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Abstract
Spinal muscular atrophy (SMA) is an autosomal recessive degenerative neuromuscular disorder characterized by loss of spinal 
motor neurons leading to muscle weakness and atrophy that is caused by survival motor neuron (SMN) protein deficiency 
resulting from the biallelic loss of the SMN1 gene. The SMN2 gene modulates the SMA phenotype, as a small fraction of 
its transcripts are alternatively spliced to produce full-length SMN (fSMN) protein. SMN-targeted therapies increase SMN 
protein; mRNA therapies, nusinersen and risdiplam, increase the amount of fSMN transcripts alternatively spliced from the 
SMN2 gene, while gene transfer therapy, onasemnogene abeparvovec xioi, increases SMN protein by introducing the hSMN 
gene into various tissues, including spinal cord via an AAV9 vector. These SMN-targeted therapies have been found effective 
in improving outcomes and are approved for use in SMA in the US and elsewhere. This article discusses the clinical trial 
results for SMN-directed therapies with a focus on efficacy, side effects and treatment response predictors. It also discusses 
preliminary data from muscle-targeted trials, as single agents and in combination with SMN-targeted therapies, as well as 
other classes of SMA treatments.
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1 Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive 
degenerative neuromuscular disorder caused by mutations 
in the SMN1 gene [1], which is responsible for producing 
90% of the survival motor neuron (SMN) protein in the body 
[2]. Motor neurons are exquisitely vulnerable to low SMN 
protein levels, which in turn lead to loss of spinal motor neu-
rons and secondary muscle weakness and atrophy. An under-
standing of the natural history of SMA phenotypes is needed 
in symptomatic SMA to fully appreciate the rate of disease 
progression and treatment response, whereas SMA risk pre-
diction in infants diagnosed and treated presymptomatically 
relies entirely on genetic burden. This article primarily cov-
ers pivotal trials providing information on approved SMA 
therapies needed for treatment decisions and preliminary 
data on investigational SMA treatments. For the sake of 
completeness, it also includes in a nonsystematic fashion, 
salient clinical studies of non-SMN modifying treatments.

2  Pediatric Phenotypes

Pediatric SMA, which was the focus of clinical trials, varies 
in age of onset and rate of disease progression. SMA type 
classifications were developed prior to the advent of treat-
ment based on the maximum motor function achieved: type 
1 is characterized by the inability to sit; type 2, by the abil-
ity to sit but never walk and type 3, by the ability to walk. 
Patients with SMA type 0 (also known as type 1a), in which 
symptoms begin in utero, were excluded from clinical trials.

Historically, SMA was one of the most common genetic 
causes of infant mortality, with an average carrier rate of 
about 1:50 [3]. Newborn screening showed population-based 
birth incidence varies from 1 in 7035 births in Germany 
[4] to 1 in 28,000 in New York state [5]. SMA type I is 
the most common SMA type at birth, accounting for over 
40% of all cases [6]. Infants are normal at birth but between 
2–6 months of age they develop hypotonia, progressive 
weakness, and poor feeding, which is followed by respira-
tory impairment. Without intervention few infants survive 
past 2 years of age. The median age to death or permanent 
ventilation is between 8 [7] and 13 months [8] of age. Most 
SMA type 1 patients have two SMN2 copies (Fig. 1). Clini-
cal outcomes in infant clinical trials have been event-free 
survival (survival or lack of tracheostomy or respiratory 
support requirements ≥ 16 h), the Children's Hospital of 
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Key Points 

Medications that increase survival motor neuron (SMN) 
protein (SMN-targeted therapies), either by upregulating 
splicing of the SMN2 gene to produce a greater amount 
of SMN protein (nusinersen and risdiplam) or by gene 
transfer of a human SMN gene through an AAV9 vector 
(onasemnogene abeparvovec xioi) were found effective 
in treating spinal muscular atrophy (SMA).

Nusinersen and risdiplam are approved to treat SMA in 
patients of all ages. Onasemnogene abeparvovec xioi is 
approved in the US for use in SMA infants and children 
under the age of 2 years. In the EU it is approved for use 
in patients with SMA type 1 under 21 kg or in presymp-
tomatic SMA neonates with 2 and 3 SMN2 copies.

No studies have established superior efficacy of any one 
SMN-targeted therapy. Choice of agent is selected based 
on age, preference, route of administration, biodistribu-
tion and side effects.

The earlier in the course of the disease any of these treat-
ments are implemented the better the clinical response 
will be. Presymptomatic treatment results in the best 
clinical response and offers the best chance of normal 
development.

Combination therapy studies of SMN-targeted therapy 
with myostatin inhibitors are currently underway. Pre-
clinical studies indicate combination therapy targeting 
different systems offers a chance at a better outcome than 
SMN-targeted therapies alone.

three SMN2 copies (Fig. 1) [6]. Functional motor outcomes 
include the Hammersmith Functional Motor Scale Extended 
(HFMSE) [15], the Motor Function Measure (MFM) [16] 
and the Revised Upper Limb Module (RULM) [17]. Survival 
is shortened but patients usually reach adulthood.

SMA type III is the least severe and least common pedi-
atric SMA phenotype (Fig. 1) and is defined by the ability 
to walk independently. Weakness starts in the pelvic girdle 
and progresses relatively slowly when compared with infant-
onset SMA. Onset under age 3 years (type 3a), however, is 
associated with a more severe phenotype and earlier loss of 
ambulation [18]. Diagnosis in SMA type 3 is delayed longer 
than for other SMA types [19]. Ambulation is assessed typi-
cally with the Six Minute Walk Test (6MWT) [20]. The piv-
otal SMA clinical trials did not include ambulatory SMA 
patients.

3  Spinal Muscular Atrophy (SMA) Genetics 
and Molecular Biology

Classic 5q spinal muscular atrophy (SMA) is caused by a 
biallelic mutation in the Survival Motor Neuron (SMN) 1 
gene [1]; 95% of cases are caused by a homozygous dele-
tion, but about 5% of cases are caused by a point mutation 
in one or both alleles [21]. Located in the telomere of 5.q, 
the SMN1 gene is responsible for transcribing the majority 
of functioning full-length SMN protein (see Fig. 2). The 
ubiquitously expressed SMN protein is vital for survival. 
Its function is linked to small nuclear ribonuclear protein 
(snRNP) biogenesis and preMRNA metabolism [22, 23]. 
SMN protein levels and requirements are highest embry-
onically and in early postnatal life (< 3 months in human 
controls) [24–26]. High levels coincide with periods of rapid 
growth and cell differentiation of CNS and muscle [24]. In 
autopsy spinal tissue of non-SMA controls, basal SMN 
protein levels were reached after 3 months of age: median 
SMN protein levels in prenatal controls were 2.3-fold higher 
than early postnatal controls and 6.5-fold higher than late 
postnatal controls (> 3 months to 14 years) [25]. Temporal 
changes in SMN-inducible SMA mouse models note rapid 
functional decline and developmental abnormalities in the 
neuromuscular junction (NMJ) when SMN levels are low 
in early life, but not so when low SMN levels occur in later 
life [26]. In SMA, the resulting decrease in SMN protein 
results in degeneration of motor neurons, sensory neurons 
and NMJ [27]. Both motor neurons [28] and sensory affer-
ents [29, 30] have been postulated to play a neuropathogenic 
role. The SMN protein requirements in other tissues are only 
noted in more severe clinical phenotypes [31], presumably 
because they produce the lowest amount of SMN protein. 
In infant-onset SMA, especially SMA type 0 (prenatal in 
onset), reported abnormalities include congenital cardiac 

Philadelphia Infant Test for Neuromuscular Disorder scale 
(CHOP INTEND) [9], Bayley Scales of Infant Development, 
motor scale [10] or motor milestone scores or response on 
the Hammersmith Infant Neurological Exam 2 (HINE2) [11] 
and WHO milestone acquisition [12].

SMA type 2 is an intermediate form that accounts for 
about a third of all incident cases of SMA. Children develop 
symptoms typically between 6–18 months of age. SMA type 
2 infants can sit independently and some can even stand but 
they never walk independently. Natural history studies show 
improvement in motor function between ages 2–5 years 
[13, 14] that warrants consideration when determining 
treatment responses, especially in age subgroup analyses. 
Over time, however, there is ongoing loss of upper body 
strength and development of musculoskeletal deformities 
(e.g. contractures and scoliosis) and occasionally dysphagia 
and hypoventilation during sleep. Most type 2 patients have 
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malformations [32], vascular defects with necrosis [33, 34], 
impaired beta oxidation metabolism [35, 36], autonomic 
dysregulation [37] and gastrointestinal motility and intesti-
nal absorption issues [38]. Affected organs mirror the abnor-
malities elicited in experimental models with severe SMN 
protein depletion [39–42].

3.1  SMN2 Gene Copy Number and Disease 
Prediction

The phenotypic expression of the SMN1 biallelic muta-
tion is variable given the presence of a paralogous gene, 
SMN2, in which a C for T nucleotide substitution disrupts an 
exonic splicing enhancer (ESE) and results in the exclusion 
of exon 7. This ∆7 SMN protein is non-functional and rap-
idly degraded (Fig. 2) [43]. However, about 10–15% of the 
SMN2 transcript undergoes alternative splicing to include 
exon 7, and thus produce full-length SMN (fSMN) protein. 
Humans carry between one and five SMN2 gene copies [6]. 
The SMN2 gene is a disease modifier; the lower the SMN2 
copy number, the earlier the disease onset and more severe 
the SMA phenotype [44]. Most type I patients have two 
SMN2 copies, while patients with SMA type 2 usually have 
three copies and type 3 patients have three and four SMN2 
copies [44, 45]; however, there is overlap in the number of 
SMN2 copy numbers distributed among the different types 
of SMA patients [6, 45] (Fig. 1).

Not all SMN2 gene copies are equivalent, which may 
account for divergence between copy number and SMA 
phenotypic prediction. Several SMN2 variants have been 
identified that are associated with milder phenotypes. Vari-
ant c.859 G>C in exon 7 results in a 20% increase in fSMN 
protein [46, 47]. Variants A-44G [48, 49], A549G and 

C-1897 [49] on intron 6 are also linked to milder SMA phe-
notypes. Less is understood regarding SMN2 variants that 
result in more severe SMA phenotypes or whether specific 
SMN2 variants are associated with a more muted response 
to mRNA therapies.

4  Survival Motor Neuron (SMN)‑Targeted 
Therapies

Currently in the US and elsewhere, three SMN-targeted ther-
apies have been approved for treatment in SMA. Nusinersen 
(Spinraza™) is an antisense oligonucleotide (ASO) mRNA 
splicing modulator that was the first to be approved for SMA 
of all types and ages by the US Food and Drug Administra-
tion (FDA) in December 2016 [50] and by the European 
Medicine Agency (EMA) in April 2017 [51]. Regardless of 
age, a dose of 12 mg is delivered intrathecally (IT) on days 
1, 15, 30 and 60, followed by maintenance every 4 months. 
In the US, gene transfer therapy (GTT) with onasemnogene 
abeparvovec xioi (Zolgensma™) was the second treatment 
approved for use in infant SMA under age 2 years [52]. It 
is administered as a one-time intravenous infusion at a dose 
of 1.1 ×  1014 vg/kg. The EMA provided onasemnogene with 
conditional authorization in May 2020 for use in infants up 
to 21 kg who have a diagnosis of SMA type 1 or up to three 
copies of the SMN2 gene [53]. A third agent, mRNA splicing 
modulator risdiplam (Evrysdi™), is an oral liquid prepa-
ration administered daily that was approved in the US in 
August 2020 [54] and in the EU in March 2021 [55] for use 
in SMA patients 2 months of age or older. Risdiplam was 
recently approved by the FDA for use in SMA infants under 

Fig. 1  Distribution of SMN2 copy number by SMA type. Percent 
SMN2 copies by SMA type in 625 Spanish SMA patients: 272 SMA 
type 1 (44%); 186 SMA type 2 (30%) and 165 SMA type 3 (26%) 

patients. Adapted from Calucho et al. Neuromuscular Disorders 2018; 
28:208 [6]. SMA spinal muscular atrophy
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2 months of age [56]. Dose is weight based: 5-mg dose for 
≥ 20 kg; 0.25 mg/kg/day for < 20 kg.

4.1  Antisense Oligonucleotide (ASO) Nusinersen

ASOs are short synthetic strings of nucleotides designed to 
selectively bind through base pairing hybridization to RNA 
that encodes the protein of interest. In SMA, the ASO is 
designed to bind to a specific sequence in the intron of exon 
7 in the region occupied by the heterogeneous nuclear ribo-
nucleoprotein (hRNP A1/2 proteins) that masks the intron 
splicing silencer N1 (ISS-N1) site. By displacing hRNP 
A1/2 from the ISS-N1 site, the ASO promotes the inclusion 
of exon 7 (Fig. 2) [57].

ASOs do not cross the blood–brain barrier and must 
be administered directly into the central nervous system. 
Application of an SMA-specific ASO to various SMA sys-
tems (cell cultures, transgenic mice) showed an increase 
in expression of SMN protein [58]. Intraventricular injec-
tion of ASO in the SMA ∆7 mouse model corrected SMA-
related molecular and histological abnormalities (muscle 
size, motor neuron number, NMJ integrity), and mitigated 

the severity of the phenotype, improving survival and motor 
function [59]. These studies set the stage for the clinical tri-
als that followed.

Several nusinersen clinical trials have been performed—a 
phase II dose escalation infant study (CS3A) and late-onset 
SMA phase II dose escalation open-label studies (CS2-
CS10), which included ambulatory SMA patients. The piv-
otal phase III trials were sham procedures controlled for both 
infant-onset (ENDEAR) and late-onset (CHERISH) SMA. 
Patients from all these trials were invited for follow-up in 
the SHINE (CS11) study. NURTURE is the presymptomatic 
nusinersen study.

4.1.1  Symptomatic Infant SMA Trials

4.1.1.1 ENDEAR (CS3B) Sham‑Control Study 
(NCT02193074) CS3B was a phase III global randomized 
multicenter sham procedure-controlled double-blind study 
that included 121 SMA type 1 infants with two SMN2 cop-
ies treated 2:1 with nusinersen. Study design, eligibility cri-
teria and dosing regimen with 12 mg intrathecally/sham are 
listed in Table 1. Entry criteria include disease onset under 

Fig. 2  Mechanism of action of SMN-targeted therapies. a In 5q 
SMA, (center figure), no functional SMN protein is produced by the 
SMN1 gene due to a bialleic mutation. b Ninety percent of SMN2 
gene (left figure) transcripts produce a non-functional truncated SMN 
protein that is missing exon7 (Δ7 SMN protein). b1 About 10% of 
SMN2 transcripts are alternatively spliced to include exon 7. c mRNA 
therapies act by increasing inclusion of exon 7 in SMN2 transcripts 
(green arrows), thus producing a larger amount of full-length func-
tional (fSMN) protein; c1 nusinersen enhances inclusion of exon 7 by 

displacing hnRNP (a splicing silencer) from the ISS-N1 site on intron 
7; risdiplam is believed to do so by binding to ESE (exon splicing 
enhancer) and 5′ on exon 7. d Gene transfer therapy onasemnogene 
abeparvovec uses an AAV9 vector to introduce hSMN (human sur-
vival motor neuron) gene into cells. (*) Following viral transduction, 
hSMN gene reaches the cell nucleus but does not incorporate into 
host DNA. A beta chicken actin promotor enhances expression of the 
hSMN gene. SMA spinal muscular atrophy, SMN survival motor neu-
ron
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age 6 months, age < 7 months at screening and being free of 
respiratory requirements, although preventive non-invasive 
ventilation was allowed. Significant improvements from 
baseline compared with control were noted on HINE2 mile-
stones and CHOP INTEND scores by 13 months (Table 2). 
At study end, 51% of nusinersen-treated compared with 0% 
of sham control infants were motor milestone responders on 
the HINE2 (p < 0.001) [60]. Of note, infants with disease 
duration < 13.1 weeks had a greater chance (77%) of being 
event free (i.e. alive and with no permanent ventilation 
needs) than those with ≥ 13 weeks’ disease duration (46%). 
Only 8% were sitting independently at 13 months when the 
study closed prematurely due to lack of clinical equipoise. 
Infants tolerated medication well and no significant safety 
issues were identified related to the medication or the proce-
dure itself. Most side effects were due to SMA-related res-
piratory issues, and decreased growth (height/length) was 
also noted in nusinersen-treated infants compared with con-
trols [61]. Laboratory abnormalities include proteinuria and 
mild thrombocytopenia. 

4.1.1.2 Open‑Label Dose Infant SMA Study, CS3A 
(NCT01839656) CS3A was a phase II nusinersen study of 
infants with SMA symptoms between 3 weeks and 6 months 
of age who were initially treated with either 6 or 12 mg of 
nusinersen. The high-dose cohort showed beneficial effects 
in event-free survival and motor functions (CHOP INTEND 
and HINE2 scores) [62]. Most infants had two SMN2 copies 
but two infants in the 12-mg group had three SMN2 cop-
ies. Infants showed continued gains in developmental mile-
stones at 36  months of follow-up: 42% (8/19) of patients 
were sitting independently and only two required permanent 
ventilation [63].

4.1.2  Later Onset SMA Trials

4.1.2.1 CHERISH (CS4) SMA Type 2 Sham‑Controlled Study 
(NCT02292537) CS4 was a phase III, double-blind, pla-
cebo–sham procedure-controlled (2:1 randomization), mul-
tinational multicenter study that enrolled 126 children with 
SMA type 2 between 2–12 years of age (oldest enrollee was 
9 years old) and free of significant scoliosis or contractures 
(Table  2). Dosing of nusinersen 12  mg IT or sham was 
administered on days 1, 29, 85 and then every 6  months. 
Primary outcome was change from baseline on the HFMSE 
assessed at 15 months, with + 4.0 points versus − 1.9 points, 
respectively, for the treated versus control group for a 5.9-
point difference between groups in favor of nusinersen 
(Table 3) [64]. The importance of age of first dosing in pre-
dicting motor response was evident in an interim analysis 
performed at day 690 in CHERISH patients enrolled in the 
CS11-Shine extension study. When stratified by age at first 
dosing into three groups, the largest change from baseline 

on the HFMSE, an 8.4-point increase, was observed in the 
youngest age group (2.1 to < 3.7  years), an intermediate 
increment (+ 3 points) in the 3.7- to < 4.9-year age group, 
while a slight decline in function was observed in the old-
est (4.9–9.0 years) age group (− 2 points) [65]. Nusinersen 
was safe to administer. There were no differences in adverse 
events across the initial dose cohorts. Most side effects were 
related to the lumbar puncture (LP), comprising headache, 
back pain and post-LP headache. In later onset, longer 
treated SMA subjects, 41% reported post-LP headache, 
typically within 5 days of the procedure [50]. Laboratory 
abnormalities include proteinuria and mild thrombocytope-
nia.

4.1.2.2 Open‑Label (CS2/CS12) SMA Type 2 and  3 Stud‑
ies Children in the initial, late-onset SMA, open-label dose-
finding study exhibited a 5.8-point increase from baseline in 
the HFMSE in the 9-mg cohort at 9-month follow-up [66]. 
All dose cohorts transitioned to receiving 12-mg doses and 
were followed in the SHINE extension study. At day 1150, 
SMA type 2 patients showed a + 10.6 mean point increase 
from baseline on HFMSE score and ambulatory SMA type 
3 patients showed a 92-m mean gain from baseline in dis-
tance walked on the 6MWT [67].

4.1.3  Presymptomatic SMA Trial

NURTURE (SM201) (NCT023865553), was a presymp-
tomatic SMA nusinersen treatment study that enrolled 
25 infants identified prenatally or at the time of birth to 
< 6 weeks of age. Fifteen infants had two SMN2 copies and 
10 infants had three SMN2 copies. Inclusion requirements 
were a normal neurological exam and an ulnar compound 
muscle action potential (CMAP) > 1.0 mV. Infants treated 
with nusinersen (same regimen as ENDEAR) showed 100% 
survival with no infant requiring permanent ventilation. At 
median follow-up of 2.9 years, the three SMN2 copies group 
showed motor development within the norm and all were 
walking within the WHO window. In the two SMN2 copies 
group, earlier milestones were achieved more readily than 
later milestones: median age of sitting of 7.9 months was 
reached in 15/15 (100%) of infants whereas median age of 
walking independently of 20.4 months (outside the WHO 
upper limit) was reached in only 12/15 (80%) of infants, 
7/15 (47%) of whom did so within the WHO window. Three 
infants were not walking by age 36 months [68]. Onset of 
dysphagia was noted in 4/15 (27%) infants who needed tube 
feeding, two exclusively and two combined with oral feeds 
[69]. Plasma heavy-chain neurofilament levels were higher 
in infants with two SMN2 copies compared with those with 
three SMN2 copies and levels predicted response to treat-
ment [68].
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4.1.4  Adult SMA Trials

No controlled clinical trials with nusinersen have been con-
ducted in adults. However, a large observational German 
study in SMA patients aged 16–65 years, 40% of whom were 
ambulatory, reported nusinersen-related improvements over 
time. The proportion of patients that gained ≥ 3 points from 
baseline on the HFMSE score was 28% at 6 months, 35% 
at 10 months and 40% at 14 months. Among ambulatory 
patients, distance walked from baseline increased 22 m at 
6 months, 31 m at 10 months and 46 m at 14 months (only 
40% of participants were assessed at 14 months). Of note, 
the treated cohort was more functional than expected for age 
(mean baseline HFMSE score of 20 and 6MWT of 360 m) 
[70]. Another large observational study found that SMA type 
3 patients (N = 103) (both sitters and walkers) treated with 
nusinersen for > 6 months showed significant improvement 
on HFMSE and RULM. Non-ambulatory patients showed 
a greater improvement in RULM scores than ambulatory 
ones. Too few SMA type 2 patients (n = − 13) were included 
to expect a response [71]. Results from two other smaller 

observational studies of adult SMA patients treated with 
nusinersen, one of which included very weak SMA type 2 
patients [72] and the other which included both ambulatory 
and non-ambulatory SMA type 3 patients [73], reported no 
effect on HFMSE. A modest change was noted, however, in 
baseline distance walked on 6MWT (+ 8.24 m) in ambula-
tory patients on day 300 [73].

Laboratory findings reported in the pediatric clinical 
trials include mild thrombocytopenia, not reported below 
50,000 per microliter, and mild proteinuria. Proteinuria was 
more frequent in later-onset, longer-treated SMA patients 
(69%) compared with infants (33%). Post-marketing experi-
ence identified five cases of hydrocephalus linked to nusin-
ersen (four with SMA type 1 and one in an adult with SMA) 
[74]. It is unclear if hydrocephalus was related to nusinersen 
treatment, given the 4.7 times higher incidence of hydro-
cephalus noted in SMA patients compared with healthy con-
trols [75]. One case of recurrent aseptic meningitis has also 
been reported following repeated doses of nusinersen [76].

Table 1  SMN-targeted treatment trials in symptomatic infant SMA: study design and selected outcomes

All subjects had biallelic mutation of the SMN1 gene
(! Low dose) 6.7 ×  1013 vg/kg (n = 3); (! High dose) 2.2 ×  1014 vg/kg (n = 12)
(+ Low dose) 0.08 mg/kg, (n = 4); (+ High dose) 0.2 mg/kg
Ability to thrive: tolerates thin liquids, fed only by mouth, weight kept ≥ 3 percentile
Event free survival/no permanent respiratory support: tracheostomy or ≥ 16 h of ventilatory support
BSID Bayley Scales of Infant Development, CHOP INTEND Children's Hospital of Philadelphia Infant Test for Neuromuscular Disorders, 
CMAP compound muscle action potential, f/u follow-up, HINE2 Hammersmith Infant Neurological Examination 2, IT intrathecal, IV intrave-
nous, LT long term, PO per os (by mouth), OLE open-label extension, q4mo every 4 months, Sit* sits independently, SMA spinal muscular atro-
phy, SMN survival motor neuron, WHO World Health Organization

Nusinersen Onasemnogene abeparvovec Risdiplam

ENDEAR SMART STRIVE-US STRIVE-EU FIREFISH part 1 FIREFISH Part2

Sponsor Biogen Avexys Avexys/Novartis Avexys/Novartis Roche Roche
Design Placebo-sham 

control 2:1
Open label, dose 

escalation
Open label Open label Open label, dose 

escalation
Open label

N 80:41 15 22 32 21 41
Inclusion Infants < 7 months

SMN2 = 2
Infants < 7 months
SMN2 = 2

Infants < 7 months
SMN2 = 1–2

Infants < 6 months
SMN2 = 1–2

Infants < 7 months
SMN2 = 2

Infants < 7 months
SMN2 = 2

Dosing schedule Days 1, 15, 29, 64 
then q4mo, IT, 
12 mg/5 mL

! Low dose
! High dose

1 × IV infusion
1.1 ×  1014 vg/kg

1 × IV infusion
1.1 ×  1014 vg/kg

+Low dose
+High dose

0.2 mg/kg/day PO

Outcomes Event free
HINE2
CHOP INTEND
CMAP

Safety
Event free
Sit* 5 s
CHOP INTEND
WHO milestones
Feeds orally
CMAP

Sit* 30 s
Event free
CHOP INTEND
WHO milestones
Feeds orally
Ability to thrive
CMAP

Sit* 10 s
Event free
Feeds orally
CHOP INTEND
WHO milestones
CMAP

Safety
Dose selection
Sit* 5 s
Event free
CHOP INTEND
HINE2
BSID III
Feeds orally
CMAP

Sit* 5 s
Event free
CHOP INTEND
HINE2
BSID III
Feeds orally
CMAP

Duration f/u 13 months
SHINE

20 months
Ongoing LT

18 months
Ongoing LT

18 months 12 months
OLE

Ongoing
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4.2  AAV9 Gene Transfer Therapy (GTT), 
Onasemnogene Abeparvovec (OAV)

Advances in viral gene delivery, especially identification of 
AAV serotypes suitable for gene delivery and possessing 

variable tissue tropism and lack of pathogenicity, facilitated 
gene transfer studies. AAV9 was found to be an ideal vector 
for SMA given its CNS tropism and long lasting expression 
in tissues [77]. Preclinical SMA mice studies showed that sc-
AAV9 gene transfer therapy (GTT) injected intravascularly 

Table 2  SMN-targeted treatment trials in symptomatic infant SMA: baseline characteristics and outcome results

Data are presented as mean [range]; mean (SD); median (range); % (N)
Event free  Event free survival/no permanent respiratory support: tracheostomy or ≥ 16 h of ventilatory support
∆ change, BL baseline, CHOP INTEND The Children's Hospital of Philadelphia Infant Test for Neuromuscular Disorders, GT gastrostomy tube, 
HINE2 Hammersmith Infant Neurological Examination 2, NA not assessed, NIV noninvasive ventilation, NJT nasojejunal tube, NR not reported, 
OR odds ratio, SD standard deviation, SMA spinal muscular atrophy, SMN survival motor neuron

Nusinersen Onasemnogene abeparvovec Risdiplam

ENDEAR START STRIVE US FIREFISH Part 1

Treated group High dose Total cohort High dose

Characteristics
 N 80 12 22 21 17
 Study duration, months 13 20 18 12

Age enrolled, months
 Mean 5.4 [1.7–7.9] 3.4 [0.9–7.9] 3.7 (1.6)
 Median 6.3 (3.3–6.9) 6.7 (3.3–6.9)

Females 54% (43) 58% (7) 55% (12) 71% (15) 65% (11)
Symptom onset, months
 Mean 2.0 [0.5–4.5] 1.4 [1.0–3.0] 1.9 (1.2)
 Median 1.8 (1.0–2.0) 2.0 (0.9–3.0) 1.5 (0.9–3.0)

Age of diagnosis, months
 Mean 3.2 [0.5–4.5] 2.0 [0–3.0] 1.9 (3.3)
 Median 2.2 (1.9–4.2) 3.0 (0.9–5.4) 3.0 (0.9–5.4)

Baseline function
 CHOP INTEND
  Mean 26.6 (8.1) 28 [12–50] 32 (9.7)
  Median 33 (24–33) 24 (10–32) 24 (16–34)

 HINE2 score 1.3 (1.1) NA NA 1.0 (0–3) 1.0 (0–2)
 NIV 26% (21) 17% (2) 0 24% (5) 29% (5)
 Feeding support 9% (7) 42% (5) 0 5% (1) NR

Outcome
 Survival 84% (67) 100 (12) 91% (20) 90% (19) 94% (16)
 Event free 61% (49) 100 (12) 91% (20) 10.5 months

82% (18) 18 months
90% (19) 94% (16)

 No permanent ventilation 78% (62) 100 (12) 95% (1) 100% (18) survivors 100% (15) survivors
 No NIV use NR 58% (7) 82% (18) at 18 mo 18 (4) 18% (3)
 Sitting independently 8% (6)

HINE2
92% (11)
Sit 5 sec

59% (13)
Sit 30 sec

33% (7)
Sit 5 sec

41% (7)
Sit 5 sec

 Feeding by mouth NR 92% (11) 86% (19) 86% (18) 88% (15)
 Loss ability to swallow NR 0 14% (3) 0 0
 GT/NJT NR 50% (6) 14% (3) 5% (1) NR
 CHOP INTEND
  % Increase 4 points from BL 71% (56) NR NR 86% (16) 88% (15)
  Increase points from BL ∆ 11.5 ∆ 24.6 ∆ 14.6 (6 months) NR NR

>40-point score NR 100% (12) 95% (21) 52% (11) 59% (10)
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traversed the blood–brain barrier, transfected about 60% of 
motor neurons and improved motor function, neurophysi-
ology and survival [78]. Phenotypic rescue, however, was 
contingent on age of treatment: the best response occurred 
at postnatal day 1 and 2, partial response at postnatal day 5 
(15-day survival) and no response at postnatal day 10. The 
lower response noted with age was attributed possibly to 
the preferential astrocytic transfection reported following 
intravascular GTT delivery in animals as they mature [79]. 
Phenotypic rescue with GTT was also documented in a large 
animal SMA model [80].

Following intravenous administration in neonatal mice, 
vector and transgene was distributed widely with highest 

expression in heart and liver and substantial expression in 
brain and spinal cord. Transgene expression in humans had 
a similar tissue biodistribution [81]. The transgene is diluted 
from cells that replicate (e.g. endothelium) but remains in 
neurons as these cells do not replicate. In preclinical GTT 
toxicity studies, the main organs affected were heart and 
liver. Onasemnogene dose-related findings in the cardiac 
ventricles were inflammation, edema and fibrosis and in the 
atria, inflammation, thrombosis, myocardial degeneration/
necrosis and fibrosis [52]. Many cardiac effects occurred at 
the lower dose tested (1.4 times the recommended dose). In 
the liver, hepatocellular hypertrophy, Kupffer cell activation 
and scattered hepatocellular necrosis was observed.

Table 3  SMN-targeted treatments in late-onset SMA: baseline characteristics and outcome results

Data are presented as mean [range]; mean (SD); median (range); % (N). All subjects had a biallelic mutation of the SMN1 gene
95% CI 95% confidence interval, adj. adjusted, BL baseline, GT gastrostomy tube, HFMSE Hammersmith Functional Motor Scale Expanded, LS 
least square, MFM32 Motor Function Measure 32 items, NA not assessed, NR not reported, OR odds ratio, RULM Revised Upper Limb Module, 
SD standard deviation, SMA spinal muscular atrophy, SMN survival motor neuron

Medication Nusinersen Risdiplam

Trial name CHERISH SUNFISH phase III
Study duration 15 months 12 months
Characteristics Nusinersen Placebo Risdiplam Placebo
 N 84 42 120 60

Age enrolled (years) 4 [2–9] 3.4 [0.9–7.9] 9 [2–25] 9 [2–24] 
 Females 55% (46) 58% (21) 51% (61) 50% (30)
 SMN2 copy = 3 88% (74) 88% (37) 89% (107) 83% (50)
 Symptom onset, months 10 [6–20] 11 [6–20] 14.1 (8.4) 18.5 (21.1)
 Age of diagnosis, months 18 [0–48] 18 [0–46] NR NR
 Duration of disease, months 39 [8–94] 30.2 [10–80] NR NR

Baseline function
 HFMSE 22.4 (8.3) 19.9 (7.2) 16.1 (12.5) 16.6 (12.1)
 MFM32 NA NA 45.5 (12.1) 47.3 (10.1)
 RULM 19.4 (6.2) 18.4% (5.7) 19.6 (7.2) 20.9 (6.4)
 Scoliosis > 40° 0 0 28% (34) 38% (23)
 Scoliosis surgery 0 0 24% (29) 28% (17)
 Severe contractures 0 0 Allowed Allowed
 Ability to walk with support 24% (20) 33% (14) NR NR
 GT 0 0 2% (2) 0

Outcome
 Primary outcome HFMSE MFM32
 Mean change from BL 4 1.9 1.36 − 0.2
 Treatment difference [95% CI] 5.9 [3.7–8.9]

p < 0.001
1.55 [0.3–2.8]
p = 0.02

 % Change ≥ 3 57% (48) 26% (11) 38% (44) 24% (14)
 OR: [95% CI] % change > 3 6.0: [2.0–15.0]

p < 0.001
2.35 [1.01–5.44]
p = 0.047

RULM
 RULM mean change from BL 4.2 0.5 1.6 0.02
 RULM mean treatment difference LS 

[95% CI]
3.7: [2.3–5.0]
p > 0.05

1.59: [0.55–2.62]
adj. p = 0.047
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4.2.1  Symptomatic Infant SMA Trials

START (NCT02122952), the first human gene transfer trial 
in infants with SMA, was a phase I, dose-escalating study 
which administered a single intravenous dose at two con-
centrations of scAAV9 vector carrying the hSMN transgene. 
Infants enrolled were symptomatic type 1 SMA patients with 
two SMN2 copies. Fifteen infants were divided into two 
cohorts: low and high doses (Table 1). Infants in the higher 
dose cohort on average were very young and of high func-
tion. The mean age at enrollment was 3.4 months with two 
infants who were 1 month of age or younger; the maximum 
CHOP INTEND score reported was 50, a score that is not 
expected to be reached in symptomatic SMA type 1. In the 
higher dose cohort at age 20 months or older, 12/12 were 
event free, 11/12 were able to sit for 5 s, 11/12 fed orally and 
all had reached CHOP INTEND scores over 40 points [82], 
a threshold not surpassed in SMA type 1 patients (Table 2) 
[7]. Of note, infants in the high-dose cohort treated early 
(< 3 months of age) and with a higher baseline motor func-
tion on CHOP INTEND (> 20  points) showed the best 
response, while early dosing with lower baseline scores 
(< 20 points) had an intermediate response and infants dosed 
after 3 months had the worst response. By age 24 months, 
the ability to sit for 30 s was achieved in 100% of each early 
dosing groups, but this was achieved much earlier in the high 
function group compared with the low function group (mean 
age 10 ± 1.9 months vs 21.2 (1.86) months, respectively). 
Only 50% in the late dosing group achieved this milestone by 
24 months and about a third required non-invasive respira-
tory and nutritional support [83]. Given that both the early 
dosing groups (high and low function) had the same mean 
treatment age (1.5 months), the differential impact of base-
line motor function on response to treatment underscores the 
importance of the size of the residual motor neuron pool at 
the time of GTT.

4.2.1.1 STRIVE‑US and STRIVE‑EU (Phase III) Two phase III 
onasemnogene abeparvovec (OAV) trials (STRIVE-US and 
STRIVE-EU) have recently been completed. The studies ran 
in parallel but employed slightly different eligibility crite-
ria. STRIVE-US treated 22 SMA type 1 infants with two 
SMN2 copies under 6 months of age. To be eligible infants 
had to have no swallowing issues or respiratory require-
ments (no hypoxia when sleeping). Infants had a mean 
age of 3.5  months at treatment. Primary outcome, sitting 
for 30 s, was achieved in 59% of treated infants (13/22) at 
18 months [84]. Event-free survival at 14 months was 91% 
and decreased to 82% by 18 months. As with the START 
study, about a quarter of patients developed transaminitis 
which was severe in 5%. Hydrocephalus occurred in one 
patient.

STRIVE-EU employed a broader eligibility criteria as 
it allowed respiratory support < 12 h and need for feeding 
support, which occurred in 27% (9/32) of enrolled infants 
[85]. Mean age at treatment was 4.1 months. The primary 
outcome measure, sitting for 10 s, was achieved in 44% 
(14/32) of infants at 18 months. Median age of achieving 
sitting milestone was 15.9 months (range 9.6–18 months).

4.2.2  Presymptomatic SMA Trial

SPRINT (NCT03505099) was a phase III, multicenter, sin-
gle-arm OAV trial of presymptomatic SMA identified with 
a biallelic SMN1 gene mutation prenatally or at the time of 
birth that enrolled 29 infants < 6 weeks of age. Fourteen 
infants had two SMN2 copies and 15 infants had three SMN2 
copies. Inclusion requirements were a normal neurological 
exam, swallowing thin liquids and an ulnar CMAP ≥ 2 mV. 
About half of infants with two SMN2 copies were following 
a developmental trajectory within the norm on the Bayley 
Scales Infant Development (BSID) III (gross motor) [86]. 
At the 18-month visit, 100% were sitting unsupported for 
30 s, 79% (11/14) had reached the sitting milestone within 
the normal developmental window; 64% (9/14) were walk-
ing independently; walking milestone was reached within 
the WHO developmental window in 36% (5/14) of infants 
assessed with the Bayley scale and in 43% (6/14) assessed 
with WHO milestones [87]. No patients required feeding or 
respiratory assistance. In the three SMN2 copy group, all 
patients were following a developmental trajectory within 
the norm.

4.2.3  Immunogenicity

The most common complications following intravenous 
OAV treatment are liver and cardiac enzyme elevations 
that occur to a varying degree and result from tissue trans-
fection and its corresponding immune response. Immune 
response is mitigated by prophylactic treatment with 1 mg/
kg of prednisone. Enzyme elevation can occur shortly after 
OAV infusion and be severe enough to warrant increasing 
doses of prednisone and rarely intravenous steroids to sup-
press. Enzyme elevations can also occur during steroid taper 
and require more prolonged treatment before resolving [88]. 
Cardiac enzymes elevation, however, has not been found to 
affect cardiac function [52]. Rare side effects reported with 
OAV include liver failure [88] and hepatic fibrosis, throm-
botic microangiopathy [89] and hydrocephalus [84].

4.2.4  Investigational Intrathecal OAV Trials

STRONG was the initial dose-escalating intrathecal trial for 
SMA type 2 patients, ages ≥ 2 and < 5 years, that found 
significant improvement in HFMSE. It was placed on hold 
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by the FDA in 2019 because of concerns of dorsal root gan-
glia (DRG) toxicity. The hold was lifted in August 2021 fol-
lowing the results of toxicity studies in nonhuman primates 
that addressed these concerns [90]. Currently underway is 
STEER (NCT05089656), the new phase III, randomized, 
double-blind, sham-control trial designed to evaluate the 
clinical efficacy, safety and tolerability of a one-time intrath-
ecal (IT) dose of OAV-101 in treatment-naïve SMA type 2 
patients between 2 and 18 years of age and able to sit.

4.3  mRNA‑Based Small Molecule Risdiplam

Risdiplam is an orally bioavailable SMN2 splicing modi-
fier that enhances exon 7 inclusion from SMN2 transcripts. 
Based on findings from a precursor SMN2 splicing mol-
ecule RG7800, risdiplam effects on SMN2 premRNA are 
thought to occur through action on the SMN2 5′ splice site to 
enhance the binding affinity of U1 snRNP and help stabilize 
the transient double-strand RNA structure formed between 
the SMN2 pre-mRNA and U1 snRNP complex [91].

4.3.1  Preclinical Studies

When administered shortly after birth in the SMN∆7 severe 
SMA-like mouse model, the small molecule was found to 
diminish muscle atrophy, prevent motor impairment and 
extend survival into adulthood [92]. Small molecules, 
such as risdiplam, have the potential for systemic off-target 
effects. Toxicity studies performed with the risdiplam pre-
cursor, RG7800, found non-reversible histological change in 
the retina of monkeys that were administered doses higher 
than those ever reached in the clinical trial [93]. As a result, 
the small molecule was refined further for greater selectivity 
and improved physicochemical properties.

FOXM1 and MADD are two genes whose function, 
respectively, affects cell regulation and apoptosis that may 
match the preclinical toxicology data. FOXM1 protein is 
highly expressed in rapidly dividing cells (e.g. gastrointes-
tinal tract, male germ cells, skin and blood cell progenitors 
in the bone marrow). Preclinical findings are largely revers-
ible following discontinuation of the small molecule [93]. 
Testicular germ cell degeneration observed in prepubescent 
rats and monkeys was largely reversible at 4 weeks, when 
testes were examined. Findings had no effect on subsequent 
fertility in rats [54]. Toxicity observed in preclinical safety 
studies—parakeratosis, bone marrow depression and retinal 
findings [94]—has not been observed in the clinical trials 
discussed hereafter. Risdiplam showed good distribution 
throughout the body, achieving drug levels and risdiplam-
induced SMN protein elevations in CNS and other tissues 
that mirror plasma levels [95]. Risdiplam is bound by albu-
min and metabolized primarily by the liver, but minimally 
by the CYP3A system.

Risdiplam has completed an infant SMA phase II study 
(FIREFISH study part 1) and a phase III, late-onset SMA 
study (SUNFISH study). Currently still underway are the 
part 2, phase III FIREFISH study; the JEWELFISH clinical 
trial targeting treatment non-naïve SMA patients and RAIN-
BOWFISH, an international presymptomatic SMA study.

4.3.2  Symptomatic Infant‑Onset SMA Trials

FIREFISH (NCT02913482) is a two-part (phase II/III), 
multi-center, open-label study of the safety and efficacy of 
risdiplam in infants aged 1–7 months at enrollment with 
Type 1 SMA and two SMN2 gene copies. Four infants 
received the low dose and 17 the high dose (Table 1). Part 1 
entails the completed dose-finding component that enrolled 
21 infants [96]. The median age at first dose was 6.7 months, 
which is older than the age of infants enrolled in other symp-
tomatic SMA trials. Study design and baseline participant 
information are depicted in Tables 1 and 2, respectively. 
Baseline SMN protein levels increased > 2-fold in both 
therapeutic-dose groups by 4 weeks, and remained elevated 
throughout the 12 months of treatment. Survival among the 
entire cohort at 12 months (mean age 17.5 months) was 86%. 
All surviving infants in the therapeutic dose group were fed 
orally (15/15), either exclusively or combined with tube 
feeding, and 41% (7/17) of this group were able to sit for 5 s 
unsupported. Frequent side effects, seen in about a third or 
more infants, were pyrexia, upper respiratory tract infection 
and diarrhea. The most common serious adverse events were 
respiratory and SMA related. Of note, no patient withdrew 
or had serious side effects related to risdiplam. Part 2, the 
pivotal phase III efficacy study, is currently underway and 41 
infants with Type 1 SMA have been enrolled. The primary 
endpoint of FIREFISH Part 2 is sitting unassisted for 5 s.

4.3.3  Later‑Onset SMA Trials

SUNFISH (NCT02908685) is also a two-part multicenter 
study. Part 1 entails the dose-finding component. Part 2 is 
a phase III, placebo-controlled 2:1 (N = 180) component 
that included non-ambulant SMA (type 2 and 3) patients 
2–24 years of age. Primary outcome was change from base-
line on the MFM32. Baseline characteristics are noted in 
Table 2. The treated cohort was composed mostly of SMA 
type 2 patients (70%) with a median age at screening of 
9 years. SUNFISH patients exhibited more advanced SMA 
disease than patients enrolled in the other late-onset SMA 
study, as over 60% of the cohort had scoliosis, which was 
severe (Cobb angle > 40°) in 28% of the treated participants. 
Older patients (between 12–24 years) had higher rates of 
scoliosis (78.6%) than the younger ones. When compared 
with placebo, significant treatment differences favoring ris-
diplam were observed at month 12 of treatment on MFM32 
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scores (+ 1.55 points), especially in the D3 domain that cor-
responds to distal limb function (+ 2.34 points) and RULM 
scores (+ 1.59 points). The proportion of patients whose 
baseline MFM score increased ≥ 3 points was 2.35-fold 
higher (p = 0.04) in the risdiplam-treated group (see Table 3) 
[97]. Younger patients tended to show a greater response 
to risdiplam, while older patients tended towards stabiliza-
tion. Safety analyses were performed in the intent-to-treat 
cohort (N = 180). The most common side effects reported 
were upper respiratory tract infections, pyrexia, headache, 
diarrhea, and rash. Serious adverse events were comparable 
across groups and none were related to risdiplam. No ris-
diplam-related laboratory abnormalities or serious adverse 
events were noted, specifically none of the preclinical toxic-
ity findings were observed in any subject.

JEWELFISH (NCT03032172) is a multicenter, open-
label study of daily risdiplam in non-naïve patients with 
SMA (N = 174) with a broad inclusion criteria of age 
(6 months to 60 years) and SMA types (1–3), who previ-
ously received therapy with RG7800 (N = 13), nusinersen 
(N = 76), olesoxime (N = 70) or onasemnogene abeparvovec 
(N = 16). Risdiplam treatment led to a rapid and sustained 
> 2-fold increase in SMN protein level from baseline that 
mirrored findings from the SUNFISH study. No serious 
adverse events were reported. No drug-related safety find-
ings leading to withdrawal were reported for any patient in 
JEWELFISH. The safety profile was consistent with the 
safety profile observed in treatment-naïve patients [98].

4.3.4  Presymptomatic SMA Trial

RAINBOWFISH (NCT03779334) is an ongoing open-label, 
single-arm, multicenter, global clinical study enrolling 
infants recruited from birth to 6 weeks of age (at first dose), 
regardless of SMN2 copy number. Unlike other presympto-
matic studies, CMAP amplitude was not an entry criteria. 
Preliminary data after 12 months of risdiplam treatment in 
five infants found a favorable development profile and all 
infants were fed exclusively by mouth. Infants will receive 
risdiplam for 24 months, followed by a 36-month extension. 
The primary endpoint is the proportion of infants sitting 
without support for at least 5 s after 12 months of treatment 
[99].

4.4  Branaplam

Branaplam is an SMN2 slicing modulator currently being 
studied in SMA type 1 infants in an open-label, multi-
part, first-in-human phase I/II study in which the primary 
outcome is safety and tolerability. Efficacy is a secondary 
outcome. A preliminary report after 24 months of brana-
plam treatment found that 28% (6/21) of infants required no 
ventilation support and 90% (19/21) were fed orally. Motor 

function at 24 months also improved: CHOP INTEND score 
increased 25 + points from baseline and 37.5% of infants 
were sitting independently or better on the HINE2 [100]. 
Branaplam was well tolerated.

4.5  Prediction of Response to Treatment

Across the various SMA types, disease evolution varies in 
age of onset and slope of decline, but all types share a simi-
lar pattern of decline, namely a subclinical phase of motor 
neuron loss (presymptomatic), followed by a relatively more 
rapid progression of symptoms (early acute phase) that in 
time is followed by a pseudo plateau phase (late chronic 
phase), in which disease progression continues but at a much 
slower pace [101]. Response to treatment is highly depend-
ent on how early in this curve the patient is treated, that is, 
before or after the occurrence of substantial loss of motor 
neurons. Given the variability of disease progression for the 
same SMN2 copy number, both age and baseline motor func-
tion should be taken into account when reviewing clinical 
trials results. During the late chronic phase, not only is there 
a smaller pool of motor neurons available to recover, but also 
musculoskeletal changes (contractures and scoliosis) inter-
fere with treatment response. The finding of improvement 
in CMAP and motor unit potentials, but not in functional 
motor outcome measures in nusinersen-treated very weak 
adult SMA patients [72], would tend to support this notion. 
Hence, during the SMA late chronic phase, stability of func-
tion (i.e. lack of disease progression) is a reasonable treat-
ment response. Further, given the differences in ages, base-
line function and study design of the various SMN-targeted 
treatment trials performed (Tables 1, 2, 3), superior efficacy 
of any one agent cannot be established. Aside from prefer-
ence, other factors that inform treatment decisions include 
age, route of drug administration, distribution and potential 
side effects discussed in the following sections. It should be 
noted that more has been published on nusinersen treatment 
in SMA than for the other two approved agents because of its 
earlier date of approval and widespread use (11,000 + SMA 
patients treated thus far worldwide).

4.6  Treatment Considerations

The SMA treatment considerations in selecting approved 
SMN-targeted therapies are summarized in Table 4 and 
detailed below.

4.6.1  Nusinersen

4.6.1.1 Advantages Nusinersen is relatively inert, non-
immunogenic and safe to administer. Routine laboratory 
tests have a rapid turn-around time that facilitates early 
treatment. With over 7 years of commercial treatment expe-
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rience, the feasibility and tolerability of repeated IT nusin-
ersen injections are well documented.

4.6.1.2 Disadvantages Nusinersen requires repeated 
intrathecal injections for life, which poses a cumulative risk 
of post-lumbar puncture headaches that can be mitigated 
with the use of smaller caliber spinal needles. Additional 
treatment risks arise from repeated anesthesia (necessary 
in young children), for patients with spinal hardware, and 
from radiation due to repeated fluoroscopy. About half of 
adult, treated SMA patients report a wearing-off effect of 
nusinersen during the month prior to dosing [102]. Other 
potential drawbacks are nusinersen’s restricted tissue dis-
tribution (mostly to CNS) and its spinal cord distribution 
gradient. Compared with lumbar spinal cord, nusinersen 
concentrations are lower cephalad: levels are 2-fold lower in 
the cervical spine [25] and brainstem levels are only about 
30% of that achieved in the lumbar spine [62]. The lower 
nusinersen concentration cephalad could explain persistent 
bulbar symptoms in treated type 1 patients or the onset of 
swallowing symptoms with preservation of motor function 

reported in a few older NURTURE patients [69]. Because 
the same dose is administered to neonates and adults, con-
cerns have arisen regarding under-dosing older patients, 
an issue that is being currently addressed in the DEVOTE 
study, which is designed to assess safety, pharmacokinetics 
and efficacy of higher doses of nusinersen [103].

4.6.2  Onasemnogene Abeparvovec Xioi

4.6.2.1 Advantages OAV is administered as a single intra-
venous injection. Theoretically, transfected neurons should 
retain functioning transgene indefinitely, however, long term 
durability (past 6.2  years) of OAV treatment is unknown 
[104].

4.6.2.2 Disadvantages Often there are delays in adminis-
tration related to normalization of pre-dose labs and, in some 
settings, in the time needed to obtain insurance approval. It 
is a novel biological agent with inflammatory and immune-
mediated effects on liver and heart (enzyme elevations) that 
often requires prolonged immune suppression of young 

Table 4  SMA treatment considerations in selecting approved SMN-targeted therapy

ASO antisense oligonucleotide, CNS central nervous system, IT intrathecal, IV intravenous, LP lumbar puncture, MATE multidrug and toxin 
extrusion, SMA spinal muscular atrophy, SMN survival motor neuron

Medication Advantages Disadvantages

Nusinersen Relatively inert
Non-immunogenic
Safe and well tolerated
Long track history
Indicated for SMA of all ages

Repeated IT injections for life
Cumulative risk of post-LP headaches
Access issues with spinal hardware or severe scoliosis
Need for repeated anesthesia in young children
Cumulative radiation exposure due to repeated fluoros-

copy or CT scans for foraminal injections with spinal 
hardware

Concerns over under dosing older patients
Caudocephalad spinal ASO gradient with lower levels 

noted in brainstem and cervical spine
Wearing-off effect in 50% of patients in month prior to 

dosing
Onasemnogene abeparvovec 

xioi
Single IV injection
Theoretical durability

Age restriction (< 2 years or weight related < 21 kg)
Delays in administration due to need for specialized tests 

or resolution of abnormal tests or in approval by some 
insurances

Inflammatory and immunological effects on liver and 
heart

Need for prolonged immune suppression
Small and restricted treated population (under age 

2 years)
Unknown long-term effects and durability (e.g. in adult-

hood)
Rare, serious, potentially fatal thrombotic microangiopa-

thy
Risdiplam Oral medication

Excellent CNS penetration
Systemic SMN protein elevation
Well tolerated
Good safety profile
Indicated for SMA patients of all ages

Theoretical effects on male fertility
Embryofetal toxicity—contraindicated during pregnancy
Drug metabolism requires normal liver function
Interaction with MATE substrates (e.g. metformin)



597Pharmacotherapy for Spinal Muscular Atrophy

infants, up to 220 days [88], raising the risk of serious viral 
co-infections. Long-term safety and durability is unknown. 
OAV has been administered in a very small, restricted popu-
lation, insufficient in number to show rare complications.

4.6.3  Risdiplam

4.6.3.1 Advantages Risdiplam is a daily orally adminis-
tered medication which has excellent CNS and tissue distri-
bution [95] and a favorable safety profile [54].

4.6.3.2 Disadvantages Risdiplam has potential effects 
on male fertility; although degeneration of testicular germ 
cells is largely reversible in preclinical models, assessment 
at 4  weeks was insufficient to assess full recovery [54]. 
Treatment is contraindicated during pregnancy, and con-
traception must be maintained in women of child-bearing 
age during treatment and up to 1 month after risdiplam is 
discontinued. Care must be taken for interaction with drugs 
that are MATE (multidrug and toxin extrusion) substrates.

5  Non‑SMN‑Targeted Therapies

5.1  Muscle‑Targeted Therapies

Myostatin inhibitors and skeletal troponin activator relde-
semtiv are the most recent agents under study in SMA. Effi-
cacy of myostatin inhibitors is being evaluated individually 
or as an addition to SMN-targeted therapy—combined with 
nusinersen in the TOPAZ study and planned for study com-
bined with risdiplam in the MANATEE study.

5.1.1  Apitegromab

Myostatin is a muscle cell regulator. Myostatin inhibitors 
block this effect, which enables greater muscle growth. 
In SMA mouse models, myostatin inhibition increased 
muscle mass and bone trabeculations [105]. TOPAZ 
(NCT03921528) is an open-label, phase II study to assess 
the safety, tolerability and efficacy of apitegromab, a 
myostatin monoclonal blocking antibody that is adminis-
tered monthly via intravenous infusion. In the non-ambu-
latory nusinersen-treated group who received apitegromab 
20 mg/kg for 12 months, the mean increase from baseline in 
HFMSE was + 7.1 points in the < 5 years age group (mean 
age 3.8 years) and + 0.6 points in the ≥ 5 years (mean age 
11.7 years) age group, analysed by intention to treat [106]. 
Seven of 35 non-ambulatory patients treated with apitegro-
mab and nusinersen gained WHO Motor Development Mile-
stones, including three patients in the ≥ 5 years age group. 
SAPPHIRE (NCT05156320) is a phase III, multicenter, 
double-blind, placebo-control apitegromab study targeting 

non-ambulatory SMA type 2 and 3 patients treated with ris-
diplam or nusinersen that is currently underway.

5.1.2  Reldesemtiv

Reldesemtiv is a second-generation, fast skeletal muscle 
troponin activator that increases force production at sub-
maximal stimulation. In a phase II, placebo-controlled, 
dose-escalation reldesemtiv study of SMA patients types 
2 to 4 and over age 12 years not on SMN-targeted therapy, 
the higher reldesemtiv dose of 450 mg twice daily resulted 
in a 35.6-m (p = 0.004) increase from baseline in distance 
walked (6MWT) at 4 weeks and a 24.9-m increase (p = 0.58) 
at 8 weeks [107]. Mean expiratory pressure at 150-mg and 
450-mg doses also showed a significant increase from base-
line with reldesemtiv. Both dose levels of reldesemtiv were 
well tolerated.

5.2  Histone Deacetylase Inhibitors (HDAi)

Some of the earliest SMA clinical trials focused on histone 
deacetylase inhibitors (HDAi), which were found to increase 
the expression of the SMN2 gene and ameliorate SMN2 
splicing defects in SMA patient fibroblasts, purportedly by 
up-regulating positive regulators of exon 7 splicing [108]. 
Subsequently, several clinical trials were conducted involv-
ing different HDAis, including valproic acid in CARNI-VAL 
I [109] and CARNIVAL II [110], phenylbutyrate [111] and 
hydroxyurea [112], all of which failed to find any significant 
effects on SMA outcome.

A novel HDACi (LBH589), reported to have greater 
(10 ×) potency than valproic acid on SMN protein upregu-
lation [113], was studied in SMA cells in combination with 
an mRNA splicing enhancer antisense oligonucleotide and 
found to have a possible synergistic response on SMN pro-
tein levels that may potentiate effects [114]. Further SMA 
preclinical studies are needed to assess whether improve-
ment in motor outcome with such combination therapy 
exceeds that of isolated ASO treatment.

5.3  Neuromuscular Junction (NMJ)‑Targeted 
Therapies

Fatigue is an important finding in SMA [115], which has 
been attributed to impairments in maturation and degenera-
tion of NMJ structure identified in animal models [116] and 
in SMA1 neuropathology specimens [27]. Electrophysiologi-
cal studies in SMA patients report an electrodecremental 
response to repetitive nerve stimulation [117] and elec-
trodecremental responses that correlated with fatigue on 
6MWT [118] in some studies, but not others [115, 119]. 
SMA-controlled clinical trials to evaluate the efficacy of 
agents that increase NMJ transmission are few. The SPACE 
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study (NCT02941328) is a phase II pyridostigmine/pla-
cebo control crossover trial in SMA types 2–4 [120] that is 
underway. The other clinical trial (NCT 01645787) tested 
4-aminopyridine (4-AP, dalfampridine, Ampyra™), a K+ 
voltage gated inhibitor that enhances synaptic transmission 
centrally, as well as at the NMJ. Ambulatory adult SMA 
patients were assessed with 4-AP in a two-part, randomized, 
placebo-controlled, crossover pilot study composed of a 
short-term (2-week) and a long-term (6-week) trial. No 
effect on distance walked or percent fatigue (difference in 
distance walked between 1 vs 6 min) on 6MWT was noted 
with 4-AP in either the short-term or long-term trial [119].

5.4  Salbutamol (Albuterol)

Finally, in a class of its own, β-agonist salbutamol 
(albuterol), has been found to increase SMN protein in leu-
kocytes [121] and fibroblasts [122] from SMA patients, per-
haps by increasing inclusion of exon 7 in SMN2 transcripts, 
although the precise mechanism is not known. Uncontrolled 
pilot studies with salbutamol have suggested a beneficial 
effect of treatment on functional motor function in SMA 
type 2 patients. Findings were evident in children under 
age 5 years [123, 124], but not in children over age 5 years 
[124], raising questions as to whether the age of the younger 
cohort could have influenced the treatment response. How-
ever, findings from a placebo-controlled clinical trial in adult 
SMA type 3 patients that documented increases in SMN2 
transcripts and fSMN protein, as well as improvements in 
6MWT and, in a subset of responders, improvements in 
motor function [125], suggests it is SMA disease severity 
rather than patient age that influences treatment response.

6  Conclusion

The future of treatment in SMA looks bright with the avail-
ability of three approved effective therapies and more under 
study, as well as with the dissemination of SMA newborn 
screening. Decisions regarding treatment are based on 
patient’s age, preference, method of delivery and side effects, 
given that no difference in efficacy between treatments has 
been established. Regardless of SMA type and treatment 
agent, the single most important factor predicting response 
is early treatment, before motor neuron loss is unrecover-
able. Novel therapies such as OAV raise questions as to the 
long-term durability of effects and of possible late unfore-
seen side effects that may take decades to properly assess. 
In infant-onset SMA, the benefits of early treatment clearly 
justify any potential risks from OAV treatment. Newer oral 
medication risdiplam offers ease of administration and has 
shown benefit in adults with more advanced SMA. The main 
concern raised with risdiplam treatment is with regards to 

human reproduction: in males, vis a vis the theoretical risk 
that effects on testicular germ cells would not fully reverse 
and could affect fertility; in women, it is not risk to fertil-
ity but to pregnancy that is of concern, given risdiplam’s 
embryofetal effects.

Combination therapy in symptomatic SMA offers the 
opportunity of improving upon the benefit afforded by 
any single SMN-targeted therapy. Discerning the effect of 
the agent under study from both the effect of young age 
(or shorter duration of symptoms) and the response to the 
background SMN-targeted treatment may prove difficult; 
to properly do so will require placebo-controlled studies, 
matched not only for age but also for duration of the back-
ground SMN-targeted treatment. Finally, the best outcome 
is seen with presymptomatic treatment enabled by dissemi-
nation of newborn screening programs. With three or more 
SMN2 copies, normal development of motor milestones is 
expected; while with two SMN2 copies, regardless of treat-
ment chosen, more than half of infants treated will exhibit 
delays in motor development while continuing to gain mile-
stones. No doubt approved SMA therapies have altered the 
natural history of SMA for the better and presymptomatic 
treatment has transformed two SMN2 copy SMA (expected 
type 1) from a life-threatening disorder to a disorder of 
motor development. Only time will tell if the enormous 
benefits of presymptomatic SMA treatment are sustained 
through adolescence and adulthood.
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