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to Neurons Does Not Rescue the Spinal
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Spinal muscular atrophy (SMA) is a neuromuscular disease
mainly caused by mutations or deletions in the survival of motor
neuron 1 (SMN1) gene and characterized by the degeneration of
motor neurons and progressive muscle weakness. A viable
therapeutic approach for SMA patients is a gene replacement
strategy that restores functional SMN expression using adeno-
associated virus serotype 9 (AAV9) vectors. Currently, systemic
or intra-cerebrospinal fluid (CSF) delivery of AAV9-SMN is be-
ing explored in clinical trials. In this study, we show that the
postnatal delivery of an AAV9 that expresses SMN under the
control of the neuron-specific promoter synapsin selectively tar-
gets neurons without inducing re-expression in the peripheral
organs of SMA mice. However, this approach is less efficient
in restoring the survival and neuromuscular functions of SMA
mice than the systemic or intra-CSF delivery of an AAV9 in
which SMN is placed under the control of a ubiquitous
promoter. This study suggests that further efforts are needed
to understand the extent to which SMN is required in neurons
and peripheral organs for a successful therapeutic effect.

INTRODUCTION

Spinal muscular atrophy (SMA) is a neuromuscular disorder consid-
ered to be one of the leading genetic causes of infant death in children
younger than 2 years of age." > SMA is characterized by progressive
degeneration of the lower motor neurons (MNs) and muscle weakness,
leading to paralysis and premature death in the most severe cases.™” In
95% of cases, SMA is caused by homozygous deletions or mutations in
the telomeric copy of the survival of motor neuron 1 (SMNI) gene,
inducing loss of the SMN protein.” The presence of the SMN2 gene,
an almost identical gene, can act as a disease modifier in humans.
Although SMN2 mostly leads to the production of an unstable trun-
cated form of SMN (lacking exon 7 and called SMNA?7), residual levels
of full-length SMN protein (5%-10%) are nevertheless produced, but
they are insufficient to fully compensate for the loss of SMN1I.°

Together with the approved antisense oligonucleotide therapy nusi-
nersen (Spinraza),m the US Food and Drug Administration (FDA)
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has approved a therapeutic approach based on the stable replacement
of SMNI using viral vectors, called onasemnogene abeparvovec
(Zolgensma).‘““

We and others have contributed to a significant breakthrough in this
domain, discovering the efficiency of self-complementary adeno-
associated viral vector of serotype 9 (AAV9) for central nervous sys-
tem (CNS) gene transfer upon systemic injection.''~'* We have used
this method to demonstrate that intravenous (i.v.) delivery of SMN
through AAV9 vectors can rescue a severe animal model of SMA."*
These mice, with a mean lifespan of 14 days, are knocked out for
the endogenous Smn gene and express the human SMN2 gene
together with the truncated SMN ¢cDNA (SMNA7 mice)."> SMNA7
mice survive for an average of 160 days'* when treated via i.v. injec-
tion with an AAV9 carrying an optimized SMNI cDNA under the
control of a ubiquitous promoter. Other groups have independently
reported similar results,''” and the AAV9-based treatment origi-
nally developed by Foust et al.'® received FDA approval for SMA
type I patients. Among treated children, the best results in terms of
motor function recovery were found in the cohort injected with the
highest amount of SMN-expressing AAV9.'" However, the long-
term effects of systemic delivery of such a high dose of AAV vector
are still unknown and could be detrimental. Indeed, elevated amino-
transferase levels, an indicator of liver damage, were observed in some
AAV9-SMN-treated patients.'’ This, together with severe toxicity,
has also been observed in non-human primates (NHPs) and piglets
after iv. injection of an AAV9-SMN vector with a modified capsid
(AAVhu68).'® Therefore, reducing the viral load while maintaining
efficient targeting of the CNS and MNss is crucial for improving an
effective and safe SMN gene replacement therapy.
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Advances in this direction have been achieved in animal studies
through the evaluation of alternative delivery routes for AAV9-
SMN. Indeed, vector administration via intramuscular'® or intra-
cerebrospinal fluid (CSF) injections™ ** at lower doses than those
used for systemic delivery in SMA type I patients'’ successfully
promoted a rapid and long-lasting correction of SMN levels and
phenotypic rescue in SMNA7 mice. Effective CNS transduction af-
ter intra-CSF delivery of AAV9 vectors has been successfully
demonstrated in larger animals and NHPs as well.”>***°~*°
Currently, the efficacy, safety, and tolerability of direct delivery
of AAV9-SMN into the CSF are being evaluated in an ongoing
clinical trial for SMA type II patients (ClinicalTrials.gov:
NCT03381729). However, the FDA placed a partial hold on this
study for enrollment in the high-dose cohort. This was based on
unpublished pre-clinical data reporting inflammation and neural
degeneration in the dorsal root ganglia of injected animals
(https://www.novartis.com/news/media-releases/novartis-announces-
avxs-101-intrathecal-study-update). If confirmed, these data suggest
that added care must be taken to determine the proper vector
dosing in the CSF of patients.

The most efficient AAV-mediated gene replacement therapies devel-
oped to date for SMA utilize ubiquitous promoters to control SMN
expression.'”'*'%** Although these approaches have rescued the
SMA phenotype, it is still debated whether the beneficial effects are
exclusively due to CNS-specific rescue or to the synergistic effects
of the therapy on MNs and other cell types.’*** Indeed, SMA is tradi-
tionally considered to be a specific MN disease, but in the last few
years, several studies have demonstrated that other organs, such
as skeletal muscle’ > and neuromuscular junctions,”®" 0
heart,*>~*° panc:reas,%’47
also affected. Further research is thus needed to elucidate the degree
of the peripheral contribution and the level of SMN restoration
required in the CNS to induce the most desirable rescue of the
SMA phenotype.”’

39 1

? liver,
48 . 49

and vascular™ or immune systems™ are

We sought to address the question of the tissue requirement for SMN
by exploring the effects of neuron-selective SMN replacement on the
severe SMA phenotype relative to those of ubiquitous targeting.

We generated a novel AAV9 vector expressing SMN under the con-
trol of the human synapsin (SYN) promoter (AAV9-SYN-SMN) and
studied the effects of AAV9-SYN-SMN delivery on the survival and
neuromuscular functions of SMNA7 mice. We then compared this
treatment to AAV9-mediated delivery of SMN controlled by the
ubiquitous phosphoglycerate kinase (PGK) promoter (AAV9-PGK-
SMN). We administered AAV9-PGK-SMN via i.v. or intracerebro-
ventricular (i.c.v.) injection, providing the first direct comparison of
these two clinically relevant delivery routes.

Our data not only show that restoring SMN production in neurons,
including MNs, only partially rescues SMNA7 mice, but they also
show the importance of SMN re-expression in peripheral organs,
such as skeletal muscle, heart, and liver. Mice systemically treated
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with AAV9-PGK-SMN survived substantially longer than animals
treated with AAV9-SYN-SMN, although SMN levels in the CNS tis-
sues and MN transduction were similar. We also report that thei.c.v.
injection of AAV9-PGK-SMN outperforms systemic administration
of the same vector, providing supraphysiological levels of SMN in
the CNS organs and re-establishing SMN expression in the

periphery.

This study demonstrates the importance of appropriate peripheral
targeting and suggests that optimal levels of SMN in each tissue
should be defined to ensure a therapeutic effect of gene replacement
strategies and, more generally, SMN-targeted approaches for SMA
treatment.

RESULTS

i.c.v. Injection of AAV9-SYN-SMN at a High Dose Efficiently
Transduces the Spinal Cord of SMNA7 Mice but Not Peripheral
Organs

Our objective was to investigate whether the neuron-targeted expres-
sion of SMN is sufficient to rescue the SMNA7 mouse phenotype as
well as the broadly used ubiquitous promoters.'*'®'”** We thus used
the human SYN promoter, which has previously been shown effective
in targeting expression in neuronal cells with AAV vectors.”' > We
produced an AAV vector encoding an optimized SMNI1 cDNA under
the control of the human neuronal promoter SYN (AAV9-SYN-
SMN) (Figure 1A). We ensured selective transduction of AAV9-
SYN-SMN into neurons by directly administering the vector into
the lateral ventricles of SMNA7 mice through a single-dose i.c.v. in-
jection (Figure 1A).

We first evaluated SMN expression levels after i.c.v. injection at post-
natal day 1 (PND1) of the newly generated AAV9-SYN-SMN vector
in the spinal cords of SMNA7 mice by western blotting.”* We tested
two different doses: 4.5 x 10'® viral genomes (vg)/mouse (low) and an
~3-fold higher dose, 1.2 x 10"" vg/mouse (high).

Injection of AAV9-SYN-SMN at the low dose was not sufficient to
induce a significant increase in SMN expression over that observed
in untreated SMNA7 mice, confirming the reported weakness of the
SYN promoter>” (Figure 1B). On the contrary, the higher dose of
AAV9-SYN-SMN induced significant rescue of SMN protein
expression in the spinal cords of SMNA7 mice (Figure 1B). The
variability of SMN expression levels observed in mice treated with
the low dose of SMN was higher than that in mice injected with
the high dose, likely contributing to the inefficiency of SMN re-
expression.

We also assessed the specificity of the SYN promoter by analyzing
SMN expression outside the CNS. SMN protein was barely detected
in the skeletal muscle, heart, or liver of SMNA7 mice injected with
AAV9-SYN-SMN (high) (Figure 1C). The expression was similar to
that of non-injected SMNA7 mice, showing selectivity of the SYN
promoter (Figure 1C).
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Figure 1. i.c.v. Injection of the High Dose of AAV9-
SYN-SMN Transduces the Spinal Cords of SMNA7
Mice, but Not Peripheral Organs
(A) Schematic representation of the AAV construct ex-
pressing SMN under the control of the neuron-specific
human synapsin promoter (AAV9-SYN-SMN) (left) and
schematic representation of its delivery into the lateral
ventricles of SMNA7 mice (intracerebroventricular [i.c.v.]
injection) (right). The optimized sequence of human
SMN17 (hSMN) cDNA (green box) is expressed under
control of the SYN promoter (red box). The chimeric intron
(Intron) is placed between the promoter and the SMN
cDNA and the polyadenylation (poly(A) signal of SV40
(vellow box) downstream of the SMN cDNA. The entire
cassette is inserted between the two self-complementary
inverted terminal repeats (ITRs) of an AAV2 genome. (B)
Left: western blot analyses of SMN expression (37 kDa) in
" the spinal cords of 14-day-old SMNA7 mice after i.c.v.
injection of AAV9-SYN-SMN at 1.2 x 10'" vg/mouse
(i.c.v.-SYN-SMN high, number of animals, n = 4) and
4.5 x 10"°vg/mouse (.c.v.-SYN-SMN low, n = 4). Protein
lysates from age-matched wild-type (WT) mice (n = 1) and
T untreated SMNA7 mice (n = 3) were used as the reference
for SMN expression. «-Tubulin (Tubala, 50 kDa) was
used as the loading control. Right: densitometric analysis
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of the western blot signal in the spinal cords of injected
SMNA7 mice. Statistical analysis was performed on
SMNA7 (n=3),i.c.v.-SYN high (n = 4), and i.c.v.-SYN low
(n = 4) mice. There was no statistical difference in SMN
expression between untreated SMNA7 mice and those
injected i.c.v. with AAV9-SYN-SMN, whereas i.c.v. in-
jection of the high dose of AAV9-SYN-SMN resulted in a
significant increase of SMN expression. Values are ex-
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were analyzed by one-way ANOVA followed by Tukey’s
post hoc test (*p < 0.05). (C) Western blot analyses of

SMN expression (37 kDa) in skeletal muscle, heart, and
liver of 14-day-old SMNA7 mice injected i.c.v. with AAV9-

SYN-SMN ata dose of 1.2 x 10" vg/mouse (i.c.v.-SYN high), showing a weak SMN signal. Age-matched non-injected SMNA7 mice (n = 1 for muscle and n = 3 for heart and
liver) and WT mice (n = 2 for muscle and n = 1 for liver) were used as references for SMN expression. Tubala (50 kDa) was used as a loading control.

SMN Expression in the Spinal Cord and Brain of SMNA7 Mice
afteri.c.v. Injection of AAV9-SYN-SMN Is Similar to That after i.v.
Injection of AAV9-PGK-SMN

We previously performed two independent studies in which we
showed that the injection of an AAV9-PGK-SMN at a dose of
4.5 x 10'° vg/mouse, via either the i.v. or i.c.v. route, was sufficient
to drive SMN expression in the spinal cords of SMNA7 mice and
to rescue pathological signs of the disease."**’ In this study, we
compared the two administration routes side by side and observed
that there was significant re-expression of the SMN protein in the spi-
nal cord and brain in both cases 2 weeks after injection relative to that
detected in untreated SMNA7 mice (Figures SIA-S1C).

14,20

We then compared SMN expression after i.c.v. delivery of the newly
generated vector to i.v. or i.c.v. delivery of AAV9-PGK-SMN. As ex-
pected, the i.c.v. administration of AAV9-PGK-SMN led to the stron-
gest expression of SMN in CNS tissues. The quantity of SMN was 6-

to 9-fold higher than that observed in the brains and spinal cords of
SMNA7 mice injected ic.v. with AAV9-SYN-SMN or iv. with
AAV9-PGK-SMN. Interestingly, i.c.v. delivery of AAV9-SYN-SMN
at the high dose induced SMN expression in the spinal cord and brain
at a comparable level to that following i.v. delivery of AAV9-PGK-
SMN (Figures 2A-2C).

i.c.v. Injection of AAV9-SYN-SMN Partially Rescues the SMNA7

Mouse Phenotype, Extends Survival, and Increases Body Weight

We tested the effect of AAV9-SYN-SMN on the SMA phenotype by
analyzing the survival of SMNA7 mice injected i.c.v. with the two
doses of AAV9-SYN-SMN and comparing it to that of the groups
of animals receiving AAV9-PGK-SMN injections. Due to insufficient
levels of SMN in the spinal cord (Figure 1B), animals injected with the
low dose of AAV9-SYN-SMN showed similar median and mean sur-
vival than untreated SMNA7 mice (median, 15.5 days versus

Molecular Therapy Vol. 28 No 8 August 2020 1889


http://www.moleculartherapy.org

SMNA7 wTt i.v.-PGK

i.c.v.-SYN

i.c.v.-PGK

Molecular Therapy

Figure 2. i.c.v. Injection of AAV9-SYN-SMN and i.v.
Injection of AAV9-PGK-SMN Restores SMN

Expression to Similar Levels in the Spinal Cord and

Brain of SMNA7 Mice
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16.0 days, respectively) (Figures 3A and 3B; Table 1). This group was
thus not analyzed further. In contrast, treatment with the high dose of
AAV9-SYN-SMN (named i.c.v.-SYN high) significantly extended the
lifespan of SMNA7 mice over that of untreated mice (p < 0.01), with
median survival of 39.5 days (Figures 3A and 3B; Table 1). Between
AAV9-PGK-SMN treatment via iv. (i.v.-PGK) and icwv. (i.c.v.-
PGK) administration, i.c.v. injection of AAV9-PGK-SMN resulted
in the highest survival. iv. administration of AAV9-PGK-SMN
extended median survival to 126 days, whereas i.c.v.-PGK-mediated
treatment extended the lifespan to 205 days, versus that of untreated
SMNA7 mice (p < 0.0001 for each comparison) (Figures 3A and 3B;
Table 1).

Despite the slightly improved lifespan at the high dose, i.c.v. delivery
of AAV9-SYN-SMN was less efficient in terms of extending survival
than was i.c.v. injection of AAV9-PGK-SMN and systemic injection
of AAV9-PGK-SMN (p < 0.0001 and p < 0.001, respectively). This
was surprising, as we observed similar levels of SMN in whole brain
and spinal cord extracts of SMNA7 mice treated with i.v.-PGK and
i.c.v.-SYN high (Figures 2A-2C). However, the mean survival was
not statistically different between the two groups, because one mouse
in the i.c.v.-SYN high group survived for 243 days, far beyond the
60 days of mean survival of the remaining 90% of the mice, increasing
the standard deviation within the group.

While monitoring the treated animals over time, we observed signif-
icant differences in the overall phenotype of mice injected with the
different vectors and delivery routes.
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was used as a loading control. (B and C) Densitometric
analysis of western blot signals in the spinal cords (B) and
brains (C) of injected SMNA7 mice. Statistical analysis
was performed on n = 3 mice for each group of injected
mice. Significant differences in SMN expression were
observed between i.c.v. injection of AAV9-PGK-SMN and
either i.v. injection of the same vector or i.c.v. injection of
AAVO-SYN-SMN. Values are expressed as the SMN
mean intensity relative to that of Tubala + SEM, and the
differences between groups were analyzed by one-way
ANOVA followed by Tukey’s post hoc test (**p < 0.01,
***p < 0.001, ***p < 0.0001).
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In terms of body weight, the injection of AAV9-SYN-SMN was the
only treatment unable to prevent weight loss of SMNA7 mice during
the first 3 weeks of life (p = 0.35). In contrast, i.c.v.- and i.v.-PGK-in-
jected SMNA7 mice showed significantly higher body weight than
untreated animals (p < 0.0001 and p < 0.01, respectively), although
treated animals remained smaller than their heterozygous littermates.
We investigated whether the weight difference between the IV-PGK
and the i.c.v.-SYN treatment was due to delayed expression of SMN
driven by the SYN promoter.

Analysis of SMN expression in the spinal cords of SMNA7 mice
1 week after i.v. injection with AAV9-PGK-SMN or i.c.v. injection
with AAV9-SYN-SMN showed no significant difference between
the two groups (Figure S2). Hence,no difference in the timing of
expression of the two vectors was observed, suggesting better rescue
upon ubiquitous SMN expression than after neuron-specific delivery
during the first 3 weeks of life.

Weight comparisons among the various conditions between 4 and
10 weeks of life showed the AAV9-SYN-SMN-treated mice to follow
the same growth curve as the AAV9-PGK-SMN i.v.-injected mice
(p = 0.99). There was a significant difference in body weight between
the mice injected i.c.v. with AAV9-PGK-SMN and those injected i.v.
with the same viral vector (p < 0.0001). This difference was observed
until 36 weeks of age (p < 0.001). Only one animal injected with
AAV9-SYN-SMN survived beyond 11 weeks of age. Thus, it was
not included in the statistical analysis of weight performed between
11 and 36 weeks (Figure 3C). These data show that treatment with
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P . Figure 3. i.c.v. Delivery of AAV9-SYN-SMN Results
kA in the Limited Rescue of Survival and Phenotypic
| Improvement of SMA Mice Relative to i.v. ori.c.v.
Injection of AAV9-PGK-SMN
(A) Kaplan-Meier survival curves of SMNA7 mice injected
i.c.v. with AAV9-SYN-SMN at a dose of 4.5 x 10'° vg/
mouse (i.c.v.-SYN low, orange, n = 4) or 1.2 x 10" vg/
mouse (i.c.v.-SYN high, red, n = 10) or injected i.v. with
AAVO-PGK-SMN at a dose of 4.5 x 10'° vg/mouse (i.v.-
PGK, blue, n = 22) or injected i.c.v. (i.c.v.-PGK, pink, n =
18) compared to the survival curve of untreated SMNA7
,vc* \(V\\O« 4\4“@\ mice (gray, n = 22). All injection methods, except i.c.v.-
NEARIES) ) o .
O \O SYN low, significantly enhanced the lifespan of SMNA7
mice. The greatest lifespan was observed with the AAV9-
c _ a’g’NM PGK-SMN vector. No statistical difference was observed
— i.v-PGK with this vector between the i.v. and i.c.v. delivery routes.
_ :gzgg,ﬁ high The AAV9-SYN-SMN vector injected i.c.v. only offered a
modest extension of lifespan when delivered at the high
dose. Values are expressed as the percentage of survival,
and differences between groups were analyzed using the
log rank Mantel-Cox test (*p < 0.01, **p < 0.001, ***p <
0.0001). (B) Bar graph showing a significant difference
between the mean survival of SMNA7 mice (gray, n = 22)
and bothi.v.- andi.c.v.-injected AAV9-PGK-SMN mice at
a dose of 4.5 x 10'° vg/mouse (i.v.-PGK, blue, n = 22;
i.c.v.-PGK, pink, n = 18). The mean survival of i.c.v.-SYN-
treated mice at either the low dose (4.5 x 10'° vg/mouse,
i.c.v.-SYN low, orange, n = 4) or high dose (1.2 x 10" vg/
mouse, i.c.v.-SYN high, red, n = 10) was not significantly
different from that of untreated mice, but was significantly
shorter than the mean survival obtained after i.c.v. injec-
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7-week-old treated mice was significantly lower than that of i.v.-in-

jected mice with AAV9-PGK-SMN only at the low dose.
No statistical difference was observed for either delivery
route with AAV9-PGK-SMN. Results are expressed as
the mean + SEM, and differences between groups were
analyzed using the Kruskal-Wallis test followed by Dunn’s
post hoc test (*p < 0.05, **p < 0.01, ***p < 0.0001). (C)
Body weight curves of SMNA7 mice injected i.c.v.
with AAV9-SYN-SMN at a dose of 1.2 x 10" vg/mouse
(i.c.v.-SYN high, red, n = 10) and injected i.v. or i.c.v. with AAV9-PGK-SMN at 4.5 x 10" vg/mouse (i.v.-PGK, blue, n = 22; i.c.v.-PGK, pink, n = 18) compared to the body
weight curves of untreated (gray, n = 22) and heterozygous (He) mice (black, n = 28). Due to early mortality in mice from the SMNA7, i.c.v.-SYN low, and i.c.v.-SYN high
groups, the group comparisons were treated separately for three time periods: 1-3 weeks, 4-10 weeks, and 11-36 weeks. All groups were sex balanced. Data are expressed
as the mean + SEM, and differences between the curves of the i.v.-PGK; i.c.v.-PGK; i.c.v.-SYN high, and He mice were compared by two-way mixed-model ANOVA followed
by Tukey’s post hoc test (treatment and time). At 1-3 weeks (comparison between all groups), significant differences were observed between the i.c.v. and i.v. injections of
AAVI-PGK-SMN but not between either i.c.v.-SYN low ori.c.v.-SYN high and the untreated SMNA7 mice. The He group was significantly different than all other groups. At
4-10 weeks (comparison between He, i.c.v.-PGK, i.v.-PGK, and i.c.v.-SYN high), significant differences were observed between the He mice and all injection groups and
between i.c.v.-PGK and both i.v.-PGK and i.c.v.-SYN high. No difference was observed between i.v.-PGK and i.c.v.-SYN high. At 11-36 weeks (comparison between He,
i.c.v.-PGK, and i.v.-PGK), significant differences were observed between all tested groups (*“p < 0.01, ***p < 0.001, ***p < 0.0001). (D) Representative images showing the
phenotype of SMNA7 mice injected i.v. or i.c.v. with AAV9-PGK-SMN at 8 weeks of age (left and middle, respectively) and injected i.c.v. with AAV9-SYN-SMN at 7 weeks of
age (right). The SMNA7 mouse treated with AAV9-PGK-SMN i.v. showed reduced self-grooming, a shorter tail, and ear necrosis. The mouse injected with AAV9-PGK-SMN
i.c.v. showed solely a shorter tail and ear necrosis. The i.c.v.-SYN-injected mouse showed signs of kyphosis, as well as pronounced tail necrosis.

AAV9-SYN-SMN only partially prevented the weight loss of SMNA7
mice.

Additionally, all mice injected with AAV9-SYN-SMN that survived
beyond 6 weeks (4 of 10) looked less healthy than did those that
received either the i.v.-PGK or i.c.v.-PGK treatment based on general
appearance (Figure 3D; Figures S3A and S3B). In addition to ear ne-

crosis and shorter tails, they displayed digital and tail necrosis starting
from 6 weeks of age until loss, a few weeks later (Figure 3D; Figures
S3A and S3B). SMNA7 mice injected iv. and i.c.v. with AAV9-
PGK-SMN did not show tail necrosis. However, similarly to the
mice injected i.c.v. with AAV9-SYN-SMN, they developed ear necro-
sis (Figure 3D; Figures S3A and S3B). Despite this ear phenotype, the
i.cv.-PGK-treated mice generally appeared to be self-groomed,

Molecular Therapy Vol. 28 No 8 August 2020 1891


http://www.moleculartherapy.org

Table 1. Survival Data Obtained after the Treatment of SMNA7 Mice with
AAV9-PGK-SMN or AAV9-SYN-SMN

Survival (Days)

n Mean SEM Median Minimum Maximum
SMNA7 22 12.7 1.2 16.0 2 19
iv.-PGK T 170.0 26.6 142.0 28 468
i.c.v.-PGK T 244.1 34.9 221.0 42 618
i.c.v.-SYN low 4_ 15.0 2.7 15.5 9 20
i.c.v.-SYN high T 57.9 215 39.5 11 243

Survival data (mean and median) of SMNA7 mice injected i.v. or i.c.v. with AAV9-PGK-
SMN at 4.5 x 10'° vg/mouse or injected i.c.v. with AAV9-SYN-SMN at 4.5 x 10" vg/
mouse (low) or 1.2 x 10! vg/mouse (high) compared to that of untreated SMNA7 mice.
N is the number of animals per group. The minimum and maximum survival levels per
group are reported.

confirming that i.c.v. administration of AAV9-PGK-SMN outper-
forms the other delivery methods.

Overall, these observations show that SMN expression restricted to
neurons induces only limited improvement in the phenotype of
SMNA?7 mice relative to that following systemic treatment.

i.c.v. Injection of AAV9-PGK-SMN Leads to Better Improvement
of Neuromuscular Function and Locomotor Ability Than Other
Treatments (i.v.-PGK and i.c.v.-SYN)

We assessed whether the difference in survival and phenotypic
features among SMNA7 mice injected with the various constructs re-
flected neuromuscular improvement. We thus evaluated the righting
reflex in 1.v.-PGK-, i.c.v.-PGK-, and i.c.v.-SYN high-treated juvenile
SMNA7 mice (Figure 4). The general body strength, measured within
the first 3 weeks of life, was restored in all groups of injected SMNA7
mice. However, it never reached the same level as that of the control
heterozygous mice (p < 0.0001 for all comparisons). SMNA7 mice
treated with i.c.v.-PGK showed the best ability to right themselves
relative to both i.v.-PGK- and i.c.v.-SYN-injected mice (p < 0.0001
and p < 0.001, respectively). Animals treated with i.v.-PGK and
i.c.v.-SYN high were indistinguishable, showing an identical righting
response (p = 0.99). This suggests that comparable levels of SMN in
the spinal cord induce similar effects on body strength in the first
weeks of life.

We further analyzed the functional behavior of the mice treated via
the different injection routes by measuring motor coordination us-
ing the rotarod test during the third month of life. At this point, all
i.c.v.-SYN high-treated mice were dead. Among the remaining co-
horts, motor function was restored only in SMNA7 mice injected
with i.c.v.-PGK (Figure 5A). These mice spent an average of 60 s
on the wheel, similarly to heterozygous mice (61 + 5 s versus 63 +
6 s). The i.v.-PGK-injected animals lasted half that time on the
rotating rod. This was significantly different than both the heterozy-
gous and i.c.v.-PGK-treated mice (28 + 4 s; p < 0.001 and p < 0.01
compared to heterozygous and ic.v.-PGK-treated mice,
respectively).
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We also evaluated the therapeutic efficacy of the treatments by
analyzing the spontaneous motor activity of injected SMNA7 mice
and control heterozygous animals using an actimeter (Figures 5B
and 5D). Remarkably, i.c.v.-PGK-treated animals behaved similarly
to heterozygous mice for the global movement and distance covered
analysis (2,151 + 173 s and 83 + 14 m for i.c.v.-PGK-injected animals
versus 2,472 + 105 s and 129 * 14 m for heterozygous mice) (Figures
5B and 5C), whereas i.v.-PGK-treated mice moved less in the cage and
walked a shorter distance than heterozygous mice (1,688 + 216 s
and 65 + 14 m for global movement and distance covered; p < 0.01
and p < 0.05, respectively). Additionally, the number of rearings
was statistically lower in mice treated with either delivery route
than those of heterozygous mice (111 + 27 for i.v.-PGK-injected
animals and 464 + 57 for i.c.v.-PGK-injected animals versus 783 +
44 for heterozygous mice; p < 0.0001 and p < 0.001 for i.v.-PGK-
and i.c.v.-PGK-injected mice compared to heterozygous animals,
respectively), but significantly higher for i.c.v.-PGK than systemically
treated mice (p < 0.01) (Figure 5D). These analyses further confirm
that the i.c.v. administration of AAV9-PGK-SMN outperforms sys-
temic delivery of the same vector.

i.c.v. Injection of AAV9-SYN-SMN Efficiently Transduces MNs at
Higher Levels Than i.v. Administration of AAV9-PGK-SMN

We hypothesized that the limited survival observed in SMNA7 mice
injected i.c.v. with AAV9-SYN-SMN relative to that of systemically
treated mice, despite similar global levels of SMN protein (Figures
2A-2C), could be explained by different transduction levels in spinal
MNs. We thus compared the expression of SMN in the MNs of i.c.v.-
SYN-injected mice to that in the MNs of i.v.-PGK or i.c.v.-PGK mice
at 14 days of life.

Double immunofluorescence analyses of spinal-cord sections using
antibodies against SMN and choline acetyltransferase (ChAT) (a
marker for MNs) were performed in the lumbar and cervical spinal
cord tracts (Figure 6; Figure S4). SMN was expressed in far fewer
ChAT" cells (9.41% =+ 2.47% in lumbar sections and 6.97% =+ 1.63%
in cervical sections) of SMNA?7 mice than those of wild-type (WT)
mice (94.32% + 1.85% in lumbar sections and 93.53% =+ 1.42% in cer-
vical sections) (Figures 6A-6F and 6P; Figures S4A-S4F and S$4P).
In WT mice, the signal for SMN was mainly located in the gems of
MN nuclei (Figures 6D-6F; Figures S4D-S4F). In contrast, we
observed staining both in the nuclei and cytoplasm of transduced cells
in all injected SMNA7 mice in which SMN was overexpressed (Fig-
ures 6G-60; Figures S4G-S40). As expected, upon i.c.v.-PGK injec-
tion, a high percentage of ChAT" cells were transduced (99.58% =+
0.42% in lumbar sections and 99.84% + 0.16% in cervical sections)
(Figures 6]-6L and 6P; Figures S4J-S4L and S4P).

Among the three treatments, i.v.-PGK administration resulted in the
lowest percentage of SMN/ChAT™ cells (46.56% + 3.03% in lumbar
sections and 57.77% + 6.53% in cervical sections) (Figures 6G-6I
and 6P; Figures S4G-S4I and S4P), whereas i.c.v.-SYN injection trans-
duced 80% of MNs (84.29% = 3.12% in lumbar sections and 73.06 +
4.90% in cervical sections) (Figures 6M-6P; Figures S4M-S4P).
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Figure 4. Injection of Either AAV9-PGK-SMN or AAV9-SYN-SMN Restores

the Righting Reflex in SMNA7 Juvenile Mice

(A) The righting reflex was assessed daily in SMNA7 mice injected i.v. (i.v.-PGK, blue,
n=14)ori.c.v. (i.c.v.-PGK, pink, n = 12) with AAV9-PGK-SMN at a dose of 4.5 x 10'°
vg/mouse or in i.c.v.-SYN-injected (i.c.v.-SYN high, n = 10) SMNA7 mice and
compared to that of untreated SMNA7 mice (gray, n = 22) and He mice (black, n = 35)
from birth to postnatal day 20. Data are expressed as the mean every 3 days + SEM.
Significant statistical differences were observed between all compared groups except
for the comparison between i.v.-PGK- and i.c.v.-SYN high-injected mice. Differences
between the curves were analyzed by two-way mixed model ANOVA followed by
Tukey's post hoc test (treatment and time) (*p < 0.01, ***p < 0.001, ***p < 0.0001).

We further verified the effect of the treatments in protecting MNs by
quantifying the total number of ChAT" cells in lumbar and cervical sec-
tions of treated and untreated SMNA7 and WT mice (Figure 6Q; Fig-
ure S4Q). As expected, SMNA7 mice showed a lower number of MNs
than WT mice (8.42 + 0.54 and 10.87 + 0.46 in the lumbar and cervical
sections of SMNA7 mice, respectively, versus 11.5 + 0.65 and 15.33 +
0.31 in the lumbar and cervical sections of WT mice, respectively; p <
0.01 and p < 0.0001, respectively). Consistent with the higher expres-
sion of SMN, i.c.v.-PGK-injected mice showed a higher number of
MN:ss in both lumbar (11.31 + 0.86) and cervical (13.56 + 0.51; p <
0.01) sections than untreated SMNA7 mice, reaching an amount com-
parable to that of WT mice. In contrast, there was no statistically sig-
nificant difference in the number of MNs in the spinal cords of i.v.-
PGK-injected mice (8.50 + 0.70 and 10.59 + 0.34 in lumbar and cervical
sections, respectively) or those injected i.c.v. with AAV9-SYN-SMN
(9.31 = 0.41 and 12.48 + 0.47 in lumbar and cervical sections, respec-
tively) relative to SMNA7 mice. Furthermore, the number of ChAT*
cells was similar in both the lumbar and cervical spinal cords of
SMNA?7 mice injected i.v. with AAV9-PGK-SMN and injected i.c.v.
with AAV9-SYN-SMN, indicating a similar effect on MN survival
following the administration of the two vectors.

We further analyzed the distribution of re-expressed SMN among the
cell types resident in the spinal cord, such as astrocytes. We could not
detect any SMN signal in glial fibrillary acid protein (GFAP)-positive
cells upon i.c.v. injection of the AAV9-SYN-SMN vector, confirming
the specificity of the construct for neurons (Figure S5). However, i.v.-
PGK treatment very rarely transduced astrocytes, suggesting that the
differences observed between these two treatments were very unlikely
determined by SMN restoration in astrocytes and rather that other cell
types may be involved. As expected, the i.c.v. injection of AAV9-PGK-
SMN resulted in higher expression of SMN in astrocytes than that
following i.v. delivery, but only a few positive astrocytes were detected.

i.v. and i.c.v. Administration of AAV9-PGK-SMN Restores SMN
Expression in Peripheral Organs

We reasoned that the better survival and phenotypic rescue observed
in i.v.-PGK-treated SMNA7 mice than i.c.v.-SYN mice could be the
result of SMN expression in peripheral organs.

Therefore, we assessed SMN protein levels in whole lysates from skel-
etal muscle, heart, and liver from SMNA7 mice injected i.v. or i.c.v.
with AAV9-PGK-SMN or control animals at 14 days (Figures 7A-
7D). As in the CNS, SMN protein levels were almost undetectable
in the peripheral organs of SMNA7 mice. The SMN signal in WT
mice was approximately 3-, 6-, and 8-fold higher in the heart, muscle,
and liver, respectively, than in SMNA7 mice. AAV9-PGK-SMN injec-
tion by either the i.v. or i.c.v. routes restored SMN levels similar to
those of WT mice in the three organs. In contrast to the CNS, i.v.-
PGK treatment resulted in similar SMN expression as that of i.c.v.-in-
jected mice for all three analyzed organs (Figures 2D and 7B-7D).

Finally, we investigated whether the exogenous SMN was differen-
tially localized in the heart and liver of i.v.- and i.c.v.-injected mice
by assessing its expression by anti-SMN immunofluorescence (Fig-
ures 7E-7L). We observed similar localization of the protein in the
cytoplasm of cardiac and hepatic cells with both delivery routes.

DISCUSSION

Our goal was to understand whether selective expression of SMN in
neurons can provide a therapeutic effect in SMNA7 mice. We thus
generated a novel AAV9-SMN construct expressing SMN under the
control of the human SYN promoter. We also performed a comprehen-
sive comparison of this approach with previously tested gene therapy
treatments using an AAV9 expressing SMN under the control of the
ubiquitous promoter PGK. We show that AAV9-mediated replacement
of SMN in neurons using AAV9-SYN-SMN is not sufficient to rescue
the SMA phenotype in SMNA?7 mice. In contrast, the i.v. administra-
tion of AAV9-PGK-SMN resulted in better survival and phenotypic
improvement of SMNA?7 mice, even though the levels of SMN protein
in the CNS organs and MN transduction were similar to those found
after AAV9-SYN-SMN injection. The most efficient rescue of
SMNA?7 mice was, however, obtained by i.c.v. injection of AAV9-
PGK-SMN, confirming our previous results.* This approach led to
higher expression of SMN in CNS tissues and levels in peripheral organs
similar to those in WT mice. Elevated expression of SMN in the spinal
cord fully protected MNs, albeit survival and functional studies revealed
that the animals were not rescued to the extent of heterozygous mice.

Overall, these results, summarized in Figure 8, confirm that SMN
expression in neurons is necessary but not sufficient for the complete
recovery of SMNA7 mice, suggesting that optimization is nevertheless
needed to develop efficient gene replacement approaches for SMA.

Gene therapy is an attractive therapeutic option for SMA patients. It
can provide stable and long-term correction of the faulty gene with a
single dose.”> " Pre-clinical studies have demonstrated that it is
possible to rescue SMNA7 mice using lower doses of AAV9-SMN
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when it is administered into the CSF, e.g., by i.c.v. injection, than by
i.v. injection.”>** The i.c.v. delivery route is considered to be better for
vector administration, as it efficiently targets the CNS, avoiding pe-
ripheral dispersion of the vector, and consequently requires a lower
viral dose than iv. injection.”’ ** Indeed, a dose-dependence study
using an AAV9 vector carrying SMN under the control of the ubig-
uitous chicken-B-actin promoter showed that lower doses of the vec-
tor were needed for i.c.v. injection to attain similar efficiency than
previously tested systemic injection.”” A similar method is currently
being used in a clinical trial for the treatment of SMA patients
following intrathecal administration (as a translation of intra-CSF de-
livery) (ClinicalTrials.gov: NCT03381729). Furthermore, the splice-
switching antisense oligonucleotide Spinraza is administered through
repeated intrathecal injections to SMA patients.”®”” However, it is
still unknown whether these approaches will restore sufficient levels
of SMN in both the CNS and periphery and mediate long-lasting ther-
apeutic effects in treated patients. Therefore, understanding in which
tissues SMN expression is required is pivotal for the design of optimal
treatments based on SMN expression. We anticipate that pre-clinical
studies addressing this issue will help to predict clinical outcomes and
the management of treated SMA patients.

Our work stems from the growing evidence challenging the vision of
SMA as a pure MN disease. Defects in several peripheral tissues have
been identified in animal models and human samples from patients
with the most severe form of SMA, highlighting multi-systemic impair-
ment as an important pathological component (reviewed in Hamilton
et al,”° Nash et al.,*' and Shababi et al.*?). Several transgenic mouse
models have been generated to specifically delete or re-express SMN
in the CNS or peripheral tissues to better understand its tissue-specific
contribution. For example, SMN expression in the CNS using the prion
promoter led to strong phenotypic rescue in SMA mice, stressing the
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groups were analyzed by one-way ANOVA followed by
Tukey’s post hoc test (*p < 0.05, **p < 0.01, **p < 0.001,
****p < 0.0001).

importance of SMN re-expression in neurons.”” However, the prion
promoter also induces a low level of SMN expression outside the
CNS, such as in the heart, kidneys, and skeletal muscle, which likely
contributed to the reported phenotypic improvement.’' Another study
reported that Smn depletion restricted to motor neural progenitors, us-
ing Olig2-Cre mice, only led to a mild SMA phenotype, probably due to
a protective role played by Smn expressed in other tissues.’> Further-
more, two independent studies have demonstrated the central role of
SMN in skeletal muscle, underscoring the need to ensure SMN expres-
sion in the periphery to restore proper motor function.’>*’

We reasoned that postnatal overexpression of SMN restricted to neu-
rons, using AAV9 vectors, would be a straightforward method to
study the requirement of SMN expression in other tissues. We took
advantage of the previously described human SYN promoter, which
was already been proven to be selective for targeting neurons.”' >’
Although leakage in the liver was previously reported,”” we did not
observe SMN expression in the skeletal muscle, heart, liver, or astro-
cytes of treated mice. This could be ascribed to the dose of AAV9 used
in our study, which was sufficient to drive expression in neurons but
limited the nonspecific targeting of other cell types.

We compared the effects of neuron-specific SMN expression to the
iv. or i.c.v. delivery of our previously developed therapeutic vector
AAV9-PGK-SMN.'>** A 3-fold higher dose of AAV9-SYN-SMN
was necessary to express SMN at levels similar to those following sys-
temic injection of AAV9-PGK-SMN in the spinal cord. Accordingly,
we only observed improvement of SMNA7 mouse survival when
AAV9-SYN-SMN was administered at a high dose. The extension
of survival was modest relative to that following i.v. or i.c.v. adminis-
tration of AAV9-PGK-SMN, allowing similar or higher SMN expres-
sion than in WT mice in the CNS organs and MNs, respectively.
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Although the i.c.v. administration of AAV9-SMN vectors is more effec-
tive at lower doses than i.v. delivery, a comprehensive comparison of
the two delivery routes in the same setting has not yet been performed.
Surprisingly, the side-by-side comparison did not reveal a significant
difference in survival after the iv. or i.c.v. injection of AAV9-PGK-
SMN at the same dose. However, the longest median survival and
maximal survival of SMNA?7 mice were achieved following i.c.v. deliv-
ery of AVV9-PGK-SMN (221 days and 618 days, respectively). Impor-
tantly, a 36-week follow-up assessing the body weight of the mice
showed that no cohort of treated mice reached a weight similar to
that of heterozygous mice, demonstrating that even the i.c.v.-mediated,
ubiquitous expression of SMN is not sufficient to fully rescue SMNA7
mice.

Analysis of the righting reflex showed the i.v. injection of AAV9-
PGK-SMN and i.c.v. injection of AAV9-SYN-SMN to result in
similar outcomes during the first weeks after treatment, but the
lifespan of the SYN-SMN-treated mice was not long enough for
further functional analysis (e.g., rotarod, actimeter). Comparison
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Figure 6. SMN Transduction in MNs of the Lumbar
Spinal Cord Is Higher in i.c.v.-SYN Mice Than in
Systemically Treated SMNA7 Mice

(A-O) Representative transverse sections of the ventral
horn of the lumbar spinal cord from SMNA7 mice injected
i.v. (i.v.-PGK, G-I) or i.c.v. (i.c.v.-PGK, J-L) with AAV9O-
PGK-SMN at a dose of 4.5 x 10'° vg/mouse; SMNA7
mice injected i.c.v. with AAVO-SYN-SMN at 1.2 x 10"
vg/mouse (i.c.v.-SYN, M-0O); untreated SMNA7 mice (A-
C); and WT mice (D-F). Sections were processed for
ChAT/SMN double immunofluorescence (green, SMN*
cells, red, ChAT" cells) at 14 days of age. Nuclei were
stained with DAPI (blue). Single SMN staining (gray) is
presented in (B), (E), (H), (K) and (N). Single ChAT staining
(gray) is presented in (C), (F), (I), (L), and (O). Scale bar,
25 um. (P) Percentage of SMN™ MNs per section of 14-
day-old SMNA7 mice injected i.v. (i.v.-PGK, blue, n = 3) or
i.c.v. (i.c.v.-PGK, pink, n = 3) with AAV9-PGK-SMN at a
dose of 4.5 x 10'° vg/mouse and SMNA7 mice injected
i.c.v. with AAV9-SYN-SMN at a dose of 1.2 x 10'" vg/
mouse (i.c.v.-SYN, red, n = 3). Age-matched non-in-
jected SMNA7 mice (gray, n = 3) and WT mice (black, n =
4) were used as references. Data are expressed as mean
percentage + SEM and differences between groups were
analyzed by one-way ANOVA followed by Tukey’s post
hoc test (p < 0.01, ***p < 0.0001). (Q) Quantitative
analysis of the number of ChAT* MNs of 14-day-old
SMNA7 mice injected i.v. (i.v.-PGK, blue, n = 3) ori.c.v.
(i.c.v.-PGK, pink, n = 3) with AAV9-PGK-SMN at a dose of
4.5 x 10'° vg/mouse and SMNA7 mice injected i.c.v.
with AAV9-SYN-SMN at a dose of 1.2 x 10" vg/mouse
(i.c.v.-SYN, red, n = 3). Age-matched non-injected
SMNA7 mice (gray, n = 6) and WT mice (black, n = 6) were
used as references. Approximately 25 sections per
mouse were scored. Data are expressed as the
mean + SEM. Differences between groups were analyzed
by one-way ANOVA followed by Tukey’s post hoc test
(*p < 0.05, *p < 0.01).

A KKK KK

among the survivor groups in the adult stage showed higher per-
formance of the SMNA7 mice injected i.c.v. with AAV9-PGK-
SMN. These mice spent a similar amount of time in global move-
ment and covered a similar distance as did the heterozygous con-
trol mice. Despite the significant increase in mean survival, mice
that were injected iv. with AAV9-PGK-SMN performed signifi-
cantly worse than the control mice. These analyses show, for the
first time, that mice treated i.c.v. with AAV9-PGK-SMN preserve
locomotor abilities long after treatment.

The limited rescue observed for SMNA7 mice treated with AAV9-
SYN-SMN could be due to insufficient targeting of the MNs. However,
immunofluorescence analyses of spinal cords from treated and control
mice showed that i.c.v. injection of AAV9-SYN-SMN mediated SMN
expression in ~80% of MNs in both the cervical and lumbar spinal
cord tracts. Based on the results reported in Passini et al,”
MN transduction should have been sufficient to rescue survival and
the neuromuscular phenotype of SMNA7 mice. However, in that
study, AAV9-mediated expression of SMN was induced using the

such
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human B-glucuronidase promoter, reported to target both neurons
and astrocytes.”* Interestingly, when SMN expression was selectively
directed to astrocytes using the GFAP promoter and an AAV9 vector,
the survival of SMNA7 mice improved, although modestly.®” It is thus
possible that the positive effects of the AAV9-PGK-SMN vector on the
SMNA7 mice were determined by the combined transduction of MNs
and astrocytes. However, our immunofluorescence analyses showed
that GFAP-positive astrocytes were very weakly transduced, even after

i.v.-PGK treatment, suggesting that other cells contributed to the over-
all rescued phenotype.

Heart

i.c.v.-PGK

These results underscore the importance of considering neurons
and non-neural cells for the pathology of SMA and therapeutic
applications.

Particular attention should be paid to the physiological role of SMN.

Upon AAV-mediated SMN overexpression, we observed different pro-

1896 Molecular Therapy Vol. 28 No 8 August 2020

T —— — — — — — w——— v " | TUba1a

Molecular Therapy

Figure 7. i.v. or i.c.v. Injection of AAV9-PGK-SMN
Restores SMN Expression in Peripheral Organs to
Similar Levels

(A) Western blot analyses of SMN expression (37 kDa) in
skeletal muscle (upper panel), heart (middle panel), and
liver (lower panel) of 14-day-old SMNA7 mice injected i.v.
(i.v.-PGK, n = 3) or i.c.v. (i.c.v.-PGK, n = 3) with AAV9-
PGK-SMN at 4.5 x 10" vg/mouse. Age-matched non-
injected SMNA7 mice (n = 3) and WT mice (n = 3) were
used as references for SMN expression. Tubaia (50 kDa)
was used as a loading control. (B-D) Densitometry anal-
ysis of western blot results of skeletal muscle (B), heart
(C), and liver (D), showing levels of SMN in i.v.- or i.c.v.-
injected mice and similar to those of WT animals. Values
are expressed as the SMN mean signal intensity relative
to that of Tubala + SEM. The differences between groups
were analyzed by one-way ANOVA followed by Tukey’s
post hoc test (“p < 0.05, *p < 0.01). (E-L) Representative
sections of heart (E, F, |, and J) and liver (G, H, K, and L)
from SMNA7 mice after i.v. (E-H) ori.c.v. (I-L) injection of
AAV9-PGK-SMN processed for immunofluorescence at
14 days of age using an anti-SMN antibody (green).
Nuclei were stained by DAPI (blue). SMN-positive staining
is presented alone (gray, E, G, |, and K) or combined with
DAPI (green and blue, respectively; F, H, J, and L). Scale
bar, 25 um. A 2-fold magnification of liver cells is shown in
the lower right corner of (H) and (L).

Liver

tein localization in MNs than in WT mice by
immunofluorescence. To enable SMN to prop-
erly exert its physiological role, it may be neces-
sary to develop therapeutic approaches that can
restore SMN expression at the correct levels

and in the proper subcellular compartments.*®

Our study further shows that, even in the pres-
ence of similar levels of SMN expression and
MN protection in the spinal cord, the survival
of SMNA7 mice is not restored to the same level
as for mice systemically treated with the AAV9 vector expressing
SMN under control of the PGK promoter. As expected, this delivery
route led to SMN expression in peripheral tissues that was
surprisingly similar to that observed after ic.v. injection of the
same vector.

Overall, these data emphasize the importance of SMN in organs and
tissues other than the CNS. Further research is needed to define the
requirements for SMN in each compartment. Studies that combine
AAV vector targeting properties, specific promoters, and dose-escala-
tion studies in SMNA7 mice or other relevant SMA mouse models
could address these questions.’”®® In addition, studies in animal
models will only partially predict the results in humans, as SMN re-
quirements may vary among species.”” We speculate that the use of
SMA patient-derived organoids,”” combined with gene therapy ap-
proaches, could open concrete perspectives for understanding the
contribution of SMN in different tissues.
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Figure 8. Graphical Summary of the Main Findings
of the Study

The effects of each treatment (i.c.v.-SYN, i.v.-PGK, and
i.c.v.-PGK) on the phenotype (survival, body weight,

Phenotype Transduction of CNS Transduction of

peripheral organs

i i " Spinal .

Survival Weight | Appearance | Force | Brain cord MNs | Muscle | Heart Liver

i.c.v.-
SYN
i.v.-PGK
i.c.v.-
PGK

general appearance, and neuromuscular functions) are
classified according to a color code, in which brilliant red
and brilliant green correspond to SMNA7 and WT/He
mice, respectively. The effects on the phenotype are
compared to transduction of CNS (brain, spinal cord, and
MNs) and peripheral organs (skeletal muscle, heart, and
liver). SMN expression restricted to neurons (i.c.v.-SYN)
mediates a modest improvement of the SMNA7 mouse
phenotype. SMN expression in the peripheral organs
contributes to a better rescue of the phenotype (i.v.-PGK
and i.c.v.-PGK). High expression of SMN in both CNS

tissues and peripheral organs results in the best rescue of SMA mice (i.c.v.-PGK), which are still not comparable to WT or He mice. This work highlights the importance
of SMN expression in the CNS and peripheral organs for complete rescue of the SMNA7 phenotype.

MATERIALS AND METHODS

Animals

To obtain SMA mice, breeding pairs of triple mutant mice (SMN2*",
SMNA7"*, Smn™~; no. SN 5025) were purchased from The Jackson
Laboratory. These mice harbor two transgenic alleles (the entire hu-
man SMN2 gene and the human SMN2 cDNA, lacking exon 7) and
are heterozygously invalidated for the endogenous murine Smn
gene (through lacZ reporter gene insertion into exon 2).'” The geno-
type of the offspring can be WT (SMN2*'*, SMNA7'*, Smn*'"*), het-
erozygous (SMN2™"*, SMNA7™*, Smn™7), or knockout, named
SMNA7 (SMN2*"*, SMNA7"*, Smn™'~). SMNA7 mice progressively
lose body weight, starting from 5 days, and have a mean survival of
approximately 14 days. To reduce the amount of breeding required
for the study, heterozygous mice were used as the reference for sur-
vival, body weight, and behavioral analyses, whereas WT mice were
used as the reference for biochemical and immunochemistry analyses.
Heterozygous and WT animals did not show any differences in terms
of life expectancy and locomotor behavior.

Mice were housed under controlled conditions following the French
and European guidelines for the use of animal models (2010/63/EU).

AAV Vector Production

The expression sequence for codon-optimized human SMN1'* under
control of either the ubiquitous PGK promoter or the neuro-specific
human SYN promoter was cloned by enzymatic restriction into the
previously described deleted ITR27® of the AAV genome. Our group
previously produced the PGK construct.'* To obtain the AAV-SYN-
SMN genome, we replaced the PGK sequence with the SYN pro-
moter. This sequence derives from a pDrive plasmid (kind gift
from Genethon-Evry), encoding a previously published sequence’’
of 469 nt plus the downstream 82 nt of the human SYN1 promoter
(NG.008437.1). The two corresponding recombinant serotype 9
AAV vectors were produced using helper virus-free transient trans-
fection in HEK293 cells following the protocol described by Biferi
et al.”" Each production was quantified by real-time PCR and vector
titers were expressed as vg/mL.

In Vivo AAV Injection

Injections of new-born mice (PND1) were performed using a 50-pL
Hamilton syringe with a 31G and 30-mm length needle. A total vol-
ume of 70 pL, containing 4.5 x 10" vg of AAV vector (corresponding
to 3 x 10" vg/kg) diluted in PBS, was delivered to the temporal veins
through bilateral i.v. injection (35 [LL per site). Approximately 7 uL of
viral suspension, containing 4.5 x 10'° or 1.2 x 10"" vg (correspond-
ing to 8 x 10"* vg/kg, high dose), was administered into the brain
lateral ventricles through a unilateral ic.v. injection (1 mm
anterior, £1 mm lateral to the lambda, and 2 mm deep).

Histology and Immunostaining Analysis

Mice were euthanized 14 days post-injection for SMN expression
analyses by intraperitoneal anesthetic injection (10 mg/kg xyla-
zine, 100 mg/kg ketamine), followed by intracardiac perfusion,
first with 1x PBS and then 4% paraformaldehyde (PFA) in
PBS. Tissues were isolated and postfixed by incubation for 24 h
in 4% PFA at 4°C. Brain and non-nervous organs were then
incubated at least 24 h in a PBS-sucrose solution (15%) at 4°C;
spinal cords were incubated in a PBS-sucrose solution (30%) un-
der the same conditions. Dehydrated tissues were embedded in
Tissue-Tek OCT and frozen in cold isopentane at a temperature
between —45°C and —55°C. Serial sections of different thickness
were cut using a cryostat (Leica), depending on the organ (16 pm
for brains, 14 um for spinal cords and hearts, 10 um for livers)
and were stored at —80°C.

For immunofluorescence detection of SMN in tissues, sections were
permeabilized in 0.1% Triton X-100 (Bio-Rad) in PBS. Antigen
retrieval was then performed in citrate buffer (10 mM citric acid,
pH 6) at 95°C. After cooling and washing in PBS, sections were incu-
bated for 1 h in blocking solution containing 4% BSA (immunoglob-
ulin G [IgG]-free, protease-free, The Jackson Laboratory), 4% normal
donkey serum (Millipore), and 0.1% Triton X-100 in PBS. A mouse
anti-SMN (1:3,000; BD Biosciences) primary antibody was used in
blocking solution overnight at 4°C. For MN or astrocyte staining,
goat anti-ChAT (1:75; Millipore) or rabbit anti-GFAP (1:1,000;
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Dako), respectively, were added to the blocking buffer for double
immunofluorescence. After washing, sections were incubated with
the appropriate fluorescent-conjugated secondary antibody: donkey
anti-mouse Alexa Fluor 488 (1:1,000; Thermo Fisher Scientific),
donkey anti-goat Alexa Fluor 594 (1:750; Thermo Fisher Scientific),
or donkey anti-rabbit Alexa Fluor 594 (1:1,000; Thermo Fisher
Scientific).

Nuclei were stained with DAPI (Sigma-Aldrich). Sections were
mounted with FluoroMount-G mounting medium (Interchim), and
the images were captured using a Leica confocal imaging system or
Zeiss spinning confocal imaging system.

MN Quantification and SMN Level Assessment

ChAT* MNs (with a diameter >20 pm) were manually counted in the
gray matter of whole spinal cord serial sections (approximately 24
sections per animal, n = 3 for injected animals and n = 6 for WT
and SMNA?7 animals). SMN* MNs were scored in the same sections
(n = 3 for injected and SMNA7 animals and n = 5 for WT animals).
The percentage of SMN-expressing MNs was assessed relative to the
total number of MNs counted.

Western Blot Analyses

Protein extracts were prepared from snap-frozen tissues of PBS
intracardially perfused mice. Tissues were lysed in radioimmuno-
precipitation assay (RIPA) buffer (150 mm NaCl, 50 mm Tris-
HCI, 0.5% sodium deoxycholate, 1% Nonidet P-40 [NP-40],
0.1% SDS) supplemented with a protease inhibitor cocktail (Com-
plete Mini, Roche Diagnostics). Protein lysates (30 pg for spinal
cord and muscles, 40 pg for brain, and 60 pg for liver and heart)
were run on 10% SDS polyacrylamide gels and transferred to Im-
mobilon-P membranes (Millipore). The membranes were then
incubated with a mouse anti-SMN antibody (1:1,000; BD Biosci-
ences) and a mouse anti-a-tubulin antibody (1:10,000; Sigma)
diluted in TBST blocking buffer (Tris-buffered saline containing
0.2% Tween 20) supplemented with 5% non-fat dry milk. After
several washes in TBST buffer, the membranes were incubated
with a horseradish peroxidase-conjugated anti-mouse antibody
(1:10,000; GE Healthcare) diluted in the blocking buffer. The
membranes were further processed using the chemiluminescence
SuperSignal Ultra reagent (Pierce).

Behavioral Analyses
Body weight was assessed daily until 1 month of age and once a week
thereafter.

Righting Reflex

The righting reflex of mice treated with i.v.-PGK (i.v.-PGK, n = 14) or
i.cv.-PGK (n = 12) injection and animals administered i.c.v.-SYN
(n = 12) was compared to that of heterozygous mice (n = 35) and
SMNA7 mice (n = 22) from birth to 20 days of age. Animals were
laid on their back and the time needed to flip over was measured.
Three trials per day were performed for each animal.
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Spontaneous Activity

The spontaneous activity of iv.-PGK-injected (n = 11) and i.c.v.-
PGK-injected (n = 13) mice was compared to that of age-matched
heterozygous mice (n = 39) between 70 and 80 days of age. Distance,
average speed, and rearing were assessed for 60 min using an actim-
eter (Bioseb) placed in a quiet room. Cage vibrations were recorded to
measure locomotion, and the number of crossed infrared light beams
was measured to determine rearing. Data were analyzed using Track
software (Bioseb).

Motor Coordination Analysis (Rotarod)

The motor coordination of i.v.-PGK-injected (n = 17) or i.c.v.-PGK-
injected (n = 12) mice was compared to that of age-matched hetero-
zygous mice (n = 34) for 4 weeks (5 days a week) from 70 to 90 days of
age using an accelerating rotarod instrument (Bioseb). The time spent
on the rotarod before falling was recorded in three trials per day and
per animal. The mean of the measurements from all 4 weeks was used
for the analysis for each animal.

Statistical Analysis

Data are expressed as the mean + SEM (standard error of the mean),
and the differences were considered significant for p <0.05. After
testing for the assumption of normality, statistical significance was as-
sessed using Student’s paired t test, one-way ANOVA, or the Kruskal-
Wallis test with appropriate post hoc tests, depending on the data and
as stated in the figure legends. Survival curves were compared using
the log rank Mantel-Cox test. Statistical tests were performed using
Prism software (version 7.0, GraphPad).

Comparisons of the change of either body weight or the righting
reflex over time were performed using a linear mixed model and
the Imer function in the lme4 package. Significance for the main
effects of group, time, and their interaction was then evaluated
with the ANOVA function in the car package using type-II
Wald chi-square tests. Tukey’s post hoc pairwise comparisons
were performed for significant group differences using the em-
means function of the emmeans package after removing the
time x group interaction term. The level of statistical significance
was set at p < 0.05 for all tests. These statistical analyses were
conducted using R version 3.5.2.
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