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Spinal muscular atrophy

Spinal muscular atrophy is a devastating neurodegenerative autosomal recessive disease that results
from survival of motor neuron 1 (SMN1) gene mutation or deletion. Patients with spinal muscular at-
rophy type 1 utilizing supportive care, which focuses on symptom management, never sit unassisted,
and 75% die or require permanent ventilation by age 13.6 months. Onasemnogene abeparvovec (Zol-
gensma, formerly AVXS-101) is a gene replacement therapy comprising an adeno-associated viral vector
containing the human SMN gene under control of the chicken beta-actin promoter. This therapy ad-
dresses the genetic root cause of the disease by increasing functional SMN protein in motor neurons
and preventing neuronal cell death, resulting in improved neuronal and muscular function as previ-
ously demonstrated in transgenic animal models. In an open-label, one-arm, dose-escalation phase 1
trial, systemic administration of onasemnogene abeparvovec via a one-time infusion over one hour
demonstrated improved motor function and survival in all infants symptomatic for spinal muscular
atrophy type 1. Of the 12 patients who received the proposed therapeutic dose, 11 achieved inde-
pendent sitting, two achieved independent standing, and two are able to walk. Most of these 12 pa-
tients remained free of respiratory supportive care. The only treatment-related adverse event observed
was transient asymptomatic transaminasemia that resolved with a short course of prednisolone
treatment. This review discusses the biological rationale underlying gene replacement therapy for
spinal muscular atrophy, describes the onasemnogene abeparvovec clinical trial experience, and pro-
vides expert recommendations as a reference for the real-world use of onasemnogene abeparvovec in
clinical practice. As of May 24, 2019, the Food and Drug Administration approved onasemnogene
abeparvovec, the first gene therapy approved to treat children younger than two years with spinal

muscular atrophy.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

driver of disease pathogenesis.! The clinical phenotype of SMA
varies owing, in part, to the number of copies of the SMN2 gene,

Spinal muscular atrophy (SMA) is a devastating neurodegener-
ative autosomal recessive disease that results from a defect in the
survival of motor neuron (SMN) gene. In humans, the SMN gene is
duplicated (SMN1 and SMN2), and it is a mutation or deletion in
SMNT1 that leads to a deficiency of SMN protein, required by motor
neurons at high levels to survive.! Motor neuron loss is the primary
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which is nearly identical to SMN1, except for a point mutation in
exon 7 that results in a limited amount of functional SMN protein
that cannot fully compensate for the loss of SMN1. Patients with
two copies of SMN2 without a disease-modifying mutation have a
97% risk of developing SMA type 1 (SMA1),? characterized by the
inability to achieve independent sitting.> However, infants with
SMA with three copies of SMIN2 are still at risk of developing SMAT1.
Feldkotter et al. found that 19.7% of an SMAT1 cohort carried three
copies of SMN2, yet presented as typical patients with SMAT1 (i.e.,
symptom onset at age less than six months and inability to sit
unassisted). Natural history studies of patients with recently diag-
nosed SMA1 showed a rapidly progressive decline in motor abili-
ties, with patients demonstrating the highest achieved motor
function at the first visit.>*
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Multisystem symptom management by a multidisciplinary team
is critical for patients with SMA to ensure optimal outcomes, irre-
spective of the treatment.’ The current clinical management
guidelines for SMA focus on acute and chronic symptom manage-
ment.>® These recommendations highlight the optimal non-
pharmacologic management considerations to improve quality of
life and potentially reduce disease burden. Future updates to
standard of care guidelines are likely to include approved disease-
modifying treatments, nusinersen’ and onasemnogene abeparvo-
vec (Zolgensma, formerly AVXS-101), as well as other emerging
therapies.®® Recently, a working group composed of 15 SMA ex-
perts recommended that presymptomatic infants with SMA1 with
two to three copies of SMN2 should receive immediate treatment
with disease-modifying therapies.!°

Nusinersen, an antisense oligonucleotide (ASO) delivered intra-
thecally through lumbar puncture, is the first disease-modifying
drug approved for the treatment of SMA. In a phase 3 randomized,
double-blinded study infants with SMA1 treated with nusinersen
demonstrated improved motor milestones and permanent
ventilation-free survival compared with a control group (Fig 1).""' To
maintain elevated levels of functional SMN protein, nusinersen re-
quires multiple loading doses followed by repeated administration
for life.">"> Furthermore, safety monitoring is required (platelet
count, prothrombin time or activated partial thromboplastin time,
and quantitative spot urine protein testing).”® In addition, post-
marketing experience suggests that hydrocephalus and serious in-
fections, including meningitis, have occurred as complications,
although the clear association has not been established."

Onasemnogene abeparvovec is a one-time gene replacement
therapy (GRT) consisting of an adeno-associated viral (AAV) vector
containing the human SMN gene under control of the chicken beta-
actin promoter'#; it addresses the genetic root cause of the disease
by providing a functional copy of the human SMN gene, thus
increasing functional SMN protein in motor neurons, preventing
neuronal cell death and halting disease progression. In an SMA
transgenic mouse model, postnatal delivery of a one-time dose
resulted in improved survival, motor function, and neuromuscular
electrophysiology.'* Based on promising preclinical results, an
open-label, single-arm, dose escalation phase 1 trial, systemic
administration of onasemnogene abeparvovec via a one-time
intravenous infusion demonstrated improvements in motor mile-
stones and survival in all infants symptomatic for SMA1 (Fig 2).° Of
the 12 patients who received the proposed therapeutic dose, 11
achieved independent sitting and two achieved independent
standing and walking at the final 24-month post-treatment visit.’
After study completion, two additional patients achieved inde-
pendent sitting (>30 seconds) and two others achieved standing
with support after enrollment in the long-term follow-up study.>'>
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In addition, seven of 10 patients (70%) who did not require sup-
portive care at baseline remained free of respiratory supportive
care. During this trial, this therapy demonstrated a favorable safety
profile, with the only adverse event (AE) observed after ona-
semnogene abeparvovec GRT assessed as treatment-related being a
transient asymptomatic elevation in liver enzymes (LEs) that was
easily managed and resolved with prednisolone treatment.’ These
transient asymptomatic LE elevations have been observed in other
intravenously administered AAV gene therapy clinical trials, and
there were no clinically symptomatic acute immune-mediated re-
sponses reported in the onasemnogene abeparvovec trial or in
other AAV trials.”'® The promising results of this phase 1 study of
intravenous onasemnogene abeparvovec are currently being
further evaluated in open-label, single-arm phase 3 trials in infants
younger than six months with one or two copies of the SMN2 gene
in both the United States (ClinicalTrials.gov number NCT03306277
[STR1VE], and the European Union (ClinicalTrials.gov number
NCT03461289 [STR1VE-EU]), both of which have completed
enrollment of infants with SMA1. In addition, a phase 3 global study
(SPR1NT) evaluating the efficacy of onasemnogene abeparvovec in
presymptomatic neonatal patients with SMA (age six weeks or less
at dosing) with multiple SMN2 copies (two and three copies) is
currently ongoing and enrolling patients (ClinicalTrials.gov number
NCT03505099).

The previously published phase 1 results and preliminary re-
sults of the phase 3 (STR1VE) study of SMA1 continue to demon-
strate promising results.">!” This review discusses the biological
rationale underlying GRT for SMA, describes the clinical trial
experience from the onasemnogene abeparvovec phase 1 clinical
trial, and provides expert recommendations for the real-world use
of onasemnogene abeparvovec as a reference for pediatric neu-
rologists and other clinicians caring for and treating patients with
SMA1.

Rationale for GRT in SMA
AAV-mediated GRT for monogenic diseases

The AAV vector platform is designed to deliver the desired
transgene as a nonintegrating stable extranuclear episome, greatly
reducing the risk of insertional mutagenesis reported in early
retroviral gene therapy trials.'® AAV serotypes, including AAV1, 2, 5,
6, 8, and 9, infect a broad range of proliferative and nonproliferative
cells, with no pathogenicity in humans observed to date.'”
Although the proportion of the population that is positive for the
anti-AAV9 antibody is smaller than for most other AAV serotypes'”
and children have low anti-AAV9 antibody titer frequencies, anti-
AAV9 antibody levels are an important safety and efficacy
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FIGURE 1. Phase 3 trial outcomes after nusinersen treatment in infants with SMA1."" Left panel: Probability of event-free survival in nusinersen-treated infants (n = 80) compared
with the sham procedure control group (n = 41) as published by Finkel et al. in 2017 in the final analysis.!" Event-free survival is survival independent of permanent ventilation, as
defined as tracheostomy or ventilatory support for >16 hours per day for >21 continuous days in the absence of an acute reversible event. Right panel: At final analysis, motor
milestones achieved by nusinersen-treated infants (n = 80) compared with SMA1 infants who underwent the sham procedure (control group; n = 41). SMA1, spinal muscular

atrophy type 1. Reprinted with permission of the Massachusetts Medical Society.!!
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FIGURE 2. Phase 1 trial outcomes after onasemnogene abeparvovec gene replacement therapy in infants with SMA1. Left panel: Probability of event-free survival in SMA1 infants
receiving the proposed therapeutic dose (n = 12) or as reported in a natural history cohort.* Event-free survival is survival independent of permanent ventilation, as defined as
tracheostomy or ventilatory support for >16 hours per day for >14 continuous days in the absence of an acute reversible event. Right panel: Motor milestones achieved by infants
treated with the proposed therapeutic dose of onasemnogene abeparvovec (n = 12) or as reported in a natural history cohort.> PNCR, Pediatric Neuromuscular Clinical Research

Network; SMA1, spinal muscular atrophy type 1.

consideration for AAV-mediated GRT studies. Other GRT clinical
studies with intravenous administration of AAV vectors have used
anti-AAV antibody cutoffs ranging from less than 1:1 neutralizing
antibodies to less than 1:400 immunoglobulin G (IgG), and no
dose-limiting toxicities have been reported in treated subjects.
Hence, the safety of dosing patients with elevated antibodies re-
mains an area of exploration and future study, and it may be safe
and feasible to dose patients with higher antibody titers. Although
AAV vectors are nonpathogenic, asymptomatic transient LE eleva-
tions have been reported in the majority of intravenously admin-
istered AAV GRT studies and have been managed with short
regimens of prednisolone or prednisone.’’?! These LE elevations
have been attributed to CD8+ T cell-mediated immunity directed
against transduced cells presenting AAV capsid antigens on the cell
surface rather than against the delivered transgene.”” In monogenic
diseases wherein a protein is completely absent, GRT-mediated
production and expression of the protein in the host cell can
cause an immunogenic response and eventual reduction or elimi-
nation of the novel protein, suppressing the therapeutic benefit. In
SMA, patients express some fraction of the functional protein via
the SMN2 gene; thus the potential for an immune response to the
transgene is theoretically extremely low.

A key biological property of the onasemnogene abeparvovec
vector is the AAV9 serotype, which has been shown to cross the
blood-brain barrier, permitting the targeting of cells critical in the
pathogenesis of SMA motor neurons.'*?> As motor neurons are
long lived, one-time administration of AAV9 GRT is thought to be
sufficient for lifetime episomal transgene expression in the cell.
Furthermore, SMA1 is rapidly progressive; thus, early delivery and
onset of high transgene expression with minimal delay is critical to
arrest further motor neuron loss. Along with self-complementary
AAV technology, onasemnogene abeparvovec is designed with a
hybrid cytomegalovirus enhancer—chicken beta-actin promo-
ter—to drive high, sustained human SMN expression by increasing
the onset of transgene translation and avoiding the rate-limiting
step of cell-mediated second-strand synthesis typically required
by recombinant AAV,>* promoting rapid and efficient transduction.

The potential to affect SMA1 outcomes through GRT was first
demonstrated in preclinical studies. Intravenous SMN transgene
delivery with the AAV9 vector led to early and persistent transgene

expression and corrected the phenotype in the murine model of
severe SMA (SMNA7 murine model), increasing survival from the
expected 15 days to more than 250 days when dosed early on
postnatal day 1 and at doses of >2.0 x 10" vector genomes per
kilogram.'4%°

Clinical trial experience and recommendations for real-world
use

In this and the following sections, we describe the safety pre-
cautions implemented for the first-in-human phase 1 onasemno-
gene abeparvovec clinical trial, some of which were taken out of
extreme caution given the nature of a phase 1 safety study and the
novelty of the intravenous administration of a viral vector therapy
in a medically fragile young patient population. With the available
safety data from this study and data forthcoming from ongoing
pivotal studies, these extra precautions may not be necessary in
future clinical practice. The recommendations presented are based
on the authors' experience in this study and other GRT trials and
their expertise in neuromuscular disorders and gene-mediated
therapies, including the US Food and Drug Administration (FDA)-
approved SMA treatment, nusinersen.

Safe product handling and risk mitigation

For the safety aspects of vector administration and vector
shedding, all AAV serotypes are categorized by the National In-
stitutes of Health guidelines as Risk Group 1, the lowest categori-
zation, indicating that they are noninfectious and not associated
with disease in healthy adult humans. Given this low-risk catego-
rization, physical containment of the vector was handled at
Biosafety Level 1. Standard microbiological practices were imple-
mented in its handling, whereas specialized containment equip-
ment was not required.”®

Although the vector produced for GRT is replication incompe-
tent by design owing to removal of original viral packaging and
reproduction genes, parents and bedside health care providers
were given guidance on proper handling of waste material gener-
ated from stool, urine, or saliva in the phase 1 study based on the
National Institutes of Health guidelines on AAV vector risk group.
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Guidance was also provided to patient families and caregivers
regarding use of protective gloves when coming into direct contact
with patient bodily fluids and waste, as well as good hand hygiene
for four weeks after the injection. During the phase 1 trial, patient
saliva, urine, and stool samples were collected through month 18
postdose on a monthly basis to gather information on vector
shedding. Saliva, urine, and stool samples from five patients were
analyzed by droplet digital polymerase chain reaction (S.A.A., per-
sonal communication). Onasemnogene abeparvovec concentra-
tions in urine and saliva were lower on day one postdose (0.1% to
0.01% of initial concentration), after which they were not detect-
able. Onasemnogene abeparvovec was cleared from the body pri-
marily in feces, with concentrations declining approximately 4 logs
(1000-fold) over 30 days postdose. The next monthly sample, after
60 days postdose, showed onasemnogene abeparvovec below the
detection limits. Together, these data demonstrate the rapid decline
of shed vector quantities well below dosing concentrations in pa-
tients treated with onasemnogene abeparvovec, which is consis-
tent with previous studies evaluating AAV biodistribution and
shedding in humans.?”%®

This practice also aimed to minimize the potential risk of sero-
conversion of an antibody-negative mother exposed to the AAV
vector with the subsequent risk of future seropositive pregnancies.
Whether limited exposure to a replication-incompetent vector in a
caregiver (likely via fecal-oral transmission) is sufficient to generate
an antibody response is not presently known.

Recommendation 1: Based on this clinical experience, we
recommend vector handling by clinical staff according to Biosafety
Level 1-directed research guidelines.?®

Recommendation 2: Based on vector shedding data from the
phase 1 trial, we also recommend advising caregivers to use pro-
tective gloves when coming into direct contact with patient feces
and to use good hand hygiene for approximately 60 days after the
injection. This recommendation is especially important for

TABLE 1.
Clinical Studies With Intravenously Administered AAV Gene Replacement Therapy

pregnant or potentially pregnant mothers and caregivers, who
should use gloves for diaper changes in the first two months after
treatment because risk of transfer of the AAV vector to a fetus re-
mains largely unknown.

Preexisting neutralizing antibodies to naturally occurring AAV
serotypes are common in most humans.'>?? The antibody levels
against the AAV9 serotype used in this trial are relatively low
compared with other serotypes,'? although they can potentially be
passed from mother to child through breastfeeding.>® Although
secretory immunoglobulin A is the predominant antibody in hu-
man breast milk, its polymeric structure reduces the risk of
entering the infant circulation through the intestinal mucosa.>°
However, passive transfer of the low levels of maternal breast
milk IgG to the infant and the unknown risks of transfer of the anti-
AAV9 IgG antibodies to enrolled subjects were taken into consid-
eration during the phase 1 trial.>*?> The aim of this safety study was
to minimize the risks of reducing vector transduction of a single-
dose therapy in an otherwise fatal disease; hence, a conservative
approach was taken, in which breastfeeding was restricted before,
during, and briefly after viral vector administration (i.e., 30 days).

Recommendation 3: The restriction of breastfeeding during the
phase 1 trial was largely based on the theoretical risks; however,
data for the passive transfer of anti-AAV9 antibodies remain
elusive. The decision to continue or briefly suspend breastfeeding
should be made by the treating physician and parents, balancing
the theoretical risk of potential interference of breast milk on vector
transduction with the impact of short-term replacement of
maternal breast milk with infant formula.

Patient selection
Patient inclusion and exclusion criteria were applied to select

the most homogeneous SMA1 patient population for the clinical
study of an investigational drug, such that differences in outcomes

Clinical Study Vector Route/Doses Weight kg Anti-AAV Immune Responses Reported
Cutoff
SMAT1, phase 1/2° Onasemnogene Intravenous 3.6-84 <1:50 IgG Asymptomatic LE elevations, prednisolone regimen utilized
abeparvovec, 6 x 10'3-2 x
AAV9 10" vg/kg
Hemophilia A, AAV5 Intravenous 60-103 <1:1 NAb Asymptomatic LE elevation in high-dose cohort, prednisolone
phase 1/2%° 6 x 10'2-6 x regimen utilized in high-dose cohort
10" vg/kg
Hemophilia A, SPK-8011, rAAV Intravenous Adults <1:1 NAb No sustained or unresolved LE elevations. One SAE for IV
phase 1/2°¢ 5x 10"-1 x administration of steroids to treat asymptomatic immune
10'? vg/kg response not resolved with oral steroids, which then resolved
Hemophilia B, AMT-060, AAV5 Intravenous 71-96.0 <1:1 NAb With more sensitive assay, three patients had positive
phase 22! 2 x 10"3 vg/kg anti-AAV5 NAD titers, and two were confirmed by additional
assays. Highest NAb titer was 1:340. No patient had any clinically
relevant T-cell immune response, and three experienced
asymptomatic liver enzyme elevations treated with oral steroids
DMD, phase 1°7 SGT-001, AAV9 Intravenous Children “Predetermined Clinical hold based on unexpected adverse event in first patient
Dose 1-3 Teens level” dosed: fever, reduced platelet, and RBC count. Clinical hold released
and trial continued. No coagulopathy signs or symptoms.
No LE elevations reported
DMD, phase 1°% AAVrh74 Intravenous 13.7-20.7 <1:400 IgG Three patients had elevated GGT that resolved with steroid

2 x 10" vg/kg

treatment within a week

Abbreviations:

AAV = Adeno-associated virus

DMD = Duchenne muscular dystrophy
GGT = Gamma-glutamyl transferase
IgG = Immunoglobulin G

IV = Intravenous

LE = Liver enzyme

NAb = Neutralizing antibody

RBC = Red blood cell

SAE = Serious adverse event

vg = Vector genome
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against published natural history studies would be readily
apparent. However, application of such stringent patient criteria for
therapy may not be necessary if regulatory agencies allowed
treatment of a broader patient population. All patients in the phase
1 study were symptomatic and were genetically confirmed to have
biallelic deletions of SMN1 and two SMN2 copies.” In addition, all
patients lacked the SMN2 disease-modifying c.859G>C mutation in
exon 7, which can increase the fraction of functional protein pro-
duced from SMN2 and thus predict a milder phenotype.>> Note that
these genotype restrictions were applied to allow effective com-
parison with published data, not because onasemnogene abe-
parvovec would have less efficacy in patients with other genotypic
profiles.

Patients were also selected based on age and symptom onset
because a natural history study has demonstrated that infants
experiencing symptoms at age less than six months never sat un-
assisted.* Although the onasemnogene abeparvovec clinical trial
initially enrolled subjects younger than nine months (first nine
patients), the inclusion criteria were subsequently modified to in-
fants younger than six months because it quickly became apparent
that patients dosed early in the disease progression had higher
potential for better outcomes, which was consistent with preclin-
ical murine studies.'*>* Patients dosed early in age (less than
three months) and early in disease progression (CHOP-INTEND
[Children's Hospital of Philadelphia Infant Test of Neuromuscular
Disorders] score greater than 40) achieved the ability to stand or
walk.””

All infants with SMAT1 in the study weighed between 3.6 and
8.4 kg at the time of gene transfer, and for this reason a maximum
tolerated dose (i.e., maximum weight that can be safely treated)
was not determined in this trial. The available safety data and
clinical experience with intravenously administered onasemno-
gene abeparvovec GRT at the time of this review is less than 8.5 kg.
However, it should be noted that other AAV-mediated GRT trials
with systemic delivery have safely dosed children and adults at
weights reviewed in Table 1.3

Patients were also selected based on AAV9 antibody titer
because existing antibodies can increase the risk for immune
response to GRT and potentially reduce transduction capacity, and
thus the therapeutic benefit.”” A conservative anti-AAV9 antibody
titer of 1:50 was used, a caveat being that although a commercial
antibody assay is newly available in the United States, there is no
consensus on assay standardization or definitive antibody titer
limits that could guide subject eligibility for such therapies.*° Only
one of 16 infants screened was excluded due to antibody elevations
(>1:50 of anti-AAV9 IgG).” During screening, three patients had
elevated anti-AAV9 antibody titers (>1:50). All three were retested
within two weeks after the initial screening, at which time the
antibody titers of two patients fell to 1:50, resulting in their
enrollment into the trial (Table 2). Of note, the two patients with
initially elevated anti-AAV9 antibody titers who were subsequently

TABLE 2.

enrolled did not have higher LE elevations or lower milestone
achievements than the rest of the cohort. Thus, slightly elevated
antibody levels should be retested to potentially allow dosing with
AAV carrying the SMN gene. Nusinersen and onasemnogene abe-
parvovec results suggest that dosing early in disease progression
will yield the best outcomes in infants with SMA1, thus early dosing
will certainly be encouraged. Moreover, newborn screening is
making great strides in the United States, raising the potential to
identify and treat newborns with SMA1. The treating physician
should consider that neonatal liver maturity occurs in the first few
weeks of life.

Recommendation 4: All infants treated with onasemnogene
abeparvovec in this phase 1 study were aged 0.9 to 7.9 months.
Although genetic and age constraints were put in place to maintain
a homogeneous population, we believe patients with SMAT1 outside
of these study parameters could safely be dosed. FDA approval was
for onasemnogene abeparvovec in the treatment of SMA up to age
two years, including presymptomatic patients at diagnosis.

Recommendation 5: Although clinical trial subjects were
restricted to those with two copies of SMN2 with no disease-
modifying mutation to maintain a homogeneous population,
there is no evidence to preclude newborns and infants with SMA
identified through newborn screening with more or less than two
copies of SMN2 for treatment with onasemnogene abeparvovec.
This was made clear in the recent FDA approval of onasemnogene
abeparvovec recommending treatment for all patients with SMA
aged less than two years, regardless of the SMN2 copy number. This
was also consistent with the published treatment algorithm'® for
immediate treatment for SMA diagnosed by newborn screening.
The potential for overexpression of SMN protein in patients with
SMA has shown no toxicities in mice,'* and overexpression may
actually protect motor neurons in a murine model of amyotrophic
lateral sclerosis.*! In addition, approximately 13.6% of the general
population carries three or four copies of SMN1 with no associated
disease.*” Thus, GRT in patients with more than two copies of SMN2
is not expected to cause additional safety concerns.

Recommendation 6: In the phase 1 clinical trial, the protocol had
no weight restrictions; however, given the enrolled subjects in our
clinical trial, our experience indicates that infants with SMA1
weighing <8.5 kg can be safely dosed with intravenous ona-
semnogene abeparvovec at the therapeutic dose. The authors
acknowledge the precedence for treating larger patients in other
diseases (Table 1) and defer to regulatory guidelines that provided
approval for patients with SMA aged less than two years, without
any restrictions on weight, as well as the clinician's discretion in
determining the feasibility and safety of treating individual
subjects.

Recommendation 7: We recommend testing for the presence of
anti-AAV9 antibodies before onasemnogene abeparvovec admin-
istration. The half-life of passively acquired IgG antibodies is 35 to
40 days.*>** Among infants, particularly neonates, antibody levels

Infants with SMA1 and Mothers With Antibody Levels >1:50 at Baseline in the Phase 1 Study

Patient Anti-AAV9 Antibody Level Highest Milestone Achieved
Maternal Patient
1st Test Retesting 1st Test Retesting
12 1:200 1:400 1:100 1:50 Independent sitting for >30 seconds
13 1:100 NA 1:100 1:50 Independent sitting for >30 seconds
15 >1:800 NA 1:12.5 NA Independent sitting for >30 seconds

Abbreviations:

AAV = Adeno-associated virus

NA = Not applicable

SMA1 = Spinal muscular atrophy type 1
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likely reflect maternal placental transfer; thus, we recommend
retesting of antibodies if the initial results are positive with an in-
terval of no more than two weeks, because this may allow sufficient
waning of modestly elevated titers to permit dosing. The waiting
period should highly depend on SMA disease severity, stability of
the CHOP-INTEND scores, and parental consent and should be
assessed on an individual case basis.

Care before dosing

Standard of care for patients with SMA1 includes management
of nutrition and ventilation** because most of them experience
respiratory failure and dysphagia, necessitating interventions.*
However, care management for these patients continues to vary
across centers. In this trial, optimal management included gastro-
stomy tube placement with Nissen fundoplication for infants with
evidence of inability to safely swallow and requiring nutritional
support at enrollment. For these treated subjects, the tube feeding
continued, albeit at a lower volume when the ability to swallow and
resume oral feeding was achieved, to maintain optimal nutrition.
Respiratory support needs were assessed before dosing and sub-
sequently at every visit. Caregivers of children requiring respiratory
support were able to adjust the level of noninvasive ventilatory
support based on the child's day-to-day needs in coordination with
the pulmonary team. Ventilatory assistance was provided accord-
ing to consensus guidelines for care of SMA1.*4

A prophylactic dose of prednisolone 1 mg/kg/day was admin-
istered orally or via gastrostomy tube 24 hours before onasemno-
gene abeparvovec gene delivery to subjects 2 through 15 and then
continued for approximately 30 days after the observation of
asymptomatic LE elevations in the first patient.’ After institution of
prophylactic prednisolone, 11 of 14 patients were dosed without
significant LE elevations. The short course of prednisolone in GRT is
a strategy to dampen or circumvent the expected immune response
to the AAV viral capsid in the host liver cells. Minimal to no side
effects of prednisolone were reported by caregivers.

Although the Centers for Disease Control and Prevention guid-
ance recommends avoidance of live virus vaccinations only in cases
of a substantial immunosuppressive corticosteroid dose (>2 weeks
of daily receipt of 20 mg or 2 mg/kg body weight of prednisolone or
equivalent),*® given the prophylactic prednisolone treatment and
the fragility of this patient population, a conservative approach to
immunization was taken. No live vaccinations were administered
during the phase 1 study while the infants were on steroids.
Scheduled immunizations and seasonal vaccinations (including
palivizumab prophylaxis) were given at least one week before
dosing or after tapering prednisolone to minimize the risks of a
vaccine-related AE that would confound the post-GRT safety and
clinical assessments.*®

Recommendation 8: We recommend employing SMA standards
of care for nutrition and ventilation management before and after
GRT.>®

Recommendation 9: We recommend that all patients receive
prophylactic oral prednisolone 24 hours before dosing. For those
patients who need to travel for infusion, logistical considerations
should be discussed with the treating physician and pertinent
hospital staff.

Recommendation 10: We recommend modestly adjusting
scheduled and seasonal vaccinations to accommodate the pred-
nisolone taper (at least one week before dosing or after tapering
prednisolone). Where avoiding vaccination while on steroids
would represent an undue delay or interruption of the vaccination
schedule, vaccination should continue at the discretion and judg-
ment of the treating physician given (1) the importance of main-
taining childhood vaccination in this population and (2) the

literature indicating that vaccination while on steroid doses less
than 2 mg/ke is safe and effective.*

Dosing and short-term monitoring

As the phase 1 study was the first-in-human investigational trial
of onasemnogene abeparvovec in a young patient population, pa-
tient dosing was performed under sterile conditions in a pediatric
intensive care unit patient room to permit continuous monitoring
for any immediate acute reactions.“® As a precautionary step, two
intravenous catheters were inserted into two peripheral veins to
minimize disruption of the infusion in the event the first infusion
site failed.

Patient vital signs (body temperature, pulse rate, respiration
rate, and blood pressure) and pulse oximetry were monitored
continuously during the 60-minute infusion, and axillary temper-
ature was taken before and after dosing. All treated SMA1 subjects,
regardless of dose, remained clinically stable, and no acute re-
actions or abnormal changes in vital signs were observed in any of
the 15 patients.*®

An inpatient stay was required as part of the clinical research
protocol, during which patient vital signs and pulse oximetry were
monitored continuously throughout the first 24 hours after dosing.
The following safety tests were also performed on days one and two
after treatment before discharge: physical examination (weight
and vital signs) and laboratory blood and urinary tests, including
capillary blood gas. No abnormalities were observed in any of the
patients.

Recommendation 11: Given the observed safety of the ona-
semnogene abeparvovec intravenous infusion and lack of safety
signals during the 48-hour inpatient monitoring in the clinical trial,
an outpatient setting of less than 24-hour observation is likely safe;
infusion in the setting of the intensive care unit is not required for
the procedure per se.

Recommendation 12: We recommend close monitoring of pa-
tient vital signs during the 60-minute infusion and insertion of
intravenous catheters into two peripheral veins before infusion in
the event of failure of the first. Upon completion of the infusion, a
brief period of a few hours of observation and a repeat clinical
examination postinfusion are recommended before being dis-
charged home. Unless clinically warranted for the individual pa-
tient, repeated laboratory tests are not warranted before discharge
until day seven as discussed in the next section.

Long-term monitoring (30 to 60 days)

In accordance with a phase 1 safety study protocol, the
following assessments were performed weekly for the first month
after infusion: comprehensive physical examination, including
pulmonary evaluation, vital signs, pulse oximetry, capillary blood
gas, glucose, creatine kinase, creatinine/blood urea nitrogen, alka-
line phosphatase, amylase, and urinalysis. No abnormalities were
observed in any of the patients.

Laboratory tests assessing LE and liver function were also
completed, including aspartate transaminase (AST), alanine trans-
aminase (ALT), gamma-glutamyl transferase, total and direct bili-
rubin, albumin and total protein measurements, as well as the
coagulation profile (partial thromboplastin time and international
normalized ratio). A transient asymptomatic rise in AST and ALT
levels was observed in some subjects as early as one week post-
dose; however, clinically significant elevations were mostly
observed at weeks 3 and 4 post-treatment, which is consistent with
other AAV gene therapy trials.?’?! In total, four of 15 patients had
asymptomatic LE elevations (n = 2, <10 x upper limit of normal
[ULN] and n = 2, >10 x ULN). In all cases, treatment-related serious
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FIGURE 3. Liver enzyme levels after onasemnogene abeparvovec gene replacement
therapy. Mean alanine transaminase (ALT) and aspartate transaminase (AST) levels in
infants with SMAT1 in cohort 2 over time after onasemnogene abeparvovec therapy are
shown. Patients were started on prophylactic prednisolone (corticosteroid) (approxi-
mately 1 mg/kg/day) 24 hours before the gene transfer. Treatment continued for
approximately 30 days with the following guidelines for tapering: If AST and ALT
exceeded 120 U/L, prednisolone was maintained until enzymes fell below this level.
Discrepancies from these precise recommendations were at the discretion of the
investigator based on potential safety issues for participating patients in the phase 1
study. SMAT1, spinal muscular atrophy type 1. The color version of this figure is available
in the online edition.

adverse events and AEs were limited to asymptomatic transient
elevated LEs, which resolved with prednisolone treatment (Fig 3).
Of note, the asymptomatic transaminasemia experienced by some
infants in this trial did not impact or correlate with their clinical
response to onasemnogene abeparvovec therapy, as assessed by
CHOP-INTEND.

In the onasemnogene abeparvovec clinical study, patients with
greater than 1:50 anti-AAV9 antibody titers were excluded from
enrollment. This cutoff was a decision by the FDA based on prior
gene therapy trials.*’ As expected, after gene delivery, all patients
had increased anti-AAV9 antibodies throughout the course of the
study compared with their baseline levels. The antibody titers
reached levels beyond the Ilimits of assay quantification
(>1:819,200) in 11 subjects. Antibody response was rapid with ti-
ters >1:1600 by one to two weeks from dosing, and anti-AAV9
antibody titers remained elevated (>1:50,000) in all patients at
the last reported time point (range, 12 to 24 months). However,
there was no correlation between antibody development and
treatment outcomes or LE elevations. In addition, no patient
developed anti-SMN antibodies.

The T-cell response was determined with an interferon-y
enzyme-linked immune absorbent spot assay, which demonstrated
increases in immune response to AAV9 as early as week one after

dosing; however, no immune response to SMN was detected.
Interestingly, the immune response measured by the enzyme-
linked immune absorbent spot assay did not reliably predict LE
elevations; thus, it was not used to inform prednisolone regimen
tapering.

In addition, platelet decreases that reached a nadir one week
after dosing were noted in a few patients in the phase 1 study,
although they were not clinically significant. Additional platelet
decreases have been reported in the onasemnogene abeparvovec
phase 3 study elsewhere, and regulatory review will determine if
additional platelet monitoring will be recommended based on the
entire clinical program.*®

Recommendation 13: The follow-up related to gene therapy is
limited to platelets and LEs as discussed in this section. Additional
testing that could be directly related to the disease is deferred to the
treating physician. Because asymptomatic LE elevations are an ex-
pected AE of intravenous AAV9-mediated GRT, AST/ALT levels
should be monitored weekly for at least 30 days after administra-
tion. Liver function (clinical exam, AST/ALT levels, total bilirubin,
prothrombin time) should be monitored weekly for the first month
after administration and every other week for the second and third
months, until results are unremarkable (normal clinical exam, total
bilirubin, prothrombin results, and ALT/AST levels below 2 x ULN).
LE elevations should be monitored weekly until they fall within the
normal range. Regarding possible platelet decrease, weekly moni-
toring is recommended for the first 30 days.

Recommendation 14: Oral prednisolone (1 mg/kg) should be
administered daily to each patient 24 hours before gene delivery,
continuing for approximately 30 days, after which it should be
tapered over 30 days for patients whose LE values are both below
2 x ULN. If AST/ALT levels exceed 3 x ULN after 30 days, prednis-
olone should be maintained until levels fall below 2 x ULN, after
which tapering can begin. If AST/ALT levels continue to rise, the
prednisolone dosage should be adjusted to achieve suppression.

Recommendation 15: For those patients who need to travel to an
institution to receive GRT, AST/ALT levels and prednisolone dosing
adjustments can be monitored remotely. Remote monitoring
should be arranged between the child's primary care physician and
the physician administering the dose before dosing.

Considerations for combination therapy

Although there are no data supporting combination treatments
for available SMA therapies, caregivers or physicians may choose to
explore all therapeutic possibilities. Controlled studies are required
to show clinical benefit because the mechanisms of both drugs in

Primary Target Transgene Persistence

TABLE 3.

Evidence of AAV-Delivered Transgene Durability in Various Clinical Programs
Disease Disease Pathogenesis
Parkinson disease Complex
Hemophilia B Monogenic
Inherited retinal disease Monogenic
Spinal muscular atrophy Monogenic

Neurons Nonhuman primates: 15 y*%#
Nondividing Humans: 4 y°*
Long-lived

Liver Nonhuman primates: 5 y°'*!
Nondividing Dogs: 8 y52; 8 yo2

Regenerative

Humans: 4 y**=; 10 y>*

Retinal pigment epithelial cells Dogs: 10 y>°*
Nondividing Humans: 3 y°%*
Long-lived

Motor neurons Mice: >250 days'**
Nondividing Humans: 4 y**
Long-lived

Abbreviation:
AAV = Adeno-associated virus
" Persistence of treatment effect.
f Transgene persistence determined by presence in tissues.
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combination treatment aim to increase functional SMN protein
levels; however, for those that may pursue this avenue, we provide
a few considerations based on experience with both drugs. ona-
semnogene abeparvovec and nusinersen have different mecha-
nisms of action. Thus, although both treatments are designed to
increase functional SMN protein levels, they are not expected to
interact, because the nusinersen ASO binds the SMN2 mRNA tran-
script that includes a portion of an intron sequence. The SMN
transgene does not contain any introns, so its translation should not
be affected by nusinersen. However, because thrombocytopenia
has been reported as an AE in association with ASOs, caution
is required when onasemnogene abeparvovec treatment is
considered.

Conclusion

Onasemnogene abeparvovec GRT for patients with SMA1 ap-
pears to be promising, and because motor neurons are long-lived, a
single administration of AAV9 GRT may be sufficient for continual
transgene expression in SMA. Early signs of durable clinical effect of
AAV GRT in this and other gene therapy programs are accumulating
(Table 3). The recommendations provided here are intended to aid
treating physicians and are based on the currently available clinical
trial data. Onasemnogene abeparvovec is the first gene therapy
approved by FDA to treat children younger than two years with
SMA.
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