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Treatment for Spinal Muscular Atrophy
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pinal muscular atrophy (SMA) is the most common cause of death in infancy. Recently introduced molecular-based approaches
have changed the poor prognosis, saved lives and improved the quality of life for those affected with SMA. Gene therapy uses an
adeno-associated virus (AAV) to deliver and replace the mutant survival of motor neuron (SMN) genes, SMIN1 and SMNZ2. This review
describes the development, relative safety and efficacy of intravenously delivered AAV for SMA type 1 and the intrathecal delivery for SMA
type 2. For SMA, viral immunosuppressive treatment and AAV doses hever used in clinical research or practice were required for success.
As a prototype, the approach has greatly influenced the development of treatment for other childhood and adult diseases. Two additional
pharmacologic agents, nusinersen and risdiplam, are clinically approved as alternative treatments. Both use antisense oligonucleotides and

are briefly described in this review.
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Background for molecular-based therapy for spinal

muscular atrophy

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disease and the most
common cause of infant death worldwide, with an incidence of 1:10,000 live births and carrier
frequency of 1:50." This disease, caused by degeneration of spinal and bulbar motor neurons,
is characterized by progressive muscle weakness and atrophy, scoliosis and feeding and
respiratory problems.

Unravelling the complexity of SMA was a collaboration between insightful clinicians and laboratory
scientists. The clinical spectrum includes observations reaching back over 100 years.? The first
description, attributed to Werdnig in 1891, included two brothers aged 10 months.® Hoffmann's
1893 review added seven cases of his own.* A coincident description by Thomson and Bruce,
also in 1893, brought a disease of intermediate severity with prominent scoliosis into the clinical
spectrum.® There was then a long hiatus until 1956 when Kugelberg and Welander described
the third major clinical variant of SMA, previously thought to be a form of muscular dystrophy.¢
Four decades later, in 1991, the International SMA Consortium on Childhood SMA classified
patients into the three clinical groups that we recognize today (Table 1).72

The acute form of type 1 SMA (Werdnig-Hoffmann disease) is characterized by severe generalized
muscle weakness and hypotonia at birth or within the first 6 months, and is usually followed by
death within 2 years. Children with type 2 SMA (Dubowitz disease) can sit, although they cannot
stand or walk unaided, and survive beyond 2 years. In type 3 SMA (Kugelberg-Welander disease),
patients have proximal muscle weakness, starting after the age of 18 months. In practical terms,
clinical severity shows a continuous spectrum from mild to very severe SMA.?

The unknown underlying biochemical defect made identifying the gene for SMA more challenging.
Shortly after the clinical phenotypes were identified, Melki et al. mapped the chromosomal linkage
of the three forms of SMA to chromosome 5 (5011.2-13.3)."" Further characterization of the SMA
locus revealed highly homologous duplications of the SMN7 telomeric and SMN2 centromeric
regions. Both genes are transcribed. Five nucleotides distinguish the paralogous SMN genes and
account for the alternative splicing with loss of exon 7 specific to SMN2 transcripts (Figure 1).'>3
Full-length transcripts are almost exclusively produced by SMNT. Lefebvre et al. discovered that
SMNT was lacking in 98% of patients with SMA."> SMIN2 is unable to compensate for the SMNT loss.
Therefore, the development of the SMA phenotype is caused by two events: inherited (or de novo)
SMN1 gene mutations; and a constitutive defect of the SMN2 gene leading to less full-length SMN
protein being produced.™

Unravelling the clinical phenotypes and genetics of SMA represent the first steps in optimizing
newborn screening and the treatment of this complex disease.
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Table 1: Criteria for the classification of childhood spinal
muscular atrophy, established in 19917

Type*  Age atonset, Motor milestones Age at death
months

| <6 Never sit independently <2 years

Il <18 Never walk independently >2 years

11l >18 Stand and walk independently Adult

*Since this classification, there have been two additions to chromosome 5-linked
SMA. SMA type 0 is apparent in the pre-natal period as reduced foetal movement, and
patients have only one copy of the survival motor neuron 2 (SMN2) gene. SMA type 4
is adult-onset disease usually manifesting in a patient’s fourth decade of life.

SMA = spinal muscular atrophy; SMN = survival motor neuron.

Figure 1: Schematic of survival motor neuron (SMN) genes
on chromosome 5q13%"3
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There are two copies of the SMN gene, SMN1 and SMN2. A single nucleotide change
in exon 7 of SMN2 results in exclusion of exon 7 (cytosine-to-thymine [C to T]
mutation). Only 10% of normal SMN protein (grey) is produced by SMN2. Under normal
conditions, almost all SMIN protein is produced from SMN1.72% The SMN protein
expressed from SMN2 is minimally functional (orange).

SMN = survival motor neuron.

Efforts to treat spinal muscular atrophy based
on antisense oligonucleotide technology

Following gene discovery, the first molecular efforts to treat SMA focused
on correcting the SMN2 gene to compensate for the non-functional
SMN protein. A single nucleotide mutation adversely affects splicing in
exon 7 of SMN2. Blocking this mutation by antisense oligonucleotide
therapy restores SMN2 during pre-mRNA splicing.” Proof-of-concept
studies showed efficacy in a transgenic mouse (D7) expressing human
SMN2. The SMNA7 neonatal mouse model is also genetically smn null and
has a lifespan of ~15 days.’s* This enabled clinical trials of the antisense
oligonucleotide nusinersen.”

In the randomized, double-blind, sham-controlled, phase Il ENDEAR
trial, nusinersen was administered by intrathecal injection.” Four loading
doses were given and the first three doses administered at 14-day
intervals.” The fourth dose was administered 30 days after the third dose.
Continued dosing was maintained every 4 months for the duration of the
13-month trial. The sham procedure consisted of a small needle prick to
the skin over the lumbar spine. A total of 122 symptomatic infants were
randomized; 81 were assigned to the nusinersen group, and 41 to the
control group. All had weakness onset by 6 months.

The trial had two primary efficacy endpoints: a motor milestone
response, which was defined according to results on the Hammersmith
Infant Neurological Examination (HINE) (Section 2, HINE-2; scoring patient
according to motor skills on eight items [Table 2]'** and event-free
survival.) This was defined as the time to death or the use of permanent
assisted ventilation (tracheostomy or ventilatory support for >16 h/day
for >21 continuous days in the absence of an acute reversible event).”

At baseline, infants in the nusinersen group had earlier onset of
symptoms and greater burden of disease compared with the control
group. A pre-specified interim analysis at 2 years showed a significantly
higher percentage of infants treated with nusinersen had a motor
milestone response (41% versus 0% controls, p<0.001). These results
prompted early termination of the trial. In the final analysis, 51% of the
infants in the nusinersen group and no infants in the control group had
a motor milestone response. At final analysis, 39% of the infants in the
nusinersen group and 68% in the control group had died or received
permanent assisted ventilation. The median time to death or permanent
assisted ventilation was 22.6 weeks in the control group and was not
reached in the nusinersen group. Overall, the risk of death or the use
of permanent assisted ventilation was 47% lower in the nusinersen
group than in the control group (p=0.005).” Based on these results, on
23 December 2016, the US Food and Drug Administration (FDA) approved
Spinraza® (nusinersen; Biogen, Durham, NC, USA) for all ages.?

Risdiplam is an oral, small molecule, pre-mRNA splicing modifier that
increases the production of the SMN protein, and in that way is related
to the current discussion of nusinersen.”#-2 |ts efficacy results from its
unigue SMN2 pre-mRNA binding sites: a 5 splice site in intron 7 and
exonic splicing enhancer in exon 7. This increases levels of full-length
SMN mRNA and protein. Risdiplam has a significant advantage over
nusinersen since it is the only oral medication approved for SMA,#
though its oral dosing has potentially more advantages than just ease
of administration. Upon absorption it will reach and be expressed in
extraneuronal tissues where SMN protein is known to be deficient.
Such tissues include skeletal muscle, heart, bone, and autonomic and
other nervous systems that may be contributing to disease state.”
On 7 August 2020, the FDA approved Evrysdi® (risdiplam; Genentech, San
Francisco, CA, USA) to treat patients 2 months and older with SMA. There
is limited space in this review to fully discuss this compound but efficacy
and safety have been established in a series of clinical trials. "2
The application of risdiplam in the clinic will be further commented on
in the Conclusions.

Gene replacement therapy

The path to gene replacement therapy for SMA was developed at the
Nationwide Children’s Hospital in Columbus, OH, USA. Two key factors
enabled clinical trials in this area: the SMNA7 mouse model was available,
and adeno-associated virus serotype 9 (AAV9) was shown to target
neonatal neurons following intravascular delivery.? Preclinical studies
demonstrated that self-complementary (SC)AAV9 infused on post-natal
Day 1 rescued SMNA7 pups. Survival was increased from 15.0 days to
28.5 days with vector dosing of 6.7x10" vg/kg, and to more than 250.0
days with doses of 3.3x10™ vg/kg. Treatment on post-natal Day 5 showed
only partial correction, and post-natal Day 10 had little effect.”

Pilot single-centre phase I/l clinical trial in spinal
muscular atrophy type 1

Preclinical data defined the protocol for the first clinical trial, now
named 'START’, which started enrolling in 2014.* The treatment
paradigm, as performed in the clinic, is shown in Figure 2. This was a dose-
escalation trial in which patients were enrolled in two cohorts according
to the dose administered. The primary outcome was safety, and the
secondary outcome was time until death or the need for permanent
ventilatory assistance. Exploratory outcomes included motor milestone
achievements (particularly, sitting unassisted) and scores from Children’s
Hospital of Philadelphia Infant Test of Neuromuscular Disorders
(CHOP INTEND; scores patients according to motor skills on 16 items;
Table 3).7-1921222030-32
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Table 2: The Hammersmith Infant Neurological Examination scoring system — Section 2: Motor milestones»

Head control Unable to Wobbles Maintained upright all the time
maintain upright
Sitting Cannot sit With support at hips | Props Stable sit Pivots
Voluntary grasp  I\eR{EN] Uses whole hand Index finger and thumb Pincer grasp
Ability to kick No kick Kick horizontal Upward Touches leg Touches toes
Rolling No rolling Roll to side Prone to supine or supine to prone | Supine to prone and prone to supine
Crawling No head lift On elbow On outstretched hand On abdomen On hands and knees
Standing Not supported Weight supported With support Unaided
Walking No walking Bouncing Cruising Walks independently

The Hammersmith Infant Neurological Exam (HINE) was developed to longitudinally assess the acquisition of motor milestones in type | SMA. It contains three sections:
Section 1, assessing neurologic signs, Section 2, assessing motor function; and Section 3, assessing state of behaviour. Sections 1 and 3 are scored on descriptive ratings.
Section 2 (HINE-2) is composed of the above motor milestones. head control, sitting, voluntary grasp, ability to kick, rolling, crawling, standing and walking. Each milestone
achieved is given a point value; higher values indicate improved function (max score 26). The HINE-2 was used to assess infants with SMA in prospective treatment trials.’s

Figure 2: The principle of gene replacement in spinal
muscular atrophy

SCAAV9.CB.SMN gene replacement (AVXS-101)

SMN ° 0

protein

© @ Functional SMN protein Not-functional SMN protein

In patients with spinal muscular atrophy, SMN1, the primary source of SMN protein
(grey), is dysfunctional because of gene mutation. The small amount of SMN protein
produced by the SMN2 gene will not compensate for SMN1 loss. AAV can deliver the
SMN gene to the nucleus and restore SMN protein levels.

AAV = adeno-associated virus; SMN = survival motor neuron.

Fifteen patients were enrolled in the clinical trial planned for infants
from newborns to 9 months of age. Of the 16 patients screened,
one was excluded because of elevated AAV9 antibody titres >1:50.
Cohort 1 (n=3, mean age 6.3 months) received a single intravenous
dose of SCAAV9.CBSMN (AVXS-101), 6.7x10™ vg/kg body weight.
The first patient developed elevated serum aminotransferases
(alanine aminotransferase 31 x upper limit of normal [ULN]; aspartate
aminotransferase 14 x ULN) meeting criteria for a serious adverse
event (SAE; Figure 3).%% Consequently, the protocol was amended, with
all subsequent patients treated with oral prednisolone 1 mg/kg/day for
30 days, starting 24 hours before gene delivery. The amendment also
included a dose adjustment for Cohort 2 (n=12; mean age 3.4 months),
which received a single-dose vector 2.0x10" vg/kg — half that used in
preclinical trials.* Such was the impact of these protocol amendment,
that this starting dose, alongside prednisone as an immunosuppressant,
has been used in most subsequent neuromuscular clinical gene
therapy trials.*

As of 7 August 2017, all the patients had reached age >20 months
without needing permanent mechanical ventilation (historical controls
showed >90% of patients were dependent on permanent mechanical
ventilation or had died at this age).*% Eleven patients were able to speak,
a milestone rarely achieved in infants with SMA type 1. All the patients
had increased CHOP INTEND scores from baseline and maintained these
changes during the trial (Figure 4).* Cohort 2 had a mean increase of
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9.8 points at 1 month and 15.4 points at 3 months. Sitting was achieved
in 11 of 12 patients in Cohort 2, and nine could sit for at least 30 seconds.
Most gratifying was the clinically meaningful results of feeding (hand to
mouth), talking and sitting for at least 30 seconds in 11 of 12 patients in
Cohort 2.7

Two findings were related to age at gene delivery. The oldest patient
treated was 7.9 months, and achieved little or no measurable benefits,
thus, defining the limits of efficacy. On the other hand, the two youngest
patients, who had the highest CHOP INTEND scores at the time of
enrollment, achieved the highest scores on CHOP INTEND (>60 points)
at the conclusion of the trial, and were able to crawl, stand and walk
(Figure 4).* Both of these patients’ families were alerted to SMA prior to
delivery because of family history.* These outcomes strongly encourage
early treatment and newborn screening for SMA.

The START trial was groundbreaking and defied all predictions about
safety and efficacy issues for gene therapy. All 15 patients surpassed the
previously reported median age of survival,* and motor milestones and
clinically meaningful outcomes never before seen were achieved in this
clinical trial.® As a result, the FDA approved onasemnogene abeparvovec
gene therapy for SMA on 24 May 2019, under the commercial name
Zolgensma® (Novartis, Durham, NC, USA). Multiple important follow-up
clinical trials have been sponsored by Novartis, adding to the use of
onasemnogene abeparvovec.s'*

Phase Il trial confirming efficacy and safety in spinal
muscular atrophy type 1

A confirmatory, 12 centre, open-label, phase Ill trial (STR1VE) followed.*
Eligibility criteria included patients aged <6 months with one or two copies
of SMIN2. Like START, this was a single intravenous dose of onasemnogene
abeparvovec at a dose equivalent titre (1.1x10" vg/kg). Co-primary
efficacy endpoints were independent sitting for >30 seconds per Bayley-Ill
at 18 months and survival (absence of death or permanent ventilation)
at age 14 months. Historical controls from the Pediatric Neuromuscular
Clinical Research dataset (PNCR) represented the comparator group.®

Twenty-five patients were screened for AAV9 antibodies, and three
were excluded with higher titres. The mean age at gene transfer was
3.7 months (12 females and 10 males), and none required feeding or
ventilatory support. Thirteen (59.1%) patients achieved independent
sitting >30 seconds at 18 months versus none in the control group
(p<0.0001). At age 18 months, 18 patients did not use ventilatory
support versus no PNCR controls (p<0.0001). Of the seven patients
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Table 3: The Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders'”-19.21.22.24.30-32

CHOP INTEND Item Position Graded response Score
1 Supine Antigravity shoulder movement 4
Spontaneous movement (achieves elbow off surface)
(Upper extremity) Antigravity elbow movement 3
(achieves hand and forearm off surface)
Wrist movement 2
Finger movement 1
No movement of limbs 0
2 Supine Antigravity hip movement (achieves feet and knees off surface) 4
Spontaneous movement Antigravity hip adduction/internal rotation (knees off surface) 3
(lower extremnity) Active gravity eliminated knee movement 2
Ankle movement 1
No movement of limbs 0
3 Supine Maintains hand grip with shoulder off bed 4
Hand grip Maintains grip with elbow off surface (shoulders on surface) 3
Maintains grip with forearm off surface (elbow supported on surface) 2
Maintains grip only with no traction 1
No attempt to maintain grasp 0
4 Supine head midline Rotates from maximum rotation to midline 4
Head in midline with visual Turns head part way back to midline 3
stimulation Maintains midline for 5 or more seconds 2
Maintains midline, >5 seconds 1
Head falls to side, no attempts to regain midline 0
5 Supine, no diaper Keeps knee off surface of bed >5 seconds or lifts foot off surface 4
Hip adductors Keeps knees off surface of bed 1-5 seconds 2
No attempt to maintain knees off surface 0
6 Supine (arms at side). Keep side tested up | When traction is applied at the end of the manoeuvre, rolls to prone with lateral 4
Rolling (elicited from legs) | roll from the side tested head righting
Rolls through side-lying into prone without lateral head righting, clears weight- 3
bearing arm to complete roll
Pelvis, trunk and arm lift from support surface, head turns and rolls onto side, arm | 2
comes through to front of body
Pelvis and trunk lift from support surface and head turns to side. Arm remains 1
behind trunk
Pelvis lifted passively off support surface 0
7 Supine (arms at side). Keep side tested up | Rolls to prone with lateral head righting 4
Rolling (elicited from arms)  roll from the side tested Rolls into prone without lateral head righting; must clear weight-bearing arm 3
completely to finish roll
Rolls onto side, leg comes through and adducts, bringing the pelvis vertical 2
Head turns to side and shoulder and trunk lift from surface 1
Head turns to side; body remains limp or shoulder lifts passively 0
8 Side-lying with Clears hand from surface with antigravity arm movement 4
Shoulder and elbow flexion | upper arm at 30° of shoulder extension
and horizontal and elbow flexion and supported on body | Able to flex shoulder to 45°, without antigravity arm movement 3
abduction (restrain lower arm if needed)
Flexes elbow after arm comes off body 2
Able to get arm off body 1
No attempt 0
9 Sitting in lap with head and trunk support | Abducts or flexes shoulder to 60° 4
Shoulder flexion and elbow | (20° recline) Abducts or flexes shoulder to 30° 3
flexion Any shoulder flexion or abduction 2
Flexes elbow only 1
No attempt to lift arm 0

touchREVIEWS in Neurology
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Table 3: Continued

CHOP INTEND Item Position Graded response Score
10 Sitting in lap or Extends knee to >45° 4
Spontaneous movement over edge of mat
(lower extremity) with head and trunk support (20° recline) | Extends knee 15-45° 2
thigh horizontal to
ground Any visible knee extension 1
No visible knee extension 0
11 Hold infant against your body with Hip flexion or knee flexion >30° 4
Hip flexion and foot legs free, facing outward. Support at —— e floxi
dorsiflexion the abdomen with child’s head resting Any hip flexion or knee flexion 3
between your arm and thorax Ankle dorsiflexion only 2
No active hip, knee or ankle motion 0
12 Sitting with support Attains head upright from flexion and turns head side to side 4
Head control at the shoulders and Maintains head upright for >15 s (for bobbing head control score a 2) 3
runk ert o S ) ) )
trunk erect Maintains head in midline for >5 s with the head tipped in up to 30° of forward 2
flexion or extension
Actively lifts or rotates head twice from flexion within 15 s (do not credit if 1
movement is in time with breathing)
No response, head hangs 0
13 Supine Flexes elbow 4
Elbow flexion (score with Visible biceps contraction without elbow flexion 2
item 14) . .
No visible contraction 0
14 Supine Lifts head off bed 4
Neck flexion (score with Visible muscle contraction of sternocleidomastoid 2
item 13) -
No muscle contraction 0
15 Ventral suspension: Extends head to horizontal plane or above 4
Head/neck extension Prone, held in one hand upper abdomen Extends head partially, but not to horizontal 2
(Landau) )
No head extension 0
16 Ventral suspension: Twists pelvis towards stimulus off axis 4
Spinal incurvation (Galant) | Prone, held in one hand upper abdomen Visible paraspinal muscle contraction 2
No response 0

The Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) objectively assesses motor milestones with a scoring system across 16 outcome
measures. It is validated as a test of infant development and used in multiple spinal muscular atrophy clinical trials.”7-%21222430-32 Each of the 16 outcomes is scored from 0 to 4
(with 0 being inability to perform the movement and 4 being able to perform the task; 0-64 points).

Figure 3: Effect of onasemnogene abeparvovec on liver enzymes in the START trial33
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Mean values for liver enzymes (AST and ALT) that increased 3—-4 weeks post-gene delivery in the START study. Prednisolone brought this back to baseline. A protocol amendment

led to all subsequent patients receiving oral prednisolone 1 mg/kg/day for 30 days, starting 24 hours before gene delivery.*
ALT = alanine aminotransferase,; AST = aspartate aminotransferase.
Reproduced with permission from Al-Zaidy and Mendell. 2019.%
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Figure 4: Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders scores of patients in the START trial®®
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Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) scores (maximum é4 points) for: (A) Cohort 1 (n=3) treated with low-dose vector
(6.7x10% vg/kg); and (B) Cohort 2 (n=12) treated with high-dose vector (2.0x10™ vg/kg). Patients with high CHOP INTEND scores at baseline and who receive early treatment
achieve the most favourable outcome. Patients with late dosing and a low CHOP INTEND score at baseline had poor outcomes.® The black dashed lines indicate the maximum

score reached by historical SMA type 1 controls.

CHOP INTEND = Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders

Reproduced with permission from Mendell, et al. (2017).%°

using non-invasive ventilation, five had documented previous use of
Trilogy 100 and two had used other types of non-invasive ventilation.
In addition, a clinically meaningful measure of ability to thrive at 18 months
included three assessments: (1) ability to tolerate thin liquids by clinical
swallowing assessment (55%); (2) able to feed exclusively by mouth
(86%), and (3) weight maintained and consistent with age (14%).*

Regarding CHOP INTEND scores, there was a mean increase from
baseline of 6.9 points at 1 month post-dosing, 11.7 points at 3 months
and 14.6 points at 6 months.* Twenty-one (95%) patients achieved a
CHOP INTEND score of >40.0 points, 14 (64%) achieved >50.0 points and
five (23%) achieved >60.0 points. Historically, children with SMA type 1
almost never achieve CHOP INTEND scores >40 points.®

The safety profile demonstrated in STR1VE was again remarkable and
convincing for continued use of onasemnogene abeparvovec. All adverse
events were documented, but only three (14%) SAEs were related to
gene delivery. Two of these SAES were elevated liver enzymes, a finding
consistent with other AAV clinical trials. The third SAE was hydrocephalus,
occurring for unknown reasons. This trial validated the findings of
the START trial and opened avenues for gene therapy for many other
childhood diseases.

Gene therapy for spinal muscular atrophy type 2
Considering the success of onasemnogene abeparvovec in treating
infants with SMA type 1, on-going studies are addressing its potential
in treating patients with sitting, non-ambulatory SMA type 2, and SMA
type 3. Treatment at an older age would require higher intravenous dosing
of onasemnogene abeparvovec due to body weight, accompanied by a
higher risk of side effects. To circumvent these obstacles, gene transfer
directly targeting the bulbar and spinal cord motor neurons was planned

by intrathecal delivery. Preclinical studies showed that intrathecal
delivery to mice and non-human primates was safe and effective at a
viral vector tenfold lower than with IV dosing

The phase |, open-label, ascending-dose STRONG study started in
December 2017.¥ Patients with SMA type 2, aged between 6 and <12
months, with three copies of SMNZ2, who were able to sit unassisted for
10 seconds but unable to walk or stand were included. Those with severe
scoliosis (=50° curve) were excluded. There were three onasemnogene
abeparvovec dosing cohorts: Cohort 1, receiving 6.0x10% vg, Cohort 2,
receiving 1.2x10" vg, and Cohort 3, receiving 2.4x10" vg. Each group
was stratified by age, either 6 to <24 months and 24 to <60 months.
The primary endpoints were safety/tolerability, independent standing for
>3 seconds in patients aged 6 to <24 months or change in Hammersmith
Functional Motor Scale-Expanded score in patients aged 24 to <60
months. Outcomes were compared with those of PNCR historical
controls. Patients received prophylactic prednisolone (1 mg/kg/day) 24
hours prior to intrathecal delivery, maintained for approximately 30 days
with a taper depending on clinical toxicity. Onasemnogene abeparvovec
was delivered as a single intrathecal injection, with the patient sedated
and in the Trendelenburg position at 30° to enhance distribution to the
spinal cord and brain.

In October 2019, as enrolment was complete for Cohort 1 (n=3) and Cohort
2 (n=25) but incomplete for Cohort 3 (n=4), the FDA imposed a partial
clinical hold on the study resulting from a Novartis report to the FDA of
unexpected findings in the dorsal root ganglion (DRG) in onasemnogene
abeparvovec-treated non-human primates.® This preclinical study showed
mononuclear cell inflammation, sometimes accompanied by neuronal
cell body degeneration or loss (Figure 5), though the non-human primates
were asymptomatic.® Novartis then did further research to assess clinical
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Figure 5: Dorsal root ganglion from a non-human
primate after treatment with intrathecal onasemnogene
abeparvovec?®

Figure 6: US states currently screening or not screening for
spinal muscular atrophy**

| ot " N

Dorsal root ganglion from a non-human primate dosed at 3x 10" vg/animal by
intrathecal lumbar puncture shows moderate neuron degeneration (arrows) and
mononuclear cell inflammation 6 weeks post-gene delivery. Hematoxylin and eosin
stain; magnification 200x.

Reproduced with permission from Tukov FF, et al. 2022.3

impact. Intrathecal delivery of vector in additional studies showed DRG and
trigeminal ganglion inflammation with scattered neuronal degeneration.
The findings at 52 weeks post-dosing were non-progressive and were of
minimal severity compared to interim autopsy data performed at earlier
time points.® In August 2021, the FDA determined that the STRONG study
could proceed with intrathecal delivery.*

Despite release from clinical hold, the sponsor elected not to enrol
more patients. Safety issues appeared minimal following intrathecal
delivery and the SAEs related only to transaminase elevations without
increase in bilirubin. No signs of DRG toxicity were encountered.®

Further studies are needed to validate the efficacy of intrathecal
delivery in SMA type 2. To address this, Novartis is sponsoring STEER,
a randomized, sham-controlled, double-blind phase IIl study (Efficacy
and safety of intrathecal OAV101 [AVXS-101] in pediatric patients with
type 2 spinal muscular atrophy (SMA); ClinicalTrials.gov identifier:
NCT05089656).* In the STEER study, treatment-naive patients
with SMA type 2, aged 2-17 years, will be treated with intrathecal
onasemnogene abeparvovec at 1.2x10"™ vg, a safe dose used in the
STRONG trial.

Impact of gene therapy for newborn infants
with spinal muscular atrophy

SMA was added to the Department of Health and Human Services'
Recommended Uniform Screening Panel in February 2018, a little more
than a year after nusinersen was approved for SMA treatment and
three months after the START study in SMA type 1 gene therapy was
published.®# Currently 48 states include SMA in their newborn screening
panel (Figure é).

The value of onasemnogene abeparvovec is unequivocal for treating
newborns, evidenced by a phase Ill, multicentre, single-arm trial
(SPRINT).*"* SPRINT included infants with pre-symptomatic SMA,
with biallelic SMN17 deletions, and two or three copies of SMN2.
Other newborns were excluded because of signs of SMA, reduced
compound muscle action potentials and elevated AAV9 antibody
titres. Infants with two copies were treated at median age of
21 days (range 8-34 days), and those with three copies were treated
at median age of 32 days (range 9-43); the first was enrolled in
April 2018.31%
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In the USA, 48 states currently screen for SMA, and 98% of newborns are screened
and have an opportunity for gene therapy.
Map reproduced with permission of CureSMA.*

For the cohort of 14 infants with two copies of SMN2, the efficacy and
safety of onasemnogene abeparvovec was demonstrated, and outcomes
were remarkably consistent given that all 14 patients achieved the
primary endpoint of independent sitting for at least 30 seconds (p<0.0001).
All 14 (100%) achieved motor milestones assessed by Bayley-Ill, and 11 of
14 stood alone and walked independently. All children in this cohort of the
SPRINT trial achieved a CHOP INTEND score of at least 58 by 18 months
of age. None required any form of respiratory or feeding support.*

Results from the second cohort of patients, those with three copies
of SMIN2, are important in translating the findings into clinical practice
because most infants with this molecular profile will develop clinical
manifestations consistent with SMA type 2 or 3. Three copies of SMN2
predicts onset of SMA type 2 at age 7-18 months in 54% of patients, and
type 3 phenotype in 31%. Patients with SMA type 2 can sit independently,
some can stand and none can walk.®

For the cohort of infants with three copies of SMN2, 15 infants
(13 identified by newborn screening) were analysed. All 15 patients
were able to stand independently for at least 3 seconds at a median
age of 377 days, 14 patients walked independently by 24 months of age,
and all patients had Bayley Scales of Infant and Toddler Development
motor scores comparable to neurologically ‘normal’ infants. All survived,
without respiratory or nutritional support by trial end.®

The safety profile of early intravenous treatment was exceptional in
both cohorts of patients in SPRINT. In patients with two copies, mild
hepatoxicity was observed in only three subjects. Troponin-I elevation
was rarely encountered and there was no compromised cardiac function
by echocardiogram. Platelet counts remained >75,000 for all infants
throughout the study.>

Commercial gene transfer treatment of 21 infants from Ohio confirmed
the lessons learned from SPRINT* Infants who were recognized by
newborn screening and were treated early faired the best. Children older
than 6 months were more likely to have asymptomatic transaminase
elevation and were treated with longer immunosuppression.* The safety
information for Zolgensma® is summarized in Table 4, including reports
on recent deaths.s
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Table 4: Important Safety Information as part of the Prescribing Information for Zolgensma® (onasemnogene abeparvovec)+

Acute serious liver injury and acute liver failure

e Patients with pre-existing liver impairment may be at higher risk

3 months after infusion

Adverse reactions

e Acute serious liver injury, acute liver failure and elevated aminotransferases can occur

e Prior to gene delivery, check clinical and laboratory signs including aminotransferases, total bilirubin and prothrombin time. Continue to monitor liver function for

Additional risks to consider

e Thrombocytopenia: Typically occurs in the first 2 weeks post-infusion; platelets should be monitored before and after infusion and on a regular basis for 3 months

e Thrombotic microangiopathy: Greatest risk approximately 1 week post-infusion. Obtain platelet counts, creatinine and complete blood counts before and after
infusion. Specialists may be needed for haematologic or renal complications when present

e Elevated troponin-I: Cardiac troponin may be observed post-infusion. Monitor troponin-I before infusion and regularly for 3 months

The most common adverse reactions (>5%) in clinical studies were elevated aminotransferases and vomiting

Deaths related to Zolgensma®

Two deaths caused by acute liver failure were reported on in August 2022.% The first fatalities directly related to Zolgensma® occurred 5-6 weeks post-infusion. Deaths
occurred following tapering of steroids that had been given to suppress immune reaction following gene delivery

conclusion

The results of molecular-based treatment for SMA type 1, when used
prior to onset of symptoms, are overwhelmingly successful for a disease
predicting death by age 2 years. Treatment outcomes in infants with SMA
type 1 vary depending on age and severity of disease at gene transfer.
The FDA has approved intravenous systemic gene delivery for patients
up to 2 years of age, and for pre-symptomatic infants, we have observed
sustained benefit for nearly 5 years.” Results of treatment of SMA type 2
require further evaluation.

For patients still showing manifestations post-gene delivery, it is acceptable
to consider combination treatment with other approved therapies for SMA
(nusinersen or risdiplam). There are no clinical trials directly addressing this
question, but favourable results have been reported with gene transfer
and nusinersen without an increase in adverse events.*= Thus, patients

receiving gene therapy beyond 6 months of age with residual signs of
disease following treatment might benefit by receiving nusinersen. Similar
studies are not currently available with risdiplam.

In patients for whom first-line gene therapy is not possible (e.g. those
with pre-existing AAV antibody), the choice between nusinersen and
risdiplam may be difficult for physicians. There are no head-to-head trials
comparing efficacy, but overall, the results support the use of risdiplam
as an important alternative to nusinersen for the treatment of patients
with SMA type 1.5

SMA gene therapy has been a leading example of safety and efficacy
of gene therapy, especially for other infant genetic diseases. As a
breakthrough treatment, it provides a path for gene delivery for older
children and adults. @
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