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Abstract

Mutations in superoxide dismutase 1 (SOD1) are linked to familial amyotrophic lateral sclerosis
(ALS) resulting in progressive motor neuron death through one or more acquired toxicities.
Involvement of wild-type SOD1 has been linked to sporadic ALS, as misfolded SOD1 has been
reported in affected tissues of sporadic patients and toxicity of astrocytes derived from sporadic
ALS patients to motor neurons has been reported to be reduced by lowering the synthesis of
SOD1. We now report slowed disease onset and progression in two mouse models following
therapeutic delivery using a single peripheral injection of an adeno-associated virus serotype 9
(AAV9) encoding an shRNA to reduce the synthesis of ALS-causing human SOD1 mutants.
Delivery to young mice that develop aggressive, fatal paralysis extended survival by delaying
both disease onset and slowing progression. In a later-onset model, AAV9 delivery after onset
markedly slowed disease progression and significantly extended survival. Moreover, AAV9
delivered intrathecally to nonhuman primates is demonstrated to yield robust SOD1 suppression
in motor neurons and glia throughout the spinal cord and therefore, setting the stage for AAV9-

mediated therapy in human clinical trials.

Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset, rapidly progressive, and fatal
neurodegenerative disease, characterized by selective degeneration of both upper and lower
motor neurons. ALS is the most prominent motor neuron disease, responsible for one in every
2,000 deaths. Most of the cases have no clear genetic linkage and are referred to as sporadic but
in 10% of the instances, disease is familial with dominant inheritance. Twenty percent of the

familial cases are caused by mutations in superoxide dismutase 1 (SOD1), with over 140 distinct



mutations identified to date."* Many efforts to identify how mutations alter the function of SOD1
have produced a consensus view that SOD1 mutants acquire one or more toxicities, whose nature
still remains controversial.® However, there is clear evidence that a proportion of mutant SOD1 is
misfolded and subsequently aggregates.*®> SOD1 aggregates are, in fact, one of the histological

hallmarks of SOD1-related ALS cases.*

In the past 20 years, multiple animal models expressing mutant forms of human SOD1 have been
generated. These models recapitulate the hallmarks of ALS, developing age-dependent motor
axon degeneration and accompanying muscle denervation, glial inflammation, and subsequent
motor neuron loss. Selective gene excision experiments have determined that mutant SOD1
expression within motor neurons themselves contributes to disease onset and early disease
progression,®as does mutant synthesis in NG2* cells that are precursors to oligodendrocytes.
However, mutant SOD1 protein expression in microglia and astrocytes significantly drives rapid
disease progression,®® findings which have led to the conclusion that ALS pathophysiology is

noncell autonomous.®

Furthermore, astrocytes have been found to be toxic to motor neurons in multiplein vitro models
where mutant forms of human SOD1 were overexpressed.®*®* A recent study by our group
derived astrocytes from postmortem spinal cords of ALS patients with or without SOD1
mutations. In all cases, astrocytes from sporadic ALS patients were as toxic to motor neurons as
astrocytes carrying genetic mutations in SOD1, but neither sporadic nor familial ALS glia were
toxic to GABAergic neurons.'? Even more strikingly, reduction of SOD1 in astrocytes derived
from both sporadic and familial ALS patients decreased astrocyte-derived toxicity toward motor

neurons. This finding, along with the reports that misfolded SOD1 inclusions are found in the
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spinal cords of familial as well as some sporadic ALS patients,****** has provided strong

evidence for a pathogenic role of wild-type SODL1 in sporadic ALS.

Despite the insights that SOD1-mutant—expressing animal models have provided for
understanding the mechanisms involved in motor neuron degeneration, their utility for the
development of therapeutic approaches has been questioned,'®as no drug with a reported

survival benefit in mutant SOD1%4

mice has been effective in clinical trials with sporadic ALS
patients. We note, however, that in all but one case, the drugs taken to human trial had been
reported only to extend mutant SOD1 mouse survival when applied presymptomatically and
even then to provide a survival benefit solely by delaying disease onset with no benefit in
slowing disease progression. The one exception to this was riluzole, which similar to the human

situation, modestly extended survival of mutant SOD1%%4

mice and did so by slowing disease
progression.’” Recognizing that success at human trial will require slowing of disease
progression, the SOD1-mutant mice have perfectly predicted the success of riluzole and the
failure of efficacy of each other drug attempted in human trial. What have been missing are

additional therapies that affect disease progression in these mice.

Previous studies have established that adeno-associated virus 9 (AAV9) can cross the blood—
brain barrier and efficiently target neurons and astrocytes in the brain and spinal cord when
injected systemically.’®*® We hypothesized that these attributes of AAV9 could be used to
deliver SOD1 shRNA to slow disease progression in models of ALS. We have now tested this
hypothesis in two mouse models using a single, peripheral injection of AAV9-encoding SOD1
shRNA. Furthermore, we also tested if intrathecal delivery of AAV9-encoding SOD1 shRNA
and green flourescent protein (GFP) into nonhuman primates could efficiently target all levels of

the spinal cord and significantly reduce the levels of SOD1.
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Results

1%%A mice

AAV9 transduction pattern and persistence in SOD
We first evaluated the efficiency of AAV9 transduction in the SOD1%%** mouse model that
develops fatal paralytic disease. Animals were injected intravenously at postnatal day 1 or day 21
(to be referred to as P1 and P21, respectively) with self-complementary AAV9-expressing GFP
from the cytomegalovirus enhancer/B-actin (CB) promoter (AAV9-CB-GFP; n = 3 per group).
Three weeks postinjection, animals were killed and spinal cords were examined for GFP
expression (Figure 1a—-u). Transduction efficiency was high in SOD1%* astrocytes with GFP
expressed in 34 +2 and 54 + 3% of P1- and P21-injected spinal gray matter astrocytes (defined
by immunoreactivity for glial fibrillary acidic protein (GFAP)). This efficiency was similar to
our previous report of 64+ 1% in P21-injected wild-type animals.® Motor neurons were a
prominent cell type transduced at all levels of the spinal cords of P1-injected SOD1%* animals

(62 + 1%), compared with significantly lower targeting to motor neurons in P21-injected animals

(8 + 1%).

Although we have previously reported that transduced astrocytes in wild-type spinal cords persist
with continued GFP accumulation for at least 7 weeks postinjection,*® longevity of mutant SOD1
astrocytes (and their continued synthesis of genes encoded by the AAV9 episome) during active
ALS-like disease was untested. Therefore, SOD1°%** mice were injected at P1 and P21 with
AAV9-CB-GFP and followed to end stage (~P130; n = 3 per group) (Figure 1c,d,h,i,m,n,r,s).
Immunofluorescent examination of the end-stage SOD1%***spinal cords from animals injected at
P1 and P21 showed a comparable number of GFP-expressing astrocytes as were found 21 days

after AAVO injection (P1: 42 + 2%, P21: 61 +2%). These data are consistent with the survival of
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transduced astrocytes for the duration of disease (~110 days postinjection at P21) in

SOD1%%** mice and that AAV9-encoded gene expression is maintained.

21 days postinjection End stage
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Figure 1. AAV9 transduction pattern and persistence in SOD1%* mice. SOD1°%** mice were injected intravenously with
AAV9-CB-GFP at P1 and P21 and euthanized 21 days postinjection (n = 3 per time point). Spinal cords were examined for GFP,
ChAT (motor neuron marker), and GFAP (astrocyte marker) expression. (a,f,k,p) Temporal vein injection of AAV9-CB-GFP at
P1 resulted in efficient transduction of motor neurons and glia in SOD1%%* mice. (b,g,l,q) Tail vein injection at P21
predominantly targeted astrocytes with few GFP-positive motor neurons. To test the persistence of transduced cells, AAV9-CB-
GFP was intravenously injected at P1 and P21 in SOD1°%* animals that were killed at end stage (~P130). (c,d,h,i,m,n,r,s)
Immunofluorescence analysis of lumbar ventral horn demonstrated that GFP expression was maintained in astrocytes throughout

the disease course. To determine whether SOD1-mediated inflammation and damage would affect AAV9 transduction, we



intravenously injected SOD1%%** mice at P85 and harvested their spinal cords at end stage. There was no difference observed in
the transduction pattern of SOD1%%*” mice treated at P21 or P85. Insets in (r-t) show colocalization between GFP and GFAP
signal. (u) Quantification of transduced cells in ALS spinal cords (for each group tissues were analyzed from three animals).
GFP, ChAT,and GFAP columns show numbers of cells counted. Bars = 100 um. AAYV, adeno-associated virus; GFP, green
fluorescent protein; ChAT, choline acetyltransferase; GFAP, glial fibrillary acidic protein; P1, postnatal day 1; P21, postnatal day
21; P85, postnatal day 85.

Furthermore, recognizing SOD1-mutant-mediated damage, including astrocytic and microglial
activation and early changes in the blood—brain barrier develop during disease in SOD1-mutant
mice,?’ we tested if this damage affected AAV9 transduction. SOD1%%** mice were injected at
P85 with AAV9-CB-GFP and killed at end stage (n = 3; Figure 1e,j,0,t). Analysis of the spinal
cords revealed that the transduction pattern seen in P85 animals was similar to P21-treated

animals with astrocytes as the predominant cell type transduced at all levels (51 6%

GFP+/GFAP+ cells in lumbar gray matter).

Development of an shRNA sequence specific for human SOD1

To specifically target the human SOD1 mRNA, we generated four sShRNA constructs that had a
minimum of four base mismatches compared with the mouse mRNA sequence (Figure 2a). The
base numbers for the human sequences shown correspond to record number CCDS33536.1 in the
NCBI CCDS database. Each shRNA sequence was inserted into an expression cassette to place it
under control of the H1 promoter. Human 293 cells were transfected with each cassette, lysates
were harvested 72 hours posttransfection, and SOD1 levels were analyzed by immunoblotting.
All four sequences reduced SOD1 protein levels by >50% (Figure 2b,c). sShRNA130 was
selected because it produced the most consistent knockdown across three separate transfection
experiments. It was cloned into a self-complementary AAV9 vector that also contained a GFP

gene whose expression would identify transduced cells (referred to as AAV9-SOD1-shRNA). To
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confirm that the ShRNA could suppress accumulation of human SOD1, SOD1%** mice (n = 3)
were injected intravenously with AAV9-SOD1-shRNA at either P1 or P21. Animals were killed
3 weeks postinjection and the spinal cords were harvested and analyzed by immunoblotting for
both human (mutant) and murine (wild-type) SOD1 protein. P1- and P21-injected spinal cords
showed 60 and 45% reductions in mutant SOD1 protein, respectively (Figure 2d,e). Murine

SOD1 levels remained unchanged in response to human SOD1 knockdown.
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Figure 2. shRNA constructs show efficient reduction of human SOD1 protein in vitro and in vivo. (a) Sequence alignments
between human and mouse SOD1 for the regions targeted by the four different ShRNA constructs tested. (b) sShRNA sequences
were cloned into an H1 expression construct and transiently transfected into 293 cells. Lysates were collected 72 hours
posttransfection and analyzed by western blot. (c) Quantification of in vitrosuppression of human SOD1 from three separate
transient transfections showed >50% reduction in SOD1. (d) shRNA 130 was packaged into AAV9 and injected into
SOD1°%%A mice at either P1 or P21. Spinal cords (n = 3 per time point) were harvested 3 weeks postinjection and analyzed by
western blot for human SOD1 protein levels. (e) Quantification of in vivo suppression of human SOD1 within the spinal cord of
ALS mice. P1- and P21-injected spinal cords showed 60 and 45% reductions in mutant SOD1 protein. GAPDH, glyceraldehyde 3
phosphate dehydrogenase; hSOD1, human superoxide dismutase 1; mSOD1, mouse superoxide dismutase 1; P1, postnatal day 1;

P21, postnatal day 21.
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AAV9-SOD1-shRNA is safe and well tolerated in wild-type mice

To determine whether high-dose AAV9-SOD1-shRNA would be safe, normal mice of both sexes
were intravenously injected at P1 or P21 (P1: 5 males, 5 females at 3.6 x 10'* vg/kg; P21: 5
males, 5 females at 1.7 x 10 vg/kg (vector genomes per kg body weight)) and then monitored
up to 6 months of age. Both P1- and P21-injected mice showed a steady increase in body mass
similar to untreated mice (Supplementary Figure S1). Weekly behavioral tests observed no
significant differences between injected and control groups in motor skills (measured by rotarod)
as well as in hindlimb grip strength. At 150 and 180 days of age, blood samples were collected.
Complete and differential blood counts of both treated and untreated groups showed similar
blood chemistry parameters (Supplementary Figure S2). Serum samples from both groups
showed no significant differences in the levels of alkaline phosphatase, creatinine, blood urea
nitrogen, potassium, sodium, and chloride. Finally, all the animals were killed at the age of 180
days. Histopathological analyses by a pathologist blinded to treatment group revealed no
significant alterations in the AAV9-SOD1-shRNA treated animals compared with the uninjected
controls (data not shown). We conclude that both administration of AAV9 and sustained ShRNA

expression were apparently safe and well tolerated.

Extended survival of SOD1%%** mice from AAV9-mediated reduction in mutant SOD1 even
when initiated mid-disease

To test the efficacy of AAV9-mediated SOD1 reduction, we treated cohorts of SOD1%%** mice
with a single intravenous injection of AAV9-SOD1-shRNA before (P1: 3.6 x 10 vg/kg, n = 6
and P21: 1.7 x 10" vg/kg, n = 9) or after (P85: 1.6 x 10 vg/kg, n = 5) onset, recognizing that

many astrocytes, but few motor neurons, would be transduced at the two later time points. Onset



of disease (measured by weight loss from denervation-induced muscle atrophy) was significantly
delayed by a median of 39.5 days (Figure 3a,c; uninjected, 103 days; P1: 142.5 days; P < 0.05,
Wilcoxon signed-rank test) in the P1-injected cohort but was not affected by either of the later
injections (P21: 110 days; P85: 105 days). P1- and P21-treated animals maintained their weights,
had better rotarod performance and hindlimb grip strength when compared with the age-matched
controls, indicating treated animals maintained muscle tone and motor function during their
prolonged survival (Figure 3f—h). Survival was significantly extended by AAV9 injection at all

1%%°*A mice

three ages, yielding survival times 30-51.5 days beyond that of uninjected SOD
(uninjected: 132 days; P1: 183.5 days; P21: 171 days; P85: 162 days; log-rank test, P <
0.0001, P <0.0003, and P < 0.001, respectively) (Figure 3b,e). Defining disease duration as the
time from onset to end stage revealed that the P21 treatment group had significantly increased
duration, indicative of slowed disease progression, compared with the uninjected controls
(uninjected: 29.5 days; P21: 49 days; Wilcoxon signed-rank test, P = 0.01), with trends toward
slowed disease progression in animals injected at the other two ages (P1: 41 days; P85: 40
days; P = 0.06 and P = 0.12, respectively) (Figure 3d). The lower percentage of targeted non-
neuronal cells at P1 versus those targeted at P21 (Figure 1u) suggests that a minimum
percentage of non-neuronal cells must be targeted to slow disease progression in the fast-

1G93A

progressing SOD model (Figure 1u).
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Figure 3. Intravenous delivery of AAV9-SOD1-shRNA improves survival and motor performance in SOD mice.

SOD1°%%A mice received a single intravenous injection of AAV9-SOD1-shRNA at P1 (n = 6, green), P21 (n = 9, red), or P85 (n =

G93A
1

5, blue). Treated mice were monitored up to end stage and compared with noninjected control SOD mice (n = 15, gray).

(a,c) AAV9-SOD1-shRNA injection into P1 SOD1°% mice significantly delayed median disease onset 39.5 days compared with
control animals (uninjected: 103 days; P1: 142.5 days; P < 0.05). Injection in P21 (red) or P85 (blue) ALS animals had no effect
on disease onset (P21: 110 days; P85: 105 days). However, AAV9-SOD1-shRNA administered at P1, P21, or P85 all
significantly extended median survival (b,e) (uninjected: 132 days; P1: 183.5 days; P21: 171 days; P85: 162 days; all
comparisons to control P < 0.001). The P21 group had a significant extension in median disease duration (d) indicating a slowing
of disease (uninjected: 29.5 days; P1: 41 days; P21: 49 days; P85: 40 days; Wilcoxon signed-rank test, P = 0.06, P = 0.01,
and P = 0.12, respectively). (f-h) P1- and P21-treated animals maintained their weights, had better hindlimb grip strength and
rotarod performance as compared with age-matched controls, indicating treated animals retained muscle tone and motor function
during their prolonged survival. Lines between bars in (c—€) indicate statistically significant differences. *P < 0.05. P1, postnatal

day 1; P21, postnatal day 21; P85, postnatal day 85.

Reduction of mutant SOD1 in AAV9-infected cells in treated SOD1%%*# mice

Indirect immunofluorescence with an antibody that recognizes human, but not mouse SOD1, was
used to determine accumulated mutant SOD1 levels in end-stage spinal cords of treated and
control mice. Human SOD1 levels in end-stage spinal cord sections inversely correlated with
increased survival (Figure 4a—d). At end stage, P1 (Figure 4b), P21 (Figure 4c), and P85
(Figure 4d), AAV9-SOD1-shRNA-injected animals had lower levels of mutant SOD1 when

compared with the uninjected SOD1%%*

animals (Figure 4a). SOD1 expression within
transduced motor neurons (identified by GFP- and choline acetyltransferase (ChAT)-expressing
cells) was reduced compared with the surrounding neurons that had not been transduced to
express viral-encoded GFP (Figure 4h,lp,t; arrows versus arrowheads). Moreover,
immunofluorescence imaging of end-stage spinal cords revealed corresponding reduction in

astrogliosis but no difference was observed in microgliosis in AAV9-SOD1-shRNA-treated

animals versus controls (Supplementary Figure S3).
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Control
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Figure 4. Intravenous injection of AAV9-SOD1-shRNA reduces mutant protein in spinal cords of SOD1%%* mice. (a—d)
Images of lumbar spinal cord sections from (a) uninjected, (b) P1-injected, (c) P21-injected, and (d) P85-injected mice were
captured with identical microscope settings to qualitatively show SOD1 levels at end stage. SOD1 levels inversely correlate with
survival. (e-t) Colabeling for GFP, ChAT, and SOD1 shows that AAV9-transduced motor neurons had reduced SOD1
expression (arrows) while cells that lacked GFP maintained high levels of mutant protein (arrowheads). As described in Figure
1u, higher motor neuron transduction and corresponding SOD1 reduction was observed in (i-I) P1-injected mice as compared
with (m-p) P21-injected and (g-t) P85-injected mice. Bar = 100 um. ChAT, choline acetyltransferase; GFP, green fluorescent

protein; P1, postnatal day 1; P21, postnatal day 21; P85, postnatal day 85; SOD1, superoxide dismutase 1.



Therapeutic slowing of disease progression with peripheral injection of AAV9 after onset

To determine if AAV9-mediated mutant SOD1 reduction would slow disease progression, a
cohort of SOD1%*"® mice® were injected intravenously with AAV9-SOD1-shRNA after disease
onset (average age at treatment = 215 days versus median onset of 197 days in treated animals;
log-rank test, P = 0.46; Figure 5a). A combination of AAV9-CB-GFP (n = 9) and uninjected
(n =12) littermates were used as controls. Post hoc analysis showed no differences between GFP
and uninjected animals; therefore, the groups were compiled as “control” and are shown
in Figure 5. Animals were evaluated weekly for body weight and hindlimb grip strength and
monitored until end stage. AAV9-SOD1-shRNA treatment after disease onset significantly
extended median survival by 86.5 days over control animals (control, n = 21, 392 days; SOD1
shRNA, n = 25, 478.5 days; log-rank test, P < 0.0001). Early disease duration, defined by the
time from peak weight to 10% weight loss, was significantly slowed (control: 89 days; SOD1
shRNA-treated mice: 162 days; Wilcoxon signed-rank test, P < 0.01; Figure 5c). A continuing
trend toward slowing of later disease (10% weight loss to end stage) was also seen (control: 63
days; SOD1 shRNA-treated mice: 81 days; Wilcoxon signed-rank test P = 0.1389; Figure 5d).
Overall disease duration following AAV9-SOD1-shRNA therapy rose to 239 days after disease
onset versus 173 days in control mice (Wilcoxon signed-rank test, P < 0.0001; Figure 5e).
Consistent with the slowed disease progression, AAV9 therapy maintained grip strength relative
to control SOD1-mutant animals (Figure 5g). The 86.5-day extension in survival surpassed the
62-day extension seen in transgenic studies that used astrocyte-specific Cre expression to
inactivate the mutant SOD1%'® transgene,® presumably reflecting efficient AAV9 transduction
of astrocytes after peripheral delivery and the possible transduction of other cell types (especially

microglia)® whose synthesis of mutant SOD1 accelerates disease progression.
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Figure 5. AAV9-SOD1-shRNA improves survival and motor performance in SOD
(a) There was no difference in median disease onset between AAV9-SOD1-shRNA- and control-treated mice (average age at
treatment = 215 days versus median onset of 194 days control and 197 days treated; log-rank test, P = 0.46). (b,f) Median
survival of AAV9-SOD1-shRNA-treated SOD1%*"R mice (n= 25) was significantly extended versus control mice (n= 21)
(control, n = 21, 392 days; SOD1 shRNA, n = 25, 478.5 days; log-rank test, P < 0.0001). (c—€) The early phase of disease was
significantly slowed by 73 days in treated mice as compared with control mice (control: 89 days; SOD1 shRNA: 162 days; P <
0.0001; Wilcoxon signed-rank test) while the late phase of disease showed a nonsignificant slowing (control: 63 days; SOD1
shRNA: 81 days; P = 0.14, Wilcoxon signed-rank test). Together this amounted to a 66-day increase in median disease duration

(control: 173 days; SOD1 shRNA: 239 days; P < 0.0001; Wilcoxon signed-rank test). (g) A trend to improved hindlimb grip

strength appeared in AAV9-SOD1-shRNA-treated mice compared with control mice.



Histological examination of end-stage SOD1%*"R-treated animals revealed similar levels of
intraspinal cell transduction in animals treated with AAV9-SOD1-shRNA or AAV9-GFP
(Figure 6). GFP expression was predominantly observed within motor neurons and astrocytes of
both groups, and SOD1 expression was detectably decreased only in animals those received
AAV9-SOD1-shRNA (Figure 6k,0). Immunoblotting of whole spinal cord extracts from end-
stage SOD1%*® mice revealed an 80% reduction in hSOD1 protein levels in AAV9-SOD1-

shRNA-treated animals compared with controls (Supplementary Figure S4).

Control

AAV9
-SOD1
-shBRNA

Control

AAVS
-SOD1
-shRNA

Figure 6. Intravenous injection of AAV9 in adult SOD1%%R mice targets astrocytes and motor neurons within the spinal
cord. (a—h) Immunofluorescence analysis revealed neuronal as well as glial transduction in both (a—d) AAV9-CB-GFP- and (e-
h) AAV9-SOD1-shRNA-treated mice. (i—p) Human SOD1 levels appeared reduced in (0) AAV9-SOD1-shRNA treated mice
compared with (k) AAV9-GFP treated mice. Bar = 100 um. ChAT, choline acetyltransferase; GFP, green fluorescent protein;

GFAP, glial fibrillary acidic protein; SOD1, superoxide dismutase 1.
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AAV9-mediated suppression of SOD1 in nonhuman primates

To test whether SOD1 levels could be efficiently lowered using AAV9 in the nonhuman primate
spinal cord, AAV9 was injected intrathecally through lumbar puncture. This method was chosen
over systemic delivery to decrease the amount of virus required and to minimize any effects from
reduction of SODL1 in peripheral tissues. Sequencing of cDNA copied from mRNA isolated from
African Green Monkey (COS cells) and the Cynomolgus macaque verified that the 130 shRNA
had a single base mismatch to either sequence (Supplementary Figure S5). The 130 shRNA
expression cassette was inserted into a lentiviral vector which was then used to transduce COS
cells. Quantitative RT-PCR of total RNA harvested 72 hours postinfection revealed that the
monkey SOD1 mRNA was reduced by ~75% in 130 shRNA-transduced cells compared with the

mock-transduced control cells (Supplementary Figure S5).

The AAV9-SOD1-shRNA virus (1 x 10* vg/kg) was infused along with contrast agent through
lumbar puncture into the subarachnoid space of the three maleCynomolgus macaques and one
control subject was injected with AAV9-CB-GFP (1 x 10*® vg/kg) (Figure 7a). No side effects
from the treatments were identified. Two weeks postinjection, spinal cords were harvested for
the analysis of GFP expression and SOD1 RNA levels. GFP expression was seen broadly in
neuronal and astrocytic cells throughout the gray and white matter of the lumbar spinal cord, the
area closest to the site of injection (Figure 7b—e). Immunoblotting of extracts of lumbar spinal
cord revealed 87% reduction in monkey SOD1 protein levels (Figure 7f,g). Laser capture
microdissection was then used to isolate total RNA from motor neurons as well as from glia in
the nearby neuropil. Analysis by quantitative RT-PCR using primers specific for monkey SOD1

(and normalized to actin) confirmed a 95+ 3% knockdown in the motor neuron pool and a
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66 £+ 9% knockdown in the neuropil pool as compared with the samples from a control animal

(Figure 7h).
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Figure 7. Intrathecal infusion of AAV9-SOD1-shRNA in nonhuman primates leads to efficient reduction in SOD1 levels.
(a) A myelogram shortly after intrathecal infusion of AAV9-SOD1-shRNA mixed with contrast shows proper delivery into the
subarachnoid space of a Cynomolgus macaque. Arrows show diffusion of the contrast agent along the entire spinal cord. (b)
Lumbar spinal cord sections from treated monkeys (n = 3) were harvested 2 weeks postinjection and stained for GFP using 3,3'-
diaminobenzidine staining. Sections had widespread GFP expression throughout the gray and white matter. (c—e)
Immunofluorescence analysis of the lumbar spinal cord sections showed (c) robust GFP expression within (d) ChAT-positive
cells indicating (e, merge) motor neuron transduction. (f) Western blot analysis of the lumbar spinal cords showed significant
reduction in SOD1 levels in AAV9-SOD1-shRNA-injected animals as compared with controls. (g) In vivo quantification of
SOD1 knockdown in monkey lumbar spinal cord homogenate (n = 3) showed an 87% reduction in animals that received AAV9-
SOD1-shRNA compared with uninjected controls. (h) Laser capture microdissection was used to collect motor neurons or
surrounding neuropil from injected and control lumbar monkey sections. Collected cells were analyzed for SOD1 levels by
quantitative reverse transcriptase polymerase chain reaction. Motor neurons collected from AAV9-SOD1-shRNA animals (n = 3)
had a 95 + 3% reduction in SOD1 RNA. Non-neurons had a 66 +9% reduction in SOD1 RNA in AAV9-SOD1-shRNA treated

animals. Scale bars: b = 100 um; e = 50 um. SOD1, superoxide dismutase 1.

Next, we examined the level of cell transduction throughout the spinal cord including cervical,
thoracic, and lumbar segments. GFP was found to be expressed broadly within all sections
analyzed (Figure 8a—c). Motor neuron counts revealed a caudal to rostral gradient in cell
transduction, with the cervical region showing more than 50% of GFP/Chat+ motor neurons,
increasing to 65% in the thoracic region and reaching 80% in the lumbar region (Figure 8d). In
order to determine the overall level of SOD1 knockdown achieved with this transduction pattern,
quantitative RT-PCR for SOD1 was performed on whole-section homogenates from cervical,
thoracic, and lumbar cord segments. The results confirmed robust SOD1 reduction at all three
spinal cord levels, ranging from a 60% decrease in the cervical segment, a 70% decrease in the
thoracic region, and an 88% decrease in the lumbar region (Figure 8e), consistent with the

proportion of cells transduced in each region.
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Figure 8. Lumbar intrathecal infusion of AAV9-SOD1-shRNA leads to efficient transduction of motor neurons and non-
neuronal cells in the cervical, thoracic, and lumbar cord resulting in reduction of SOD1. (a—c) Immunofluorescence
analysis of the three segments of the spinal cord; (a) cervical, (b) thoracic, (c) and lumbar, showed robust GFP (green) expression
within ChAT (red)-positive cells indicating motor neuron transduction. (d) GFP+/Chat+ cell counts show a caudal to rostral
gradient of motor neuron transduction ranging from 85% of transduced cells in the lumbar region to more than 50%in the cervical
region. (e) SOD1 mRNA levels in cervical, thoracic, and lumbar cord section homogenates analyzed by quantitative reverse
transcriptase polymerase chain reaction show significant reduction in SOD1 transcript, consistently with motor neuron
transduction.SOD1 levels were normalized to B-actin— and AAV9-SOD1-shRNA-injected animals were compared with an

AAV9-CB-GFP-injected control. (a—c) Scale bars: =50 um;(d-¢) error bars: = SD.

Discussion

Only one drug is currently approved by Food and Drug Administration as a therapy for ALS,

providing a modest survival benefit.?* For the 20% of familial cases caused by mutation in
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SOD1, attempts at improving therapy by reducing synthesis of SOD1 have been the focus of
multiple therapeutic development approaches. Antisense oligonucleotides and virus-delivered

RNA interference were tested in rat?®> and mouse models??42°

that develop fatal paralysis from
overexpressing human SOD1%%*#, Antisense oligonucleotides infused at disease onset produced
SOD1 reduction and a modest slowing of disease progression.?? Direct cerebrospinal fluid (CSF)
infusion of antisense oligonucleotides has been tested clinically,?® leading to encouraging results
in terms of tolerability and safety but without significant reduction in SOD1 levels at the low
dosages used. In each of the prior viral studies,®***? SOD1 knockdown was achieved before
disease onset by direct injection into the nervous system or taking advantage of axonal retrograde
transport when a virus was injected intramuscularly.*** These studies led to varying degrees of
success in extending survival or improving motor performance, depending on the time of
treatment as well as level of SOD1 knockdown achieved in the spinal cord. Although these
studies provided important proof of principle, the approaches were far from being readily
translated into clinical strategies. Indeed, there have been controversial reports surrounding these

initial virus-mediated SOD1 suppression studies.?%*27:28.29

Here, we have tested the therapeutic potential of the groundbreaking finding that AAV9 crosses
the blood—brain barrier and successfully transduces motor neurons and astrocytes.*®® Our results
also show that intravenous administration of AAV9-SOD1-shRNA is safe and well tolerated in
wild-type mice, with the absence of adverse effects after long-term assessment. Remarkably, our
efforts with this approach have achieved one of the longest extensions in survival ever reported
in the rapidly progressive SOD1%%** mouse model of ALS (increasing survival by 39% when
treatment is initiated at birth). Even more encouraging, markedly slowed disease progression is

seen even when AAV9 therapy to reduce mutant SOD1 synthesis is applied after disease onset in
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SOD1%*® mice, thereby significantly extending survival. Therefore, the vascular delivery
paradigm in mice represents a proof of concept that mutant SOD1 knockdown after disease onset
can be beneficial in both rapid and more slowly progressive models of ALS at clinically relevant
points in disease. Together, these data show that robust targeting and suppression of SOD1 levels
through AAV9-mediated delivery of ShRNA is effective in slowing disease progression in mouse

models of ALS, critically even when treatment is initiated after onset.

The significant reduction in SOD1 protein levels at end stage in both SOD1%***and
SOD1%*"® mouse models (Figure 4b and Supplementary Figure S4) exceeded expectations,
given the range in transduction efficiency of the virus seen at 3 weeks postinfection (Figure 1u),
and the level of reduction in SOD1 levels in both cell culture (Figure 2c) and in mice at 3 weeks
postinfection (Figure 2d). This raises the possibility that in the central nervous system, cells with
reduced SOD1 levels might exhibit a survival advantage over time, consistent with data from
Ralph et al.?* using lentiviral-mediated knockdown of SOD1 and from Reaume et al.*® in SOD1
deficient mice. Although contrasting with previous evidence that SOD1 knockdown leads to
senescence in fibroblasts or cancer cells,* together these findings suggest that sensitivity to
SODL1 reduction may be cell type specific. Although not yet directly tested elsewhere in a
mammalian system in vivo, the sensitivity of certain cells to SOD1 reduction may depend on
metabolic status or proliferative potential, as reduction of respiration in yeast prevented the rapid

viability loss in SOD1-mutant strains.*?

A metabolic link underlying cell type-specific sensitivity to SOD1 reduction would also be
consistent with another approach that has shown significant lifespan extension in the
SOD1%%* mouse model®*** and in the SOD1°*"® mouse model. °ALS-associated mutations in

SOD1 have been shown to the increase activity of NADPH-oxidase 2 by binding to Racl,
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resulting in an overproduction of extracellular reactive oxygen species released from
microglia.*** Genetic deletion of NADPH-oxidase 2 or inhibition with apocynin treatment
slowed both the onset and progression of disease.** However, the significant neuroprotection
conferred by apocynin treatment starting at P14 has not been reproduced when initiated at P21
and therefore, controversy remains.® Most recently, Nox activation in microglial cells has also
been linked to an induction of protein disulphide isomerase expression by the unfolded protein

1%~ mouse model.*® In

response to mutant SOD1 at an early symptomatic phase in the SOD
vivo studies testing pharmacological inhibition of protein disulphide isomerase or genetic
depletion in any available SOD1 mouse models would clarify the potential of these alternate

therapeutic approaches targeting downstream consequences of misfolded SOD1.

Whether SOD1 is involved in sporadic disease remains controversial. Although some reports

have argued against any such involvement,3"%3

multiple recent studies have brought forward
the hypothesis that wild-type SOD1 may contribute through misfolding to the pathogenic
mechanism(s) that underlie sporadic ALS through a pathway similar to that triggered by mutant
SOD1.121444 Included in this body of evidence is our own demonstration that astrocytes
produced from sporadic ALS patients are toxic to cocultured motor neurons and that toxicity is
alleviated by siRNA-mediated reduction in wild-type SOD1.** Several additional reports have
provided data supporting SOD1 misfolding in sporadic disease.'?*3>442434445 Ajthough no
consensus has yet emerged, the evidence creates the potential that a proportion of sporadic ALS
patients could also benefit from an AAV9-mediated SOD1 reduction approach that we have

demonstrated to be effective in slowing disease progression in mice that develop fatal, ALS-like

disease from expressing ALS-causing mutations in SOD1.
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Finally, for translation of an AAV9-mediated suppression of SOD1 synthesis to the human
setting, we have determined that infusion directly into the CSF at the lumbar level in a
nonhuman primate produces substantial SOD1 reduction by targeting both motor neurons and
non-neuronal cells. This outcome provides strong support for extending these efforts to an adult
human by direct injection into CSF, as previously proposed“®*’ so as to limit the cost of viral
production, to reduce the possibility that chronic suppression of SOD1 in the periphery may have
deleterious consequences, and to reduce viral exposure to the peripheral immune system.*® These
data strongly suggest that AAV9-SOD1-shRNA is a valid candidate for clinical trials in ALS and
also opens the opportunity for delivering genes to non-neuronal cells in other disorders, given the
recently established contribution of astrocytes in Rett syndrome and age-related decline in

neurogenesis.*®*

Materials and Methods

Vectors. ShRNA constructs targeting human SOD1 were generated and obtained from the Life
Technologies design tool. These constructs were cloned in pSilencer 3.1 (Genscript, Piscataway,
NJ) under the human H1 promoter and tested in vitro. ShRNA 130 along with H1 promoter was
further cloned into an AAV vector along with a reporter GFP under chicken B-actin promoter to
identify the transduced cells. Self-complementary AAV9-SOD1-shRNA was produced by
transient transfection procedures using a double-stranded AAV2-ITR-based CB-GFP vector,
with a plasmid encoding Rep2Cap9 sequence as previously described along with an adenoviral

helper plasmid pHelper (Stratagene, Santa Clara, CA) in 293 cells.*®

Cells. HEK-293 cells were maintained in Iscove's modified Dulbecco's media containing 10%

FBS, 1% L-glutamine, and 1% penicillin/streptomycin. Upon reaching ~60% confluence, cells
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were transfected with pSilencer 3.1 containing the shRNAs being tested. Protein lysates were

prepared 72 hours posttransfection and analyzed for SOD1 levels by western blot.

Cos-7 cells were maintained in Dulbecco's Modified Eagle Medium with 10% FBS and 1%
penicillin/streptomycin. Cells were infected with a lentiviral vector expressing SOD1 shRNA
130 under the H1 promoter and RFP under cytomegalovirus promoter. RNA was extracted from
infected and noninfected cells 72 hours postinfection using an RNAeasy Kit (Qiagen, Valencia,
CA). cDNA was prepared using RT? First strand synthesis kit (SABiosciences, Valencia, CA).
SODL1 transcript levels were analyzed by quantitative reverse transcriptase polymerase chain

reaction (RT-PCR).

Animals. All procedures performed were in accordance with the NIH Guidelines and approved
by the Research Institute at Nationwide Children’s Hospital (Columbus, OH), University of
California (San Diego, CA), or Mannheimer Foundation (Homestead, FL) Institutional Animal

Care and Use Committees.

High-copy SOD1%%*# mice were obtained from Jackson Laboratories (Bar Harbor, ME) and bred
in the Kaspar laboratory. Animals were genotyped before the treatment to obtain SOD1%%A-
expressing mice and their wild-type littermates. Only female mice were included in the
SOD1%%* experiments. loxSOD1%*"R ALS mice, carrying a human-mutant SOD1%*"® transgene
flanked by lox p sites under its endogenous promoter were maintained in the Cleveland

laboratory, as previously described.?

One-year-old Cynomolgus macaques (Macacafascicularis) with average body weight of 2 kg

were used for this study at the Mannheimer Foundation. Regular monitoring of overall health
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and body weight was performed before and after the injections to assess the welfare of the

animals.

Injections. For neonatal mouse injections, P1-P2 SOD1%%* pups were used. Total volume of 50
ul containing 5 x 10™ (3.6 x 10 vg/kg) DNase-resistant viral particles of AAV9-SOD1-shRNA
(Virapur LLC, San Diego, CA) was injected through temporal vein as previously described.'® A
correct injection was verified by noting blanching of the vein. After the injection, pups were
returned to their cage. For adult tail vein injections, animals were placed in a restraint that
positioned the mouse tail in a lighted, heated groove. The tail was swabbed with alcohol and then
injected intravenously with AAV9-SOD1-shRNA. SOD1%%*# mice were injected ~21 days and
~85 days of age with 200 pl or 300 pl viral solution containing 2 x 10*2 or 3 x 10*? DNase-
resistant viral particles, for an average dose of 1.7 x 10* vg/kg at P21 or 1.6 x 10* vg/kg at P85.
Mutant lox SOD1%*'R mice were injected at ~215 days of age with 300 pl containing
3 x 10" viral particles of AAV9-SOD1-shRNA (average dose of 1.1 x 10* vg/kg) or AAV9-

GFP or empty capsid (average dose of 1.0 x 10** vg/kg).

For nonhuman primate injections, three anesthetized cynomolgus monkeys received intrathecal
injections of 1 x 10™ vg/kg AAV9-SOD1-shRNA and one received 1 x 10* vg/kg AAV9-CB-
GFP. The injection was performed by lumbar puncture into the subarachnoid space of the lumbar
thecal sac. AAV9 was resuspended with omnipaque (GE, Fairfield, CT) (iohexol), an iodinated
compound routinely used in the clinical setting. lohexol is used to validate successful
subarachnoid space cannulation and was administered at a dose of 100 mg/kg. The subject was
placed in the lateral decubitus position and the posterior midline injection site at ~L4/5 level
identified (below the conus of the spinal cord). Under sterile conditions, a spinal needle with

stylet was inserted and subarachnoid cannulation was confirmed with the flow of clear CSF from
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the needle. In order to decrease the pressure in the subarachnoid space, 0.8 ml of CSF was
drained, immediately followed by injection with a mixture containing 0.7 ml iohexol (300 mg/ml

formulation) mixed with 2.1 ml of virus (2.8 ml total).

1°%A mice were killed at either 21

Perfusion and tissue processing. Control and treated SOD
days postinjection or at end stage for immunohistochemical analysis. Animals were anesthetized
with xylazene/ketamine cocktail, transcardially perfused with 0.9% saline, followed by 4%
paraformaldehyde. Spinal cords were harvested, cut into blocks of tissue 5-6 mm in length, and
then cut into 40-pum thick transverse sections on a vibratome (Leica, Bannockburn, IL). Serial
sections were kept in a 96-well plate that contained 4% paraformaldehyde and were stored at 4
°C. End-stage loxSOD1%*"F mice were anesthetized using isoflurane and perfused with 4%
paraformaldehyde. Spinal cord segments, including cervical, thoracic, and lumbar segments were
dissected. Following cryoprotection with 20% sucrose or 4% paraformaldehyde overnight, spinal

cords were frozen in isopentane at —65 °C, and serial 30-pum coronal sections were collected free

floating using a sliding microtome.

For safety studies, P1- and P21-treated mice and control wild-type mice were killed at 180 days
of age. Animals were anesthetized using xylazene/ketamine cocktail and perfused with 0.9%
saline. Different tissues were removed and stored in 10% buffered formalin. These tissues were
further processed, blocked, and mounted for hematoxilin & eosin staining by the Nationwide

Children’s Hospital Morphology Core.

Cynomolgus monkeys injected with virus were killed 2 weeks postinjection. Animals were
anesthetized with sodium pentobarbital at the dose of 80-100 mg/kg intravenously and perfused

with saline solution. Brain and spinal cord dissection were performed immediately and tissues



were processed either for nucleic acid isolation (snap frozen) or postfixed in 4%
paraformaldehyde and subsequently cryoprotected with 30% sucrose and frozen in isopentane at
—65 °C. Coronal sections of 12 um were collected from lumbar cord using a cryostat for free

floating immunostaining.

Immunohistochemistry. Mouse spinal cords were stained as floating sections. Tissues were
washed three times for 10 minutes each in Tris-buffered saline (TBS), then blocked in a solution
containing 10% donkey serum, 1% Triton X-100, and 1% penicillin/streptomycin for 2 hours at
room temperature (RT). All the antibodies were diluted with the blocking solution. Primary
antibodies used were as follows: rabbit anti-GFP (1:400; Invitrogen, Carlsbad, CA), chicken
anti-GFP (1:400; Abcam, Cambridge, MA), rabbit anti-SOD1 (1:200; Cell signaling, Danvers,
MA), goat anti-ChAT (1:50; Millipore, Billerica, MA), mouse anti-GFAP (1:200; Millipore),
chicken anti-GFAP (1:400; Abcam, Cambridge, MA), and rabbit anti-lbal (1:400; Wako,
Richmond VA). Tissues were incubated in primary antibody at 4 °C for 48—72 hours and then
washed three times with TBS. After washing, tissues were incubated for 2 hours at RT in the
appropriate fluorescein isothiocyanate-, Cy3-, or Cy5-conjugated secondary antibodies (1:200;
Jackson Immunoresearch, Westgrove, PA) and DAPI (1:1,000; Invitrogen). Tissues were then
washed three times with TBS, mounted onto slides, and then coverslipped with PVA-DABCO.

All images were captured on a Zeiss laser-scanning confocal microscope.

For 3,3'-diaminobenzidine staining, monkey spinal cord sections were washed three times in
TBS, blocked for 2 hours at RT in 10% donkey serum and in 1% Triton X-100. Sections were
then incubated overnight at 4 °C with rabbit anti-GFP primary antibody (1:1,000; Invitrogen)
diluted in blocking buffer. The following day, tissues were washed with TBS three times,

incubated with biotinylated secondary antibody antirabbit (1:200; Jackson Immunoresearch) in



blocking buffer for 30 minutes at RT, washed three times in TBS, and incubated for 30 minutes
at RT with ABC (Vector, Burlingame, CA). Sections were then washed for three times in TBS
and incubated for 2 minutes with 3,3'-diaminobenzidine solution at RT and washed with distilled
water. These were then mounted onto slides and covered with coverslips in mounting medium.

All images were captured with the Zeiss Axioscope.

Motor neuron and astrocyte quantification. For motor neuron quantification, serial 40-um thick
lumbar spinal cord sections, each separated by 480 um, were labeled as described for GFP and
ChAT expression. Stained sections were serially mounted on slides from rostral to caudal, then
coverslipped. Sections were evaluated using confocal microscopy (Zeiss, Munich, Germany)
with a x40 objective and simultaneous fluorescein isothiocyanate and Cy3 filters. The total
number of ChAT-positive cells found in the ventral horns with defined soma was tallied by
careful examination through the entire z-extent of the section. GFP-labeled cells were quantified
in the same manner, while checking for colocalization with ChAT. For astrocyte quantification,
as with motor neurons, serial sections were stained for GFP, GFAP and then mounted. Using
confocal microscopy with a x63 objective and simultaneous fluorescein isothiocyanate and Cy5
filters, random fields in the ventral horns of lumbar spinal cord sections from tail vein-injected
animals were selected. The total numbers of GFP- and GFAP-positive cells were counted from a
minimum of at least 24 fields per animal while focusing through the entire z extent of the section.
Spinal cord sections of three animals per group were examined for motor neuron and astrocyte

quantification.

Immunoblot analysis. Spinal cords were harvested from P1- and P21-injected mice and control
SOD1%°%*A mice 21 days postinjection and from treated and control monkeys 2 weeks

postinjection of AAV9-SOD1-shRNA. Spinal cords were homogenized and protein lysates were



prepared using T-Per (Pierce, Rockford, IL) with protease inhibitor cocktail. Samples were
resolved on SDS-PAGE according to the manufacturer’s instructions. Primary antibodies used
were rabbit anti-SOD1 (1:750; Cell signaling) mouse anti-SOD1 (1:750; Millipore), rabbit anti-
SOD1 (1:1,000; Abcam), rabbit anti-Actin (1:1,000; Abcam) and mouse anti-GAPDH (1:1,000,
Millipore). Secondary antibodies used were anti-rabbit HRP (1:10,000-1:50,000) and anti-mouse

HRP (1:10,000). Densitometric analysis was performed using Image J software.

Laser capture microdissection. Lumbar spinal cord frozen sections of 12 um were collected
onto PEN membrane slides (Zeiss) and stained with 1% Cresyl violet (Sigma, St Louis, MO) in
methanol. Sections were air dried and stored at —80 °C. After thawing, motor neurons were
collected within 30 minutes from staining using the laser capture microdissector PALM Robo3
Zeiss) using the following settings: cut energy: 48, laser pressure catapulting energy: 20, cut
focus: 80/81, laser pressure catapulting focus: 1, position speed: 100, cut speed: 50.
Approximately 500 motor neurons were collected per animal. Non-neuronal cells from the

ventral horn were collected from the same sections after collecting the motor neurons.

Quantitative RT-PCR. RNA from laser-captured cells or whole spinal cord sections from the
cervical, thoracic, and lumbar segments was isolated using the RNaqueous Micro Kit (Ambion,
Grand Island, NY) according to the manufacturer’s instructions. RNA was then reverse
transcribed into cDNA using the RT? HT First Strand Kit (SABiosciences). RNA of 12.5 ng was
used in each Q-PCR reaction using SyBR Green (Invitrogen) to establish the relative quantity of
endogenous monkeySODL transcript in animals who had received the AAV9-SOD1-shRNA
compared with the animals who had received only AAV9-GFP. Each sample was run in
triplicate and relative concentration calculated using the ddCt values normalized to endogenous

actin transcript.



Behavior and survival analysis. Treated and control SOD1%%** mice were monitored for

changes in body mass twice a week. loxSOD1%*"®

mice were weighed on a weekly basis. Motor
coordination was recorded using a rotarod instrument (Columbus Instruments, Columbus, OH).
Each weekly session consisted of three trials on the accelerating rotarod beginning at
5rpm/minute. The time each mouse remained on the rod was registered. Both
SOD1%%** and 10xSOD1%*"*mice were subjected to weekly assessment of hindlimb grip strength
using a grip strength meter (Columbus Instruments). Each weekly session consisted of three
(SOD1%%** mice) or five (IoxSOD1%*"R mice) tests per animal. Survival analysis was performed
using Kaplan—Meier survival analysis. End stage was defined as an artificial death point when
animals could no longer “right” themselves within 30 seconds after being placed on its back.
Onset and disease progression were determined from retrospective analysis of the data. Disease
onset is defined as the age at which the animal reached its peak weight. Disease duration is
defined as the time period between disease onset and end stage. Early disease duration is the
period between peak weight and loss of 10% of body weight while late disease duration is
defined as the period between 10% loss of body weight until disease end stage. Due to shorter

life span of SOD1%%** animals, we did not assess the distinction between the early and late

progression.

For toxicity analysis following injection at P1- or P21-treated mice and control WT mice were
subjected to behavioral analysis starting at ~30 days of age and monitored up to 6 months. Body
mass was recorded weekly while rotarod performance and hindlimb grip strength were recorded

biweekly.

Hematology and serum studies. Blood samples were collected in (dipotassium ethylene diamine

tetraacetic acid) EDTA microtainer tubes (Becton Dickinson, San Jose, CA) from treated and



control wild-type mice at 150 days of age by mandibular vein puncture. The same animals were
bled at 180 days of age, and blood was collected in serum separator microtainer tubes. The blood
was allowed to clot for an hour and was then centrifuged at 10,000 rpm for 5 minutes. The clear
upper phase (serum) was collected and frozen at —80 °C. Hematological and serum analysis were

conducted by AniLytics, Gaithersburg, MD.

Statistical analysis. All statistical tests were performed using the GraphPad Prism (San Diego,
CA) software package. Kaplan—Meier survival analyses were analyzed by the log-rank test.
Comparisons of median disease durations and survival times were analyzed by the Wilcoxon

signed-rank test.
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AAV9I-shRNA-SOD1 administration is well tolerated in WT mice.
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Hematology and serum chemistry of AAV9-SOD1-shRNA-treated WT animals.



Supplementary Figure S3.
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AAV9-SOD1-shRNA treatment in SOD1°%** mice reduces astrogliosis.
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