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In the century following its original description in 1891 (1), the
degenerative neuromuscular disorder spinal muscular atrophy
(SMA) was considered one of the most hopeless of maladies. A
shift in that fortune began in 1995, when a unique digenic molec-
ular mechanism of pathogenesis was delineated (2). All patients
harbor inactivating (often large deletion) mutations of the surviv-
al motor neuron 1 gene (SMNI), but copy number of an adjacent,
partially functional paralog gene, SMN2, scales inversely with
phenotypic severity (3, 4). Thus both genes were defined as attrac-
tive targets for therapeutic manipulation, and a fortunate series
of therapy-enabling basic and clinical science advances followed.
On the basic science side, there was a rapidly evolving science of
RNA splicing biology, synthetic antisense oligonucleotide (ASO)
development, refinement of gene transfer vectors, and a number
of informative disease-manifesting mouse models. On the clinical
side, rigorous natural history studies, the development of mean-
ingful, reliable, and sensitive disease outcome measures, and
experience in early clinical trials yielded important insights that
enabled efficient trial design. SMA is common enough to support
investment, and patient advocacy groups were well organized to
support clinical trials. The result of this cascade of good fortune
is the demonstration of two new powerful therapies, recently pub-
lished in the New England Journal of Medicine (5-7).
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The motor neuron disease spinal muscular atrophy (SMA) is caused by recessive, loss-of-function mutations of the survival
motor neuron 1gene (SMN1). Alone, such mutations are embryonically lethal, but SMA patients retain a paralog gene,

SMN2, that undergoes alternative pre-mRNA splicing, producing low levels of SMN protein. By mechanisms that are not well
understood, reduced expression of the ubiquitously expressed SMN protein causes an early-onset motor neuron disease that
often results in infantile or childhood mortality. Recently, striking clinical improvements have resulted from two novel treatment
strategies to increase SMN protein by (a) modulating the splicing of existing SMN2 pre-mRNAs using antisense oligonucleotides,
and (b) transducing motor neurons with self-complementary adeno-associated virus 9 (scAAV9) expressing exogenous SMN1
cDNA. We review the recently published clinical trial results and discuss the differing administration, tissue targeting, and
potential toxicities of these two therapies. We also focus on the challenges that remain, emphasizing the many clinical and
biologic questions that remain open. Answers to these questions will enable further optimization of these remarkable SMA
treatments as well as provide insights that may well be useful in application of these therapeutic platforms to other diseases.

Spinal muscular atrophy

The two SMN genes, telomeric SMNI and centromeric SMN2,
reside in each portion of a large inverted duplication of the chro-
mosome 5q13 region that arose during primate evolution (ref. 8
and Figure 1A). Both are constitutively transcribed. The function-
ally relevant difference between SMNI and SMN2 is a single base
pair (C—T) inexon7 that does not change the protein sequence but
does alter SMN2 pre-mRNA processing by largely directing splic-
ing from the exon 6 donor to the exon 8 acceptor, thus excluding
exon 7 (9-12). This shortened mRNA encodes a truncated, more
rapidly degraded SMN protein (Figure 1B). Importantly, a small
portion of the SMN2 transcript retains exon 7, which then produces
some normal SMN protein. This amount of normal SMN is suffi-
cient to rescue most cells from the degeneration that accompanies
complete absence of protein. Why motor neurons are selectively
vulnerable to diminished abundance of SMN protein is unknown.
SMN has multiple putative functions, but the best established is in
regulating the assembly of spliceosomal small nuclear ribonucle-
ar proteins (snRNPs) (13-15), key constituents of the spliceosome
that are essential to eukaryotic pre-mRNA processing.

The clinical manifestations of SMA arise primarily from motor
neuron degeneration with associated skeletal muscle denervation,
weakness, and muscle atrophy. It manifests across a wide range of
severity, extending from severe, infantile-onset to mild, adult-on-
set (Figure 2A). The pattern of weakness, concentrated in proxi-
mal and truncal muscles but also affecting diaphragm and distal
muscles of the limbs, is consistent across the spectrum of severi-
ty (16). Those with the most severe form of SMA, known as type
I, constitute about 60% of affected individuals and tend to retain
only two copies of the SMN2 gene. These infants, after a few weeks
or months of apparent good health, develop progressive skeletal
muscle weakness that, absent intervention, leads to fatal respirato-
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Figure 1. The SMN1 and SMN2 genes that cause SMA can each be targeted by different therapeu-
tic strategies. (A) SMN7 and SMN2 gene expression in a healthy individual. (B) Schematic of SMA
genetics. (C) Therapeutic mechanism of scAAV9-SMN1 cDNA, the splice-switching ASO, and the small
molecules risdiplam (RG7916) and branaplam (LMI070) currently in clinical trials (see Table 1).

ry insufficiency around the first birthday (17, 18). Those inheriting
three or more copies of SMN2 tend to milder weakness that appears
at later ages. At the mildest end of the disease spectrum are those
who will not manifest weakness until young adulthood or even
later. SMA is also unusual in that, unlike many neurodegenerative
disorders, the rate of emerging clinical weakness is greatest at the
outset of the course, followed thereafter by more gradual worsen-
ing (Figure 2A). Progression of weakness in the later, chronic phase
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the basic mechanisms that regulate SMN2
exon 7 splicing was the identification of
a negative regulatory element in intron
7, intronic splicing silencer N1 (ISS-N1),
which binds the splicing repressor hnRNP
Al (24, 25). ASOs that hybridize to ISS-N1
increased exon 7 inclusion and full-length SMN protein expres-
sion in SMA patient-derived fibroblasts (24), and an optimized
ASO developed by Ionis Pharmaceuticals markedly attenuated
disease in rodent models of SMA (26-28).

In general, endonucleases rapidly degrade short sequences
of single-stranded nucleic acid in vivo, limiting their potential
as therapeutic agents. Chemical modifications of the oligonu-
cleotide backbone and sugar rings have led to molecules with
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Figure 2. The clinical course of SMA and alter-
ations with treatment. (A) A schematic depiction
of the usual clinical course of SMA types |, II, and
Il. The general trend of functional loss is greatest
at the outset of disease and diminishes thereafter.
In some cases, the earliest course manifests as
departure from the path of normal development,
with some transient gains before loss of ability is
seen. (B) Green lines indicate variable hypothetical
therapeutic responses, which depend on timing of
SMA drug administration (green circles) and the magni-
tude of preexisting motor neuron degeneration.
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properties that are key to pharmaceutical application, including
resistance to endonuclease digestion, suppression of TLR-me-
diated innate immune activation, and an increased affinity to
targeted RNA (23). Nusinersen has a phosphothioate backbone
with a uniform 2’-O-methoxyethyl ribose modification that
has shown a good safety profile in humans and rodents (29).
Naked ASOs are taken up by many cell types into lysosomal or
endosomal compartments and then into the nucleus through
incompletely understood mechanisms. As ASOs do not trans-
verse the blood-brain barrier, targeting the CNS in humans
requires intermittent intrathecal injection. Initial concern
about limited CNS distribution following intrathecal infusion
was countered by empiric data showing widespread and effec-
tive spinal cord and motor neuron penetration in rodents and
nonhuman primates (30). The long persistence of nusinersen
within CNS tissue of animal models and the first-in-humans
intrathecal dosing experience of an ASO during a phase I trial
in familial ALS (31) led to the human treatment trial protocol
of four loading doses over 2 months followed by maintenance
dosing at 4- or 6-month intervals. Early-phase safety and phar-
macokinetic studies in SMA subjects progressed quickly (32,
33), enabling registration-level clinical trials.

Avexis-101 (scAAV9-SMN)

By delivering an exogenous SMNI cDNA, the second therapeu-
tic program follows a different strategy to restore SMN protein
expression in vulnerable cells (Table 1 and Figure 1B). The path
here was built on the foundation of basic work on viral vectors.

Infancy Childhood Adolescence Adulthood

Experience with a range of viral vectors (34), including retrovi-
rus, lentivirus, adenovirus, and herpes virus, led to interest in the
nonpathogenic adeno-associated virus (AAV) family because of a
number of promising qualities, including their potential to trans-
duce neurons (35). AAVs are small, nonenveloped, single-stranded
DNA viruses that require coinfection of a “helper” adenovirus for
replication. Recombinant AAVs principally establish themselves
as a persistently expressing episome with little incorporation into
the host genome. Because they do not replicate with cell division,
recombinant AAVs are diluted over time in mitotically active tis-
sues, but virus may be very long-lived in terminally differentiat-
ed cells such as motor neurons — potentially allowing one-time
dosing. In one study, AAV2-mediated transgene expression was
evident in human brain 10 years after administration (36). The
minimal or absent host genome integration reduces concern
about oncogenesis, and diminished inflammatory and immune
responses to AAVs improve their tolerability in comparison with
other viral vectors. Although they have a limited packaging capac-
ity, replacement of the native AAV genome with a desired cDNA
and promoter offers an ideal means for gene transfer therapy. To
overcome the delay in transgene expression caused by the require-
ment for second-strand synthesis, double-stranded, self-comple-
mentary recombinant AAV vectors (scAAVs) have been designed
that speed protein synthesis following transduction.

Different AAV serotypes have preferential tissue tropism, and
the breakthrough that allowed the use of AAV gene transfer for
SMA was the finding that the AAV9 serotype effectively targets
motor neurons when administered intravascularly, particularly in

Table 1. Differing routes and frequency of administration of SMN-inducing therapies

Drug (manufacturer) Nusinersen scAAV9-SMN Risdiplam Branaplam
(Biogen/lonis) (Avexis) (Roche/PTC/SMA Foundation) (Novartis)
Mechanism SMN2 splice-switching Viral-mediated SMN1 SMN2 splice-switching SMN2 splice-switching
ASO gene replacement small molecule small molecule

Delivery route Intrathecal Intravenous; intrathecal Oral Oral

in development
Frequency 4 |oading doses over 2 months, Once Daily Daily

then every 4 months

Tissue distribution (NS Systemic (but lost from Systemic Systemic

dividing cells)
Current SMA target patient population FDA-approved for all Type | SMA Al Type | SMA
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Figure 3. Schematic of cell types directly interacting with motor neurons.
The motor unit is composed of multiple cell types that may be affected
directly or secondarily by SMN deficiency.

young mice, cats, and primates (37-39). High doses of systemical-
ly injected virus are required to achieve robust CNS transduction,
but the mechanism used by AAV9 to cross the blood-brain barrier
is not known. Preclinical efficacy studies of scAAV9 expressing
SMN1 cDNA showed marked improvements of disease pheno-
types in SMA mouse models (40-42). The dose and temporal
dependency for efficacy observed in these preclinical studies
guided decisions regarding the dosing of human patients. With
this preclinical development, and successful resolution of the sub-
stantial regulatory and manufacturing challenges, the single-site
phase I study of single-dose intravenous dosing with Avexis-101
(AVXS-101) in SMA infants at Nationwide Children’s Hospital at
Ohio State University was initiated.

The trials

What is common to both trials

The two trials targeted infants predicted to manifest the severe,
type I form of SMA (refs. 5, 6, and Table 2). Selection of this group of
patients, in whom extension of ventilator-free survival could be eval-
uated quickly, was considered the most likely path to demonstrate
a meaningful clinical outcome. Targeting this group for initial trials
also addressed the greatest clinical need. Notably, infants diagnosed
at a young age as a consequence of manifest clinical weakness never
gain expected developmental motor skills. Both trials were happily
surprised not only by improvements in survival, but also by unex-
pected and significant improvements in motor function.

What is unique?

The Biogen nusinersen ASO trial was designed as a phase III
registration-level sham-controlled blinded study. One hundred
twenty-two infants were randomly enrolled at a 1:2 ratio to receive
sham intrathecal injections or intrathecal administration of
nusinersen in a loading series at 0, 2, 4, and 8 weeks, followed by
maintenance doses every 4 months thereafter. The trial was halt-
ed at a predetermined interval of 13 months when the unblinded
monitor identified a significant improvement in motor outcomes
in the treated cohort. At study completion, 39% of infants in the
nusinersen group met the defined endpoint of death or permanent
assisted ventilation compared with 68% of the sham group, result-
ing in a 47% reduced risk of death or permanent ventilation. The
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most dramatic finding was that 51% of nusinersen-treated infants
(37 0f 73) compared with 0% of sham-treated infants (0 of 37) had
measurably improved motor ability. In the nusinersen group, 22%
achieved full head control, 8% were able to sit independently, and
1% were able to stand.

In contrast, the Avexis AAV9-SMN gene transfer trial was a
pilot, open-label trial of 15 SMA infants intended to study dosage
and safety of single-dose intravenous scAAV9-SMN and to pro-
vide an early look at efficacy as assessed by duration of survival
and motor function. After 3 patients tolerated a low dose of viral
genomes (6.7 x 10" vg/kg body weight), approval was granted
to dose the next 12 subjects at a higher dose (2 x 10" vg/kg body
weight). Notably, this is the highest dose of any viral vector that
has been administered to a human subject. At the time of publi-
cation, all infants (by then older than 20 months of age) were
alive, and 11 of 12 infants in the higher-dose group had significant
gains in motor function, 11 sitting independently, 9 rolling over,
and 2 walking independently. A multicenter, single-arm trial com-
paring scAAV9-SMN-treated infants with infantile SMA against
historical controls is now being conducted (NCT03306277, Clin-
icalTrials.gov), along with an additional pilot, phase I study of
preschool-aged children to whom scAAV9-SMN is administered
intrathecally (NCT03381729) (43).

Which is better?

Direct head-to-head comparison of the two infant trials is not pos-
sible. There are important differences in the age of treated subjects
— those in the AAV9-SMN trial were younger (3.4 months in the
high-dose group) than those in the nusinersen trial (5.4 months).
Outcome measures also differed. Importantly, the scAAV9-SMN
gene transfer study is unblinded. It is clear that neither therapy
delivered in this fashion is a cure. Subjects in each group mani-
fested a range of outcomes, from little to no improvement, to sub-
stantial gains in motor function, and all will likely manifest some
motor deficits lifelong. For the moment, the focus should rightly
be on the remarkable benefits of both therapies for a disease that
previously followed an unwavering degenerative path.

Will these therapies benefit other groups of SMA patients?

After only a 3-month review, the US Food and Drug Administration
approved nusinersen in December 2016 as a treatment for indi-
viduals of all ages with SMA. This indication was probably based
on the logic that SMA disease manifestations are driven by SMN
protein deficiency in all patient types and that this mechanism
can be therapeutically targeted regardless of age. Partial support
for this argument comes from similar salutary motor findings in
a companion double-blind, sham-controlled trial of 126 children
between 2 and 12 years of age (with recruitment biased to younger
subjects within this range) (Table 2 and ref. 7). Like the infantile
trial, this trial was halted at the interim analysis time point of 15
months. Improved motor function in this cohort of more mildly
affected children was seen in 57% of those receiving nusinersen as
opposed to 26% of the sham control group.

The most striking results with nusinersen were observed in
an ongoing trial of 25 presymptomatic SMA infants first treat-
ed before 6 weeks of age (15 harboring two SMN2 copies and 10
harboring three SMN2 copies) (Table 2). Interim data have been
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Table 2. Notable recent or ongoing clinical trials involving SMN-inducing drugs
Name Medication type Cohort Design Outcome Comment
st ASO Children 2-12 years Single dose escalation Safety Initial human exposure (32)
(52 ASO Children 2-12 years Multiple dose escalation Safety Serial dosing at successive levels
(S3A ASO Infants <6 months Open label Safety, efficacy Motor advances (33)
(S3B “ENDEAR” ASO Symptomatic infants <6 months Blinded placebo-controlled Efficacy Registration, enabling (5)
(54 “CHERISH” ASO Children 2-12 years Blinded placebo-controlled Efficacy Effective (7)
(S5 “NURTURE” ASO Presymptomatic, <6 weeks Open label Efficacy Ongoing, multiple public
presentations (44)
(S7 “EMBRACE” ASO Small trial, infants and children Blinded Safety, tolerability Blind broken with CS3B results
not eligible for CS3B and (S4
s10 ASO (S1subjects Open label; highest dose Safety Subjects exposed to lower doses had
from CS1 access to higher effective doses
511 “SHINE” ASO Roll over from other studies Open label extension Efficacy, long-term safety Ongoing
512 ASO (52 and (510 subjects Open label Safety Subjects exposed to lower doses had
access to higher effective doses
AVXS-101 ScAAVS-SMN Infants <6 months Open label, intravenous Safety, efficacy Effective (6)
AVXS-101 “STRIVE” ScAAVS-SMN Infants <6 months Open label, intravenous Safety, efficacy Multicenter extension of pilot,
ongoing
AVXS-101 “STRONG” ScAAVS-SMN Children, 6-60 months Open label, intrathecal Safety, efficacy Phase |, ongoing
Risdiplam “FIREFISH" Small molecule Infants 1-7 months Open label, two dose cohorts Safety, efficacy Ongoing
Risdiplam “SUNFISH" Small molecule 2-25years, SMA types Il and Ill  Open label, two dose cohorts Safety, efficacy, PK/PD Ongoing
Risdiplam “JEWELFISH" Small molecule 12-60 years on other Open label, single-dose Safety and tolerability Ongoing
SMN-enhancing therapies exploratory
Branaplam Small molecule Infants <6 months Open label, advancing Safety, efficacy Ongoing

PK, pharmacokinetics; PD, pharmacodynamics.

dose cohorts

publicly presented but remain unpublished (44). After approxi-
mately 1.5 years of treatment, 100% of children sit independently,
53% stand unaided, and 50% walk independently. At least a few
of these children, particularly those with three copies of SMN2,
appear to be tracking along a fully normal path of development.

Taken together, the clinical trial data to date suggest that two
related factors affect outcome. The first is age at time of treat-
ment, as within and between all of the trials, as well as in preclin-
ical studies (40, 45, 46), a trend to better outcome with earlier
treatment is clear. The magnitude of treatment effect also doubt-
less relates to the number of motor neurons yet to succumb. Early
treatment before onset of motor neuron loss or development of
clinical symptoms is ideal. A notable development in parallel with
these therapeutic advances has been development and validation
of a newborn genetic screening protocol for SMA (47). The Ameri-
can Advisory Committee on Heritable Disorders in Newborns and
Children recently recommended nationwide newborn screening
for SMA in the United States; further action at the national and
state level is still required before implementation.

Animportant caveat, however, applies to how these trials in chil-
dren will apply to older individuals with SMA. The trial-demonstrat-
ed speed and magnitude of treatment benefit in infants parallel the
gains in muscle power and motor function that are normally expect-
ed with development (Figure 2B). Treatment-associated improve-
ments of motor function may thus represent an unveiling of nor-
mal developmental gains that are made possible by suppression of
early-childhood disease-associated progressive motor neuron loss.
This distinction is important in considering potential outcomes of

treatment of those beyond the age of expected developmental gains.
While older individuals may not manifest short-term improvements
in motor function, they may well greatly benefit by stabilization of
function against the natural history of very slow worsening.

Potential toxicities

The rapid development of these programs precludes assessment of
long-term complications of either therapy. The first human expo-
sure to nusinersen was in 2011, and to scAAV9-SMN in 2014 (Table
2). Nusinersen’s preclinical and clinical experience was remarkable
for the absence of complications. Renal toxicity has been report-
ed for ASOs with different backbone chemistries and routes of
administration, but only small percentages of nusinersen-exposed
subjects showed mild elevations of urinary protein. Similarly,
severe thrombocytopenia has been observed with some systemi-
cally delivered ASOs, but only 11% in one of the nusinersen trials
showed a mild reduction of platelets (none below 50,000 cells/pl).
Routine assessment of complete blood count and urinary protein is
recommended with each dose. Of greater impact, however, is the
substantial burden associated with the requirement for repeated
intrathecal administration. While lumbar punctures (LPs) are often
well tolerated, complications of post-LP headache and local pain
are common in older children and adults. Many individuals with
chronic SMA have associated spinal deformity or prior spinal fusion
that necessitates fluoroscopic posterior or lateral transforaminal
approaches to the intrathecal space, with an associated increased
risk of complications. There is great interest in other long-term
strategies for easing the burden of repeated administration.
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AAV is not known to be associated with any human disease,
yet detection of antibodies to various AAV serotype capsid pro-
teins, including AAVY9, is frequent (48), indicating that exposure
and probable asymptomatic infection are common. The presence
of antibodies is currently an exclusion to treatment. Another
issue is potential inflammatory reactions that may occur at the
time of dosing. Pretreatment with oral prednisone was initiated
after the first trial subject developed asymptomatic increased
liver transaminase levels; at trial’s end, four of the treated cohort
had transaminase elevations without other indication of compro-
mised liver function. A recent study of an intravenously admin-
istered, high-dose AAV9 variant (AAVhu68) expressing human
SMN in three nonhuman primates and piglets observed examples
of life-threatening fulminant liver toxicity and dorsal root gan-
glion neuron degeneration (49). Although this is a different viral
serotype and such toxicities have not been seen in patients, this
study does indicate that further work is needed to understand
why such responses can occur in certain circumstances and rais-
es the potential for idiosyncratic toxicity when larger cohorts
are exposed to the virus. Another concern is potential insertion-
al genotoxicity leading to oncogenesis, particularly in the liver,
where multiple copies per cell of the AAV9 encapsulated genome
capsid might accumulate, increasing the risk. Whether or not AAV
encapsulated vector incorporation presents a genotoxic threat
remains controversial (50-52), but long-term anticipated risks
should be considered in the context of potential benefit to sub-
jects at high risk for disease complication.

Other SMN-inducing treatments on the horizon

Remarkably, in addition to nusinersen and AAV9-SMN, two oth-
er SMN-inducing treatments are currently in clinical trials in SMA
patients (Figure 1, Tables 1 and 2). A collaborative group including
the SMA Foundation, PTC Therapeutics, and Roche, and an inde-
pendent effort by Novartis, sought to identify orally bioavailable,
brain-penetrant small molecules to enhance exon 7 inclusion into
the SMN2 transcripts. Both efforts successfully identified small
molecules (53, 54) that have demonstrated remarkable efficacy in
SMA mouse models, similar to that achieved with ASO and AAV9
approaches. The challenge of limiting off-target effects of these
small molecules has somewhat slowed both drug development pro-
grams. The small-molecule trials are mainly being carried out out-
side of the United States, as the potential path to registration for a
second drug is difficult when there is already an approved therapy.

Real challenges remain

An unfortunate casualty arising from dramatic success is the
misperception that SMA has been “solved.” The opposite is true
at every level of basic and clinical research, as success inevitably
breeds new questions.

Optimizing drug dosing and cell targeting

Are there greater gains to be had? The motor function improve-
ments in both trials of symptomatic infants lag well behind normal
development, and SMN-enhancement programs may not yet be
optimal. While early treatment maximizes effect, many of these
infants lag behind a normal development pathway, and all may yet
experience a ceiling of potential motor achievement.
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Issues related to drug pharmacokinetics. The specifics of ASO or
AAV9 distribution and durability of effect in humans are unknown
and difficult to study, as the targeted spinal cord cannot be sam-
pled during life. Limited data obtained at autopsy in three SMA
type Iinfants dosed with nusinersen in the phase II trial (33) con-
firmed broad immunohistochemical distribution of nusinersen
after intrathecal dosing. Not unexpectedly, drug concentrations
were highest in the caudal regions and diminished at rostral lev-
els. The relationship between tissue levels and efficacy is not yet
known, but an important observation is that truncal and respira-
tory muscles respond less well than do limb muscles in many chil-
dren treated with nusinersen. Possible factors affecting response
include flow dynamics of cerebrospinal fluid, variation in the effi-
cacy of drug uptake, and the real possibility that SMN-deficient
motor neurons are limited in their ability to take up ASO or AAV9
at some stage in disease pathogenesis. Comparison of regional
responses between intrathecally delivered ASO and intravenously
administered AAV9 may be informative.

A fortunate constraint to the study of human spinal cord distri-
bution of AAV9-SMN is that none of the children dosed have died.
Optimization of dose will depend on greater clinical experience.
Animal models suggest that enhanced spinal cord (30) trans-
duction is possible with intrathecal administration of the vector,
which has the advantage of greatly decreasing the required dose
and thus hepatic exposure and cost of manufacture, but adds the
concerns about potential regional deficiencies of CNS distribu-
tion in humans that confound the ASO experience. Antibodies to
AAV9 present a special concern for AAV9 therapy that has yet to
be worked out. AAV9 antibodies can also be transiently present in
infants due to maternal transfer. One infant in the Avexis trial was
excluded because of above-threshold titers of AAV9 antibody (6).
Induction of antibodies after AAV9 dosing would likely preclude
repeated gene therapy treatment. The threshold titer at which
antibodies affect transduction is unknown.

Issues related to drug pharmacodynamics. Both therapies work
by increasing the level of SMN protein, though by very different
mechanisms. The magnitude and speed of SMN induction are
doubtless different for the two therapies, as is the threshold of
each needed for maximum efficacy. It is likely that scAAV9-SMN
induces SMN protein more rapidly than ASOs. The magnitude of
SMN induction by splice-switching ASOs is limited by the amount
of available SMN2 pre-mRNA template, whereas virally delivered
SMNI cDNA driven by the chicken B-actin promoter does not have
this constraint. Pharmacodynamic studies, like pharmacokinetic
studies, are constrained by the targeted spinal cord tissue’s inac-
cessibility for biochemical testing. The only opportunity arises
from autopsy tissues, which may bias toward poor responders
to either therapy. In the three nusinersen-treated infant autop-
sies discussed above (33), there was an increase in the ratio of
full-length to truncated SMN2 transcripts in spinal cord as well
as increased SMN immunohistochemical staining intensity in
motor neurons, indicating an ability to modify SMN expression.
While encouraging, this early evidence does not provide insight
into ASO levels needed for SMN induction, or SMN levels needed
to forestall disease progression. Unfortunately, efforts to reliably
detect SMN protein levels in cerebrospinal fluid have not yet been
successful, thus precluding human treatment monitoring studies.
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There is an urgent need for biomarkers to assess early stages of
SMN repletion within motor neurons or other affected tissues.

Issues related to cell types targeted. The principal clinical man-
ifestations of SMA likely result from diminished SMN protein
within motor neurons themselves. Notably, however, experimen-
tal evidence indicates that decreases of SMN protein levels in any
tissue can lead to pathology. In severe SMA mouse models, abnor-
malities of multiple cell and tissue types have been described
(reviewed in refs. 55, 56). The threshold at which this occurs is
likely affected by tissue type, species, age, and other factors. Sev-
eral concerns arise from these two findings. First is the possibility
that individuals with SMA who have had CNS SMN rescue by ASO
or AAV9 approaches will eventually manifest signs and symptoms
of peripheral SMN deficiency. There are multiple reports of non-
CNS organ pathology in humans with SMA, though a direct rela-
tionship to SMN deficiency as opposed to other causes, including
downstream complications of profound weakness, is not estab-
lished. A second concern is whether or not other SMN-deficient
tissues may play a contributing role to motor neuron degeneration.
Impairment of cells and tissues that directly interact with motor
neurons within and outside the CNS could contribute to pathol-
ogy (Figure 3). While CNS-delivered ASO treatment of a severe
SMA mouse model improved outcome, additional systemic ASO
provided an additional boost (28). Muscle, in particular, is a candi-
date for this supporting role in motor neuron stability, as profound
myofiber hypotrophy and overall sarcopenia are early pathologies
in SMA, and SMN deficiency undermines numerous direct and
indirect circulating factors (“myokines”) that provide potential
support (57). If these extraneuronal contributors are relevant, the
small-molecule approaches to SMN induction would target non-
CNS tissues more efficiently than scAAV9 or ASOs.

Other concerns
Will the SMA phenotype be altered by regional differences in response
to treatment? While it is attractive to think of SMN-enhancing
treatments as simply improving the severity of weakness along
established patterns, treatment initiated after emergence of clini-
cal weakness, or even onset of nascent pathology, may well change
the appearance of the SMA phenotype. This is because the timing
of degeneration differs between motor neuron pools. Across the
range of SMA severity and age, denervation generally affects prox-
imal skeletal muscles first and most severely, especially those of
the chest and abdominal wall. The diaphragm is relatively spared,
producing a unique “abdominal” pattern of breathing and spe-
cial difficulty with airway clearance. Treatment after bulbar and
chest wall muscle weakness is well established but, at a time
when appendicular motor neuron pools can still be rescued, may
increase the relative burden placed on respiratory and pharyngeal
muscles, affecting airway clearance or swallowing functions.
What is the effect of SMN enhancement over time? Both the long-
term biologic threshold needed for SMN and the durability of
SMN induction associated with the two therapies are unknown.
The continuation of slow decline in patients of all degrees in adult-
hood suggests that SMN deficiency retains pathologic importance
in patients at all ages, though at least one study in SMA mouse
models has suggested that sufficiently early SMN repletion can be
associated with safe withdrawal later in life (58). Matching these
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unknowns is uncertainty about the durability of SMN enhance-
ment within cells after treatment by either therapy. The present
recommended schedule calling for three yearly maintenance dos-
es of nusinersen is based on limited nonhuman primate data (30).
Treatment with AAV9 is promoted as a single lifelong durable
treatment given persistence of the AAV9 episome in animal mod-
els, but there is little information to establish the extent to which
this experience is applicable to humans.

Dosing of patients with chronic disease and a need for combinatorial
approaches

While we do not yet know the full therapeutic impact of presymp-
tomatic treatment in the forthcoming era of newborn screening,
hints from early treatment of patients with two copies of SMN2
suggest it is not a cure. Certainly treatment after onset of weak-
ness constrains achievable responses in a progressive manner
(Figure 2B). The achievable level of a treatment’s “clinically
meaningful benefit” necessarily scales with age and preexisting
disease. In those who have advanced to the more chronic clin-
ical phase of expected slow worsening, maintenance of motor
function over a many-year timeframe or modest improvements
in motor function rather than gains of major motor milestones
should be the expectation. It is important to note that many
with chronic SMA have devised exceptional means to function
despite profound weakness, and hence the meaningfulness of
small improvements, or simply of stabilization, is greatest in
those individuals who are weakest. Further clinical studies will
be needed to carefully evaluate such effects in the patients not
evaluated in these initial clinical trials.

In addition, a priority for future translational research should
be to characterize potentially important underlying cellular
events that mediate clinical responses in different patient groups.
While the large benefit arising from treatment of infants may be
dominated by reversal of impaired development, more mod-
est improvements in older patients may be mediated by distinct
remodeling events such as improvement of the fidelity of trans-
mission across existing neuromuscular junctions, increasing of
motor unit size by increased sprouting of motor neuron axons, or
recovery of functional excitability of motor neurons that are in a
dysfunctional pre-degenerative state (59). Insight into these ques-
tions will enable therapeutic development efforts to optimize or
possibly combine the current approaches but may also uncover
new therapeutic targets that can be combined with SMN induc-
tion to optimize therapeutic efficacy. There are ongoing efforts
to evaluate the efficacy of tropomyosin activators and myostatin
inhibitors to improve muscle function and/or bulk in combination
with SMN induction (60).

Other challenges

Both therapies involve novel biologic mechanisms that were devel-
oped at high cost and with substantial risk. Financing in capital
markets is thus accompanied by the expectation of higher return
on investment, a return that must be proportioned over a rela-
tively small group. Commercial Spinraza is a leading example
of the new era of “personalized medicine” in which costs are
exceptionally high and present a challenge to traditional insur-
ance systems. The dramatic success of these two therapies, con-

jci.org  Volume128 Number8  August 2018

3225


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/8

REVIEW

centrated in sympathetic children who easily claim public atten-
tion, make this a highly visible example of this trend. As it is,
many patients who would benefit from nusinersen are not yet
able to access it. How society and governments respond to this
in the context of limited resources but proliferating health care
costs will emerge with time.

Relevance of similar approaches to other diseases

SMA was exceptionally well positioned to take advantage of
advances in basic and clinical medicine that led to these thera-
pies. Refinement of ASO and scAAV9 viral transfer therapies for
treatment of SMA thus affords many insights that will be of val-
ue to other therapeutic development programs. The single target
(SMN), unidimensional disease manifestation (skeletal muscle
weakness), and relative frequency of the disorder that facilitates
full recruitment to clinical trials all provided a simplicity that
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enabled successful development. Success of the SMA programs
will almost certainly be relevant to design of programs targeting
other disorders in which outcome measures are more complex.
ASO and scAAV9 replacement strategies have been proposed for a
wide range of neurologic disorders (23, 35, 61, 62), and the lessons
learned from SMA thus have wide-ranging implications.
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