevant ethics committees
and institutional review boards (Supplementary Notes: Methods,
p.22).Safety data, including unblinded datafrom Part B, were reviewed
on an ongoing basis by an Independent Data Monitoring Committee.
Signed informed consent from the patient or their parent or guardian
inthe case of young children was mandatory. DEVOTE was registered
with ClinicalTrials.gov (registration: NCT04089566) and EudraCT
(no0.2019-002663-10).

While the DEVOTE protocol stipulated a requirement for par-
ticipants to be offered standard of care in line with SMA consensus
guidelines®®?’, or provided nutritional and respiratory support per
the investigator’s judgment, standard of care varied across regions.
Importantly, cough assist machines and ventilators had to be provided,
where needed, to sites mid-study, after it was identified that they were
not available for supportive care of study participants. Ventilators were
provided, whenrequired, on asite or per-patient basis.

Participants
In Part B, individuals eligible for the cohort with infantile-onset
SMA were aged between 8 days (>1 week) and 7 months, had two
SMN2 copies and had SMA symptom onset at <6 months of age
(Extended Data Fig. 6). Individuals eligible for the cohort with
later-onset SMA were aged from 2 to <10 years, had SMA symptom
onset at >6 months of age and could sit independently but had
never walked independently. Part C participants had infantile-onset
or later-onset SMA, were ambulatory or nonambulatory, and were
required to have received 12/12 mg nusinersen for >1 year before
screening. Full inclusion and exclusion criteria are included in the
Supplementary Notes: Methods, p. 3.

Participants were recruited across 44 sites in 18 countries. The full
list of investigators, study site personnel and study sitesisincludedin
the Supplementary Notes: Methods, p. 15.

Randomization and masking

Inboth Part B cohorts, treatment-naive individuals were randomized
2:1toreceive 50/28 mg (investigational group) or 12/12 mg nusinersen
(control group), respectively. Randomization was stratified according
todisease duration for the cohort with infantile-onset SMA (<12 weeks
and more than 12 weeks from age at symptom onset to age at informed
consent), and according to age at informed consent for the cohort
with later-onset SMA (<6 years and >6 years), which is consistent with
studies CS3B and CS4.

Procedures

Inboth Part B cohorts, participants randomized to the control groups
received12-mgloading doses ondays1,15,29 and 64, followed by 12-mg
maintenance doses on days 183 and 279. Participants randomized to
the investigational groups received 50-mg loading doses on days 1
and 15, followed by 28-mg maintenance doses on days 135 and 279

(Extended Data Fig. 6). For the dosing days that were not common
betweenthe nusinersenregimen, participantsreceived asham proce-
dure in lieu of alumbar puncture and dosing to ensure that the blind
was maintained.

All participants in Part C received a single bolus dose of 50 mg
nusinersen (administered 4 months (+14 days) after their most recent
12-mg maintenance dose) followed by two 28-mg maintenance doses
ondays121and 241 (Extended Data Fig. 6).

Outcomes

The DEVOTE study was formally powered to evaluate the prespeci-
fied primary endpoint for the Part B cohort with infantile-onset
SMA; the change in CHOP-INTEND score from baseline at day 183 in
the 50/28 mg group versus a matched historical comparator group
from the sham arm of the ENDEAR (registration: NCT02193074) trial
(‘matched shamgroup’)". Key secondary endpoints in the Part B cohort
with infantile-onset SMA were tested in a prespecified hierarchical
order (Extended Data Table 2). Other secondary endpoints are listed
inthe Supplementary Notes: Methods, p.10. For the Part B cohort with
later-onset SMA, key secondary efficacy endpoints for the 50/28 mg
group were: NfL (change from baseline versus DEVOTE 12/12 mg);
HFMSE at day 302 (change from baseline versus DEVOTE 12/12 mg and
versus matched sham and 12/12 mg groups from the CHERISH trial
(registration: NCT02292537%); RULM at day 302 (same comparisons
as HFMSE); and safety.

Safety and tolerability were the primary endpointsin the support-
ive Part C transition cohort. Key secondary efficacy endpointsincluded
change frombaseline at day 302 in HFMSE and RULM.

Exploratory outcomes and post hoc analyses are describedinthe
Supplementary Notes: Methods, p.10.

Statistical analysis

For the primary endpoint and selected secondary endpoints in the
pivotal Part B cohort with infantile-onset SMA, amatched sham com-
parator group was prespecified from the ENDEAR trial because of the
equivocal ethics of a placebo-controlled study given the progressive
nature of SMA and the availability of approved treatments. To support
this, inclusion criteria for the DEVOTE cohort with infantile-onset SMA
were selected to be similar to those from ENDEAR. A prespecified
matching algorithm was then used to select sham arm participants
from ENDEAR who were comparable at baseline to the 50/28 mg group
based ontwo prognostic factors: disease durationand CHOP-INTEND
score (Supplementary Notes: Methods, p. 11).

A prespecified hierarchical testing procedure was used for the
primary and key secondary endpoints (Extended Data Table 2).
Statistical comparisons for the primary and key secondary end-
points were performed sequentially, with each successive analy-
sis requiring statistical significance of the preceding comparison.
Once an endpoint in the hierarchy was found to be not statistically
significant, subsequent endpoints with P < 0.05 were reported as
nominally significant.

A sample size of approximately 50 participants in the 50/28 mg
group was estimated to provide at least 99% power for the primary
endpoint to detect an improvement of 24 points on CHOP-INTEND
and a 23% survival rate benefit (versus the matched sham group from
ENDEAR) at day 183, based on the joint-rank test at atwo-sided signifi-
cance level of 0.05. Part B was not sufficiently powered to detect sta-
tistical differences between the 50/28 mg and 12/12 mg groups as this
would have required a prohibitively large number of treatment-naive
infantile-onset participants; the 12/12 mg group was included to pro-
vide contemporaneous supportive evidence (Supplementary Notes:
Methods, p. 15).

Multiple imputation (MI) was used to account for missing data.
Joint-rank methodology was used to account for death in the analysis
of functional endpoints (Supplementary Notes: Methods, p. 11)*.
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Comparisons of endpoints between treatment groups were based on
analysis of covariance (ANCOVA) models for continuous endpoints,
including as part of the joint-rank test analysis, logistic regressions
or Fisher’s exact test for binary endpoints, and log-rank tests for the
survival endpoints (in Part B). EFS was determined inablinded fashion
by a central, independent Endpoint Adjudication Committee.

The sample size (n =24) for the Part B cohort with later-onset
SMA was not based on statistical considerations and was not powered
to detect statistically significant differences between the 50/28 mg
and 12/12 mg groups. In addition to the DEVOTE 12/12 mg group, the
50/28 mg group was also compared to asubset of matched participants
from the CHERISH trial. Specifically, prespecified propensity-score
matching was used to select participants from the sham and 12/12 mg
arms from CHERISH who were comparable at baseline to the 50/28 mg
group on key prognostic factors (age, HFMSE and RULM). Further
details on matching are provided in the Supplementary Notes:
Methods, p. 14.

Thesamplesize (up to40 participants) for Part Cwasnot based on
statistical considerations nor powered to detect statistically significant
improvements; descriptive statistics were performed.

Key prognostic covariates were considered to be disease
duration in infantile-onset SMA and age in later-onset SMA, which
were stratified for in the randomization, included in matching and
adjusted for in the analysis models. In addition, baseline function,
assessed using CHOP-INTEND or HFMSE, was also included in any
matching and adjusted for in the analysis model. To be parsimoni-
ous in covariate selection, given the relatively small sample size,
selection was limited to two covariates and sex was not included in
the analysis model.

Statistical analyses were performed using the SAS software v.9.4.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Individual participant data collected during the trial may be shared
after anonymization and upon approval of the research proposal.
Biogen commits to sharing patient-level data, study-level data, case
report forms and protocols with qualified scientific researchers
who provide a methodologically sound proposal. Biogen reviews
all data requests internally based on review criteria and in accord-
ance with our Clinical Trial Transparency and Data Sharing Policy.
Deidentified data and documents will be shared under agreements
that further protect against participant reidentification. To request
access to data, please visit https://vivli.org/. Initial requests are
typically acknowledged within 2 weeks, while full data approval
may take longer depending on the complexity and nature of the
request. Dataare controlled to protect participant privacy and com-
ply with ethical and regulatory standards, ensuring secure access
and preventing misuse.
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Extended Data Fig.1| Part Binfantile-onset cohort - HINE-2. Study day 1is
baseline. All Pvalues were obtained from comparing the two treatment groups
indicated per row in each table above each chart. In the treatment columns,
rankings and changes from baseline in actual scores are shown; the LSM
differences correspond to the differences between the two listed treatments.
Results shown are from ANCOVA model with adjustment for participants’

LSM difference (95% CI); P value
6.1 (2.7, 14.9); P=0.1734 (JRT)

Time point LSM ranking
Day 302 50/28 mg: 40.0

Time point LSM change from baseline
Day 302 50/28 mg: +5.9

LSM difference (95% CI); P value
0.58 (~1.89, 3.04); P=0.6454 (ANCOVA+MI
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disease duration, baseline HINE-2 score and baseline CHOP-INTEND score.
Missing data was handled with multiple imputation. All statistical tests were
two sided. ANCOVA, analysis of covariance; CHOP-INTEND, Children’s Hospital
of Philadelphia Infant Test of Neuromuscular Disorders; HINE-2, Hammersmith
Infant Neurological Exam section 2; LSM, least-squares mean; MI, multiple
imputation; SE, standard error.
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Extended Data Fig. 2| Part B infantile-onset cohort - CHOP-INTEND.
?Pvalue considered nominally significant. Study day 1is baseline. All Pvalues
were obtained from comparing the two treatment groups indicated per row in
eachtable above each chart. In the treatment columns, rankings and changes
from baseline in actual scores are shown; the LSM differences correspond to
the differences between the two listed treatments. Results shown are from an

135
43

T T T
183 279 302

40 34 34

ANCOVA model with adjustment for participants’ disease duration and baseline
CHOP-INTEND score. Missing data was handled with multiple imputation. All
statistical tests were two sided. ANCOVA, analysis of covariance; CHOP-INTEND,
Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; CI,
confidence interval;JRT, joint-rank test; LSM, least-squares mean; M1, multiple
imputation; SE, standard error.
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HR (95% CI)

P value

50/28 mg versus Sham

0.279 (0.112, 0.696)

0.00122

50/28 mg versus 0.730 (0.264, 2.015)  0.4821

1.0 ]

Probability of Survival

0 ——
Time (Weeks) 0 4 9 13
50/28 mg 50 49 46 43 41 3927

26 39 43 52 56 60

330

Matched Sham 20 19 17 15 11 9 7 4 3 0

statistically significant. Where a Pvalue was <0.05 but hierarchical testing had
stopped, the Pvalue was considered nominally significant and is denoted (a). All
statistical tests were two sided. Cl, confidence interval; EFS, event-free survival;
HR, hazard ratio.

Extended Data Fig. 3 | Part Binfantile-onset - Overall survival. *Indicates
nominal significance; Pvalue is from log-rank test stratified by disease duration
(<12 weeks or >12 weeks). All Pvalues were obtained from comparing the two
treatment groups indicated per row in each table above each chart. Due to the
hierarchical testing, none of the time-to-event endpoints were considered
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Extended Data Fig. 4 | Part B later-onset cohort - Plasma NfL levels. *Indicates withadjustment for age at screening, baseline log plasma NfL and baseline

nominal significance. Study day 1is baseline. The Pvalue is obtained from HFMSE. Missing data was handled with multiple imputation. All statistical tests
comparing the two treatment groups indicated. In the treatment columns, the were two sided. ANCOVA, analysis of covariance; CI, confidence interval; LSGM,
LSGM ratio to baseline is shown; the LSGM ratio corresponds to the difference least-squares geometric mean; MI, multiple imputation; NfL, neurofilament
between the two listed treatments. Results shown are from an ANCOVA model light chain.
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A Mean HFMSE score B Mean RULM score
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Extended DataFig. 5| Part C - HFMSE (A) and RULM (B). Study day 1is baseline. Observed data and mean change are shown. Two participants did not have
HFMSE/RULM scores collected at baseline and are not included in the analysis. HFMSE, Hammersmith Functional Motor Scale Expanded; RULM, Revised Upper Limb
Module; SD, standard deviation; SE, standard error.
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Study Part Participants Treatment
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Sham procedure

Supportive: Any age, ambulatory or Participants transitioned from the standard 12/12 mg
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(Study Day)?
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Extended Data Fig. 6 | Parts Band C - Study design. DEVOTE was powered to
assess the efficacy of the 50/28 mg regimen in infantile-onset participants as
compared to a prespecified matched sham group from ENDEAR. Inclusion
ofthe 12/12 mg dosing regimen in Part B was intended to provide supportive
evidence, but the study was not sufficiently powered to detect statistically
significant differences between the 50/28 mg and 12/12 mg groups.

A prespecified hierarchical testing procedure was used for the primary and
secondary endpoints for Part B infantile-onset (see Extended Data Table 2).

°ENDEAR matched sham, CHERISH matched sham and CHERISH matched

12/12 mgindicate prespecified subsets of participants matched to characteristics
of the DEVOTE 50/28 mg group (see Extended Data Table 2). CHOP-INTEND,
Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; EFS,
event-free survival; HFMSE, Hammersmith Functional Motor Scale Expanded;
HINE-2, Hammersmith Infant Neurological Exam section 2; NfL, neurofilament
light chain; OS, overall survival; RULM, Revised Upper Limb Module; SMA, spinal
muscular atrophy; SMN2, survival motor neuron 2.
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Main analysis

Sensitivity analysis

Sensitivity analysis

Sensitivity analysis

Sensitivity analysis

Sensitivity analysis

Sensitivity analysis

LS mean difference: 95% CI
50/28 mg - 12/12 mg

Joint-rank test, ranking deaths as worst ITT set L A g J 1.00 -9.290. 11.299
Joint-rank test. ranking deaths and then withdrawals ITT set L *® i 5.14 -5.071, 15.351
Joint-rank test. ranking deaths and permanent ventilation ITT set L t *® 1 4.51 —5.558. 14.569
Joint-rank test. excluding deaths from the MI step ITT set L ® 1 1.46 —8.870, 11.788
Rank based implementation, ranking deaths as worst ITT set L 3 i 0.24 —7.837. 8.310
Joint-rank test. ranking deaths as worst PP set ! g i 1.01 —9.028. 11.057
Main analysis using jump to reference in the MI step ITT set ! : 1 0.93 -9.076, 10.937
I l 1
-16 0 16
Favors 12/12 mg Favors 50/28 mg

Difference in ranks

Extended Data Fig. 7 | Part Binfantile-onset cohort - CHOP-INTEND sensitivity analyses. CHOP-INTEND, Children’s Hospital of Philadelphia Infant Test of
Neuromuscular Disorders; Cl, confidence interval; ITT, intent-to-treat; LS, least-squares; MI, multiple imputation; PP, per protocol.
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Extended Data Table 1| Part B infantile-onset cohort - Additional secondary and exploratory endpoints

Event type 50/28 mg 12/12 mg
(n=50) (n=25)

Hospitalizations due to SAEs®

Participants with no hospitalizations, n (%) 31 (62) 11 (44)

Adjusted annual rate of hospitalization,? (95% CI)

0.8 (0.51, 1.22)

1.4 (0.80, 2.27)

Mean proportion of time hospitalized, % 153 20.8
Serious respiratory events®
Participants with no serious respiratory events, n (%) 24 (48) 9 (36)

Adjusted annual rate of serious respiratory events,® (95% CI)

1.8 (1.17, 2.68)

2.1 (1.16, 3.72)

Ventilation support®

Mean proportion of time on ventilation, % 26.4 25.4

Proportion of participants using ventilation support at day 302, % (n/N) 62.9 (22/35) 69.2 (9/13)

PASA*¢

Change from baseline to day 302 — had difficulty feeding themselves -0.6 -1.6
(n=29) (n=7)

Change from baseline to day 302 — had to suction excess saliva or drool -0.2 -1.7
(n=31) (n=7)

Change from baseline to day 302 — not able to eat as much as would like —0.2 -1.6
(n=31) (n=7)

Change from baseline to day 302 — not able to eat food variety they like -1.0 -1.6
(n=29) (n=7)

Change from baseline to day 302 — been tube fed -0.9 -1.8
(n=32) (n=9)

CGIC?

Proportion of responders? per caregiver assessment at day 302, n (%) 31(62) 10 (40)

Proportion of respondersd per investigator assessment at day 302, n (%) 28 (56) 10 (40)

HINE-1 suck/swallow*®

Proportion of participants with worsening from baseline to day 302, % 6 (2/35) 33 (4/12)

(n/N)

Proportion of participants with no change (stability) from baseline to day 69 (24/35) 58 (7/12)

302, % (n/N)

Proportion of participants with improvement from baseline to day 302, % 26 (9/35) 8 (1/12)

(n/N)

Proportion of participants with baseline score below the max value (<3) 39 (9/23) 9 (1/11)

with improvement from baseline to day 302, % (n/N)

2Secondary endpoint. °From a negative binomial regression adjusted for disease duration at screening and baseline CHOP-INTEND score. °A reduction represents a loss of swallowing ability.
9Defined as participants considered to have “much improved” or “very much improved”. °Exploratory endpoint. CGIC, Clinical Global Impression of Change; CHOP-INTEND, Children’s
Hospital of Philadelphia Infant Test of Neuromuscular Disorders; Cl, confidence interval; HINE-1, Hammersmith Infant Neurological Exam section 1; PASA, Parental Assessment of Swallowing

Ability; SAE, serious adverse event.
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Extended Data Table 2 | Part B - Summary of statistical testing

Part Participants

Key efficacy endpoints (study day)

Comparator vs 50/28 mg nusinersen cohort

Infantile-onset SMA
(N=75)

B

(treatment- naive)

Later-onset SMA
(N=24)

Pre-specified hierarchy of testing

Primary: CHOP-INTEND (183)
HINE-2 (responder) (183)
HINE-2 (change) (183)

Plasma NfL (183)
CHOP-INTEND (302)

HINE-2 (change) (302)

Plasma NfL (64)

EFS

oS
EFS
0os

Pre-specified exploratory testing (no hierarchy/adjustment
for multiplicity)

Plasma NfL (64)

HFMSE (302) and RULM (302)

ENDEAR matched sham!!
ENDEAR matched sham!!2
ENDEAR matched sham!!
ENDEAR matched sham''*
DEVOTE 12/12 mg
DEVOTE 12/12 mg
DEVOTE 12/12 mg

ENDEAR matched sham!!

ENDEAR matched sham!!
DEVOTE 12/12 mg
DEVOTE 12/12 mg

DEVOTE 12/12 mg

DEVOTE 12/12 mg, CHERISH matched sham, and
CHERISH matched 12/12 mg!>?

°ENDEAR matched sham, CHERISH matched sham and CHERISH matched 12/12mg indicate prespecified subsets of participants matched to characteristics of the DEVOTE 50/28 mg group.
Comparisons to CHERISH were performed using the day 279 DEVOTE visit since this was the closest visit to the day 274 CHERISH visit. CHOP-INTEND, Children’s Hospital of Philadelphia
Infant Test of Neuromuscular Disorders; EFS, event-free survival; HFMSE, Hammersmith Functional Motor Scale Expanded; HINE-2, Hammersmith Infant Neurological Exam section 2; NfL,
neurofilament light chain; OS, overall survival; RULM, Revised Upper Limb Module; SMA, spinal muscular atrophy.
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Extended Data Table 3 | Part B - Plasma pharmacokinetics of nusinersen

Infantile-onset SMA Later-onset SMA
Variable 5028 mg  12/12 mg Ratio 5028 mg  12/12 mg Ratio
(n=37) (n=21) (n=16) (n=8)

Cinax, ng/mL Day 1 geometric 3620 782 4.6 2170 232 93
mean

AUCy 24, ng*hr/mL Day 1 geometric 41 000 8290 5.0 21400 2900 74
mean

Cirough, ng/mL Day 15 geometric 6.2 14 45 32 0.7 4.7
mean
Day 279 geometric 2.0 0.9 2.1 0.8 0.6 14
mean

Analyses excluded participants who were missing any samples at pre-dose and at 2, 4, 8 or 24 hours post-dose after outlier exclusions. AUC,, ,, area under the concentration-time curve from 1

to 24 hours; SMA, spinal muscular atrophy.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  Data collection used Medidata Classic Rave version 2024.1.2.

Data analysis Statistical analyses were performed using the Statistical Analysis System (SAS) software version 9.4.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Individual participant data collected during the trial may be shared after anonymization and on approval of the research proposal. Biogen commits to sharing
patient-level data, study-level data, case report forms and protocols with qualified scientific researchers who provide a methodologically sound proposal. Biogen
reviews all data requests internally based on review criteria and in accordance with our Clinical Trial Transparency and Data Sharing Policy. Deidentified data and
documents will be shared under agreements that further protect against participant reidentification. To request access to data, please visit https://vivli.org/.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The sex of participants was collected as part of the medical history, where local regulations allowed.
Key prognostic covariates were considered to be disease duration in infantile-onset SMA and age in later-onset SMA, which
were stratified for in the randomization, included in matching, and adjusted for in analysis models. In addition, baseline
function, assessed by CHOP-INTEND or HFMSE, was also included in any matching, and adjusted for in the analysis model. In
order to be parsimonious in covariate selection, given the relatively small sample size, selection was limited to two
covariates, and sex was not included in the analysis model.

Reporting on race, ethnicity, or | The race/ethnicity of participants was collected as part of the medical history, where local regulations allowed.
other socially relevant
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Population characteristics All: Genetic documentation of 5g SMA.
Part B Infantile Onset: Age > 1 week to < 7 months (< 210 days) at the time of informed consent
Part B Later Onset: Onset of clinical signs and symptoms consistent with SMA at > 6 months (> 180 days) of age and age 2 to
< 10 years at the time of informed consent
Part C: Currently in nusinersen treatment at the time of Screening, with the first dose begin at least 1 year prior to Screening

Recruitment Participants were recruited through clinical sites affiliated with the study between 26 Mar 2020 to 08 Aug 2023. Eligibility
was determined based on predefined inclusion and exclusion criteria. The use of self-selection and voluntary enrollment may

have introduced bias, as participants motivated to join a clinical trial may differ in region, health status, or treatment
expectations.

Ethics oversight The protocol was approved by relevant ethics committees.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For the Part B infantile-onset cohort, a sample size of approximately 50 participants in the 50/28 mg group was estimated to provide at least
99% power for the primary endpoint to detect an improvement of 24 points on CHOP-INTEND and 23% survival rate benefit (versus the
matched sham group from ENDEAR) at day 183, based on the joint-rank test at a 2-sided significance level of 0.05. Part B was not sufficiently
powered to detect statistical differences between the 50/28 mg and 12/12 mg groups as this would have required a prohibitively large
number of treatment-naive infantile-onset participants; the 12/12 mg group was included to provide contemporaneous supportive evidence.
The sample size (n=24) for the Part B later-onset cohort was not based on statistical considerations and was not powered to detect
statistically significant differences between the 50/28 mg and 12/12 mg groups.

The sample size (up to 40 participants) for Part C was not based on statistical considerations nor powered to detect statistically significant
improvements; descriptive statistics were performed.

A total of 24 participants with later-onset SMA was randomized to the Control Group and 50/28-mg Group in Part B in a ratio of 1:2; this
allowed the exploration of the safety, tolerability, and efficacy of the 50/28 mg dose of nusinersen in this population. A total of up to
approximately 40 participants was enrolled in Part C (i.e., up to approximately 20 participants each in Cohorts 1 and 2) to characterize the
safety and tolerability of a 50/28 mg dose of nusinersen in participants transitioning from maintenance dosing at the currently approved dose
of 12 mg of nusinersen.

Data exclusions  Participant eligibility was based on inclusion and exclusion criteria, provided in the supplement. All available data was included in the analyses.
Replication Replication was not applicable because the study was designed as a single trial to evaluate the efficacy and safety of high dose
nusinersen. The efficacy of nusinersen 12 mg compared to sham has already been demonstrated in two phase 3 RCTs. DEVOTE adhered to
rigorous methodological standards, including randomization, blinding, and predefined endpoints, which ensured internal validity.

Randomization Part B participants were randomized 2:1 to 50/28 mg nusinersen and 12/12 mg nusinersen. Part C was open-label.

Blinding Investigators responsible for assessing outcomes in patients in Part B were blinded to treatment allocation as were the team running the
study. Unblinding of the team occurred following finalization of the statistical analysis plan and locking of the dataset.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  ClinicalTrials.gov ID, NCT04089566; EudraCT number, 2019-002663-10

Study protocol Available on ClinicalTrials.gov ID, NCT04089566

Data collection Parts B and C of the DEVOTE trial enrolled 139 participants between November 12, 2020 and August 08, 2023. Clinical study sites
were in Brazil, Canada, Chile, China, Colombia, Germany, Hungary, Italy, Japan, Lebanon, Mexico, Poland, Russia, Saudi Arabia, Spain,
Taiwan, USA.

Outcomes Within Part B to control the overall Type 1 error at a 2 sided alpha level of 0.05, a sequential testing procedure ranked in the order of

the primary and secondary endpoints will be utilized. In this procedure, the primary endpoint of change in CHOP-INTEND total score
from baseline to Day 183 for the ENDEAR Sham Control Group compared to the 50/28-mg Group will be tested. If this is statistically
significant, then the first secondary endpoint of the proportion of motor milestone responders at Day 183 for the ENDEAR Sham
Control Group compared to the 50/28-mg Group will be tested and so forth in the order of the remaining endpoints. Inferential
conclusions about each successive analysis require statistical significance of the prior one. The main analysis for the primary endpoint
and secondary endpoints comparing nusinersen 50/28 mg to sham will be performed using the 50/28 mg participants in the ITT Set
and the set of at least 20 sham participants selected via the matching algorithm. The main analyses for secondary endpoints
comparing 50/28 mg to 12 mg will be performed using the ITT Set.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedures for-eachseed stock-tised-or-novel-genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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