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Spinal muscular atrophy (SMA) is the most frequent
lethal genetic neurodegenerative disorder in infants. The
disease is caused by low abundance of the survival of
motor neuron (SMN) protein leading to motor neuron
degeneration and progressive paralysis. We previously
demonstrated that a single intravenous injection (IV) of
self-complementary adeno-associated virus-9 carrying
the human SMN cDNA (scAAV9-SMN) resulted in wide-
spread transgene expression in spinal cord motor neu-
rons in SMA mice as well as nonhuman primates and
complete rescue of the disease phenotype in mice. Here,
we evaluated the dosing and efficacy of scAAV9-SMN
delivered directly to the cerebral spinal fluid (CSF) via
single injection. We found widespread transgene expres-
sion throughout the spinal cord in mice and nonhuman
primates when using a 10 times lower dose compared to
the IV application. Interestingly, in nonhuman primates,
lower doses than in mice can be used for similar motor
neuron targeting efficiency. Moreover, the transduction
efficacy is further improved when subjects are kept in
the Trendelenburg position to facilitate spreading of
the vector. We present a detailed analysis of transduc-
tion levels throughout the brain, brainstem, and spinal
cord of nonhuman primates, providing new guidance
for translation toward therapy for a wide range of neuro-
degenerative disorders.
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INTRODUCTION

Spinal muscular atrophy (SMA) is a devastating disorder caus-
ing progressive skeletal muscle atrophy due to loss of o.-motor
neurons in the spinal cord.! It is the most common genetic cause
of infant mortality in the United States.> The disease affects ~1

in 10,000 newborns** and is categorized according to pheno-
typic severity, spanning type 0-IV.>* While type O represents
the most severe form, displaying symptoms at birth, type I is
the most frequent form, with signs of weakness arising before
the age of 6 months. Types II-IV have a later onset and are
milder. The motor neuron degeneration is caused by reduced
abundance of the survival motor neuron protein (SMN), in the
absence of a functional SMNI1 gene. The low levels of SMN pro-
tein found in patients are produced by a nearly identical gene
named SMN2.7% SMN2 harbors a silent mutation in exon 7
that alters the splicing of the mRNA leading to the predomi-
nant production of a truncated, unstable protein along with a
minority of correctly spliced transcripts, generating low levels
of full length protein.*!* The copy number of SMN2 modifies
disease severity, as gradually increased amounts of SMN pro-
tein become available in patients with more copies, resulting
in milder SMA types II-IV."*" Since the level of SMN pro-
tein determines the severity of the disease, substantial effort
has been put in the development of therapeutic strategies to
improve SMN protein production by various methods, includ-
ing small molecule-based drugs, SMN2 splicing correction,
as well as overexpression of a human full-length SMN ¢cDNA
(reviewed in ref. 14). We and others have previously demon-
strated that the expression of SMN via adeno-associated viral
vectors is a very promising therapeutic strategy for SMA."** In
fact, a single intravenous injection (IV) of scAAV9 delivering
SMN under the chicken-B-actin promoter (scAAV9.CBA.SMN)
was sufficient to rescue the disease phenotype in the standard
SMA mouse model, SMNA7 (Smn—/—, SMN2+/+, SMNA7+/+)
and increased the median survival from 15.5 days to more than
200 days."”” However, concerns remain that IV injections might
not always be the best route to deliver therapeutic genes to the
central nervous system (CNS) given the large amounts of vec-
tor required as well as the potential immunological response to
peripheral transduction of other organs.?"?

The first two authors are the first authors of this study.

Correspondence: Brian K Kaspar, The Research Institute at Nationwide Children’s Hospital, 700 Children’s Drive WA 3022, Columbus, Ohio 43205, USA.

E-mail: Brian.Kaspar@NationwideChildrens.org

Molecular Therapy vol. 23 no. 3, 477-487 mar. 2015

477


http://www.nature.com/doifinder/10.1038/mt.2014.210
mailto:Brian.Kaspar@NationwideChildrens.org

CSF Delivery for Spinal Muscular Atrophy

Recent work evaluated the potential of intramuscular or
cerebral spinal fluid (CSF) delivery of AAV-SMN, with results
ranging from mild to substantial increases in median survival
up to 204 days in the SMNA7 mouse, depending on different
dosing and injection protocols.'®***?* Several studies quanti-
fied transduction levels and patterns in brain and spinal cord
of mice after CSF and IV delivery of AAV.>** The use of dif-
ferent injection strategies, AAV serotypes, as well as dosing
led to variable results in pigs and nonhuman primates.?"?430-3
To determine the best injection method and to correctly esti-
mate the effective dose needed in patients, an understand-
ing of AAV transduction in brain and spinal cord in rodents
and primates is required.?*>*” This will elucidate how results
obtained in rodents can be translated to primates. Therefore,
in the present dose-response study, we first determined the
minimally effective dose for increased survival using a single
intracerebroventricular (ICV) injection of scAAV9.CBA.SMN
in the most frequently used mouse model for SMA (SMNA7
mouse).*® We found that the lowest dose leading to a significant
and substantial increase in survival after a single ICV injection
at postnatal day 1 was 1.8e13 vector genomes per kilogram (vg/
kg). This minimally effective dosage led to a 165-day median
survival in a mouse model that typically succumbs at 2 weeks of
age. Increasing the dosage to 2.6e13 and 3.3e13 vg/kg resulted
in median survival of 274 and 282 days, respectively. Of impor-
tance, ICV delivery demonstrated efficacy with a dose at least 10
times lower compared to IV injections'” that correlated to levels
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of SMN mRNA found within the spinal cord. We determined
that the minimal effective dosage resulted in ~20-40% of motor
neurons targeted throughout the spinal cord. We next explored
motor neuron targeting in nonhuman primates. Interestingly,
motor neuron transduction was more efficient in nonhuman
primates than in mice at a given dose. Moderate transduction
was also seen in the motor cortex and cerebellum. Notably, we
were able to further improve the transduction rate in the brain
and brainstem when the nonhuman primates were kept in the
Trendelenburg position for 5-10 minutes postinjection. These
results highlight the potential of CSF delivery of AAV as a gene
therapy approach for a wide range of neurodegenerative disor-
ders, including SMA. Along with the presented detailed biodis-
tribution including DNA and RNA data in nonhuman primates,
this study sets the stage for initiating human clinical trials in
SMA using a CSF route of dosing.

RESULTS

Single ICV injection of scAAV9.CBA.SMN increases
survival of SMNA7 mice

In order to determine the minimally effective dose of scAAV9.
CBA.SMN following single ICV injections, we performed a
dose response of the vector into individual cohorts of 10-15
SMAA7 mice at postnatal day one (P1). Survival and weight
gain was monitored daily and compared to the median survival
of untreated SMAA7 mice (17.5 days). In order to facilitate the
comparison to nonhuman primates, we measured all dosing in
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Figure 1 Single intracerebroventricular injections of scAAV9.CBA.SMN improve survival and motor performances of SMNA7 mice. (a) Five
different doses of scAAV9.CBA.SMN were tested in SMNA7 mice. The first and second dose (2.7e12 and 1e13 vg/kg) led to no and very mild
increase in survival respectively. With 1.8e13 vg/kg, survival significantly increased from 17.5 days in untreated mice to a median of 165 days
(purple line, P value = 0.05). The two higher doses (2.6e13 and 3.3e13 vg/kg) led to a further increase in survival to a median of 274 and 282 days
respectively (blue and green line, Pvalues = 0.001 and 0.0001). (b—e) The increase in survival correlated with increase in weight and rescue of motor
performances compared to wild type mice. Error bars = SEM; n = 10-15 per group.
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vector genomes per kilogram (vg/kg). Since the average weight
of the pups in our study was 1.51 g at P1 with a very small SEM
of £ 0.1, each pup was injected with the dose calculated for a
1.5g pup. In our previous study, a single IV injection of 3.3e14
vg/kg at P1 was sufficient to rescue the SMA phenotype in the
SMAA7 mice. Based on this dose, we decided to start the ICV
dose-response study with a 10 times lower dose at 3.3e13 vg/kg
and from there reduce the dose with four equal steps down to
2.7e12 vg/kg, thereby covering lowest and highest doses previ-
ously used in a wide range of AAV CSF delivery studies in mice,
pigs, and nonhuman primates. With the highest dose, 3.3e13
vg/kg, we observed a dramatic, statistically significant effect on
survival with a median of 282 days (P value = 0.0001 compared
to untreated) and 1/3 of the animals surpassing 400 days at the
time of the submission of this manuscript (Figure 1a). To our

a

2.7e12

ChAT
ChAT

1.8e13

2.6e13

3.3e13

CSF Delivery for Spinal Muscular Atrophy

knowledge, this is the highest increase in survival observed in
this standard SMA animal model reported to date. Furthermore,
with the next two lower doses (2.6e13 and 1.8e13 vg/kg), the
median survival was still significantly increased to 274 days
(P value = 0.001) and 165 days (P value = 0.05) respectively
(Figure la). At a dose of lel3 or 2.7el12 vg/kg, we observed
median survivals of 24 and 19 days, which were not significantly
different from the untreated control. However, with both low
doses, we still observed a slightly better weight gain and an
increase of 20 and 60% in the righting reflex at p15 compared
to untreated (Figure 1b,c). The weight gain between the three
higher doses was very similar and the righting reflex at p15 was
almost completely restored. No differences were found in rear
breaks or ambulatory movements at day 30 between groups
receiving 1.8e13, 2.6e13, or 3.3e13 vg/kg compared to wild-type
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Figure 2 Single intracerebroventricular injections of scAAV9.CBA.GFP reveal that targeting 20-40% of the spinal motor neurons is required
to achieve significant improvement in survival and motor performances of SMNA7 mice. (a) SMNA7 mice were injected with scAAV9.CBA.
GFP using the same dosing regime as for SMN, immunofluorescence revealed increasing GFP levels with higher doses. (b) ChATT/GFP* cell counts
revealed that the first dose leading to significant increase in survival corresponds to targeting of about 20-40% of spinal motor neurons. The high-
est most effective dose results in the targeting of about 46-72% of motor neurons. (¢) GFP and SMN mRNA levels were measured in injected het-
erozygote littermates via digital droplet polymerase chain reaction. All samples were normalized to cyclophilin. The expression patterns of the two
transcripts overlap and correlate with the increase in viral dose and motor neuron counts in all spinal cord segments. Error bars = SD; n = 3 per group.
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animals (Figure 1d,e). The survival increase and behavioral
benefits achieved with the doses 2.6e13 and 3.3e13 vg/kg were
similar to what we previously observed with a ten times higher
single IV injection (3.3e14 vg/kg).”” However, the highest dose
seemed to have an additional benefit over 2.6e13 vg/kg since
none of the animals in the second group surpassed 400 days
of age. Taken together, the correlation between dose and sur-
vival increase is very close. Based on the statistical significance
in survival increase as well as behavioral improvements, we
determined the lowest effective dose that should translate into
a substantial benefit for patients to be 1.8e13 vg/kg. For fur-
ther functional analysis, three animals from the lowest effective
dose group (1.8e13 vg/kg) were sacrificed at p165 for electro-
physiological tests. The electrophysiological data were pub-
lished earlier this year in Annals of Clinical and Translational
Neurology.*”® Briefly, while untreated P15 SMNA7 mice showed
altered compound muscle action potentials and motor unit
number estimations, the values for the treated animals were
similar to wild-type mice.”* Importantly, untreated SMNA7
mice are not alive at P165 for direct comparison to treated ani-
mals. In summary, these results strongly underline the potential
of CSF delivered scAAV9.CBA.SMN for clinical applications.

© The American Society of Gene & Cell Therapy

Targeting of ~20-40% of motor neurons throughout
the spinal cord is required for significant
improvement in survival

To determine the percentage of motor neurons targeted that
correlated with the increased lifespan as well as to translate the
dosing to nonhuman primates, we injected scAAV9 containing
the green fluorescent protein (GFP) expressed under the same
chicken-B-actin promoter as the previous SMN construct. We
used heterozygote SMNAY littermates and analyzed spinal cord
sections for transgene expression by immunofluorescence and
quantitative reverse transcription polymerase chain reaction
(RT-PCR) 10 days postinjection (Figure 2a—c). We saw a clear
correlation between the administered dose and GFP mRNA and
protein abundance in cervical, thoracic, and lumbar spinal cord.
The GFP expression is highly abundant in ChAT-positive motor
neurons in the lumbar spinal cord, especially with the three
higher doses that led to significantly increased survival (Figure
2a). Importantly, as previously observed with IV injections,'**
the GFP expression is not exclusively found in motor neu-
rons, but targets also other cell types. The percentage of GFP/
ChAT double positive motor neurons was lowest in the cervical
region and highest in the lumbar region of the spinal cord for
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Figure 3 Single intrathecal sacral injection of 1e13 vg/kg scAAV9.CBA.GFP in nonhuman primates is sufficient to target >50% motor neurons
in all spinal cord segments. (a,b) Seven cynomolgus macaques were injected with Te13 vg/kg scAAV9.CBA.GFP via intrathecal sacral infusion.
ChAT/GFP staining and cell counts of double positive cells reveal that keeping the subjects in the Trendelenburg position for 5 (n = 2) or 10 (n = 3)
minutes significantly improves motor neuron transduction in both cervical and thoracic spinal cord compared to subjects that received standard
procedure (n = 2). This procedure leads to targeting more than 50% motor neurons in all spinal cord segments. (c¢) GFP mRNA levels correlated with
the increase in cell transduction and confirmed the positive effects of adopting the Trendelenburg position to improve virus distribution. Error bars
= SD; n=2-3 per group; *P < 0.05.
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all doses (Figure 2a,b; Supplementary Table S1). At the low-
est effective dose, we targeted 21% motor neurons in the cervi-
cal, 29% in the thoracic, and 41% in the lumbar region, while
as for the highest dose, 46% cervical, 47% thoracic, and 72%
lumbar motor neurons were GFP/ChAT double positive. Our
findings closely match previous reports from other groups.* To
further strengthen the immunofluorescence data, we measured
the GFP mRNA levels by absolute quantitative droplet digital
PCR. We found a similar dose-dependent increase with highest
expression levels in the lumbar spinal cord regions in all cases
(Figure 2c¢).

To ensure that GFP and SMN containing vectors have simi-
lar transduction patterns, we also injected heterozygote SMNA7
littermates with scAAV9.CBA.SMN and equally analyzed these
mRNA levels 10 days postinjection. The correlation between dose
and increase in mRNA levels was similar between GFP and SMN
transcripts for all doses and regions of the spinal cord (Figure 2c).
In summary, our data suggest that targeting of at least 20-40% of
motor neurons throughout the spinal cord should lead to a sub-
stantial therapeutic effect in patients, although a range closer >
50% would be preferable for maximum therapeutic benefit.

CSF Delivery for Spinal Muscular Atrophy

Lower doses lead to increased motor neuron
transduction in nonhuman primates relative to mice
Based on our extensive experience with IV and CSF injections
of scAAV9 constructs in pigs and nonhuman primates, we
expected that the dose needed to achieve similar motor neuron
transduction following CSF administration would be lower in
nonhuman primates than in mice.?**! Therefore, we injected
two cynomolgus macaques with lel3 vg/kg scAAV9.CBA.GFP
using a single intrathecal sacral infusion reflecting the preferred
route for injection in SMA patients (Supplementary Table
$2; Supplementary Figure S1). Two weeks following dosing,
immunofluorescence staining and quantification revealed the
abundance of GFP-positive cells throughout the spinal cord,
with 73% of motor neurons targeted in the lumbar region, 53%
of motor neurons targeted in thoracic region, and 29% in the
cervical region (Figure 3a,b, black bars and Supplementary
Table S$3). These numbers confirmed our prediction, that non-
human primate motor neuron targeting is improved compared
to mouse studies. However, we next wished to explore whether
we could improve the percentage of motor neurons targeted in
the cervical and thoracic regions.
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Figure 4 Wide cell transduction is achieved in the brain of nonhuman primates. (a,b) Wide cell transduction was achieved in several areas of the
brain as shown by DAB staining (a) compared to the negative control (b). (c,d) Among the regions with the highest transduction were hippocampus
and motor cortex. (e,f) High-magnification pictures of CA1 neurons in the hippocampus and upper motor neurons in layer V of the motor cortex

that are stained with GFP (green) and NeuN (red).
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Improved transduction of the brain, cervical, and
thoracic spinal cord is achieved when subjects are
kept in the Trendelenburg position

Since SMA patients often die due to dysfunction of motor neu-
rons that regulate respiration, it is imperative to improve target-
ing of upper spinal cord segments. A commonly used method to
ensure proper spreading of small molecule drugs and anesthetics
through the CSF is the Trendelenburg tilting table, on which the
patient is tilted 15-30 degree head-down during drug infusion.*
In the attempt to optimize transduction levels of the upper spi-
nal cord without increasing the vector dose, we applied the same
technique to five cynomolgus macaques for 5 or 10 minutes after
single intrathecal sacral injection of scAAV9.CBA.GFP (1lel3 vg/
kg) (Supplementary Table S2). Tilting the animals significantly
improved transduction in the thoracic and cervical region of

© The American Society of Gene & Cell Therapy

the spinal cord, as demonstrated by immunofluorescence and
quantification of GFP/ChAT double positive motor neurons
(Figure 3a,b). Indeed, tilting for 10 minutes was sufficient to
increase motor neuron transduction to 55, 62, and 80% in the cer-
vical, thoracic, and lumbar region respectively (Supplementary
Table S3), which implies major benefits for patients according
to the rescue observed in the mouse model. The motor neuron
counts tightly correlated with GFP transcript quantification in
each of the spinal cord segments (Figure 3c).

Next, we analyzed the GFP expression throughout different
brain and brainstem regions of the nonhuman primates that were
kept in the Trendelenburg position (Figures 4 and 5). We found
GFP in all brain regions (Figure 4a,b), with particularly strong sig-
nals in the hippocampus and in the motor cortex (Figure 4c-f).
In the brainstem, several motor nuclei were highly transduced
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Figure 5 Wide cell transduction is achieved in the brain stem and cerebellum of nonhuman primates that were kept in the Trendelenburg
position for 5 or 10 minutes. (a—f) DAB staining showed that several areas of the brainstem were transduced by scAAV9.CBA.GFP compared to the
negative control (a-c). In particular, the Xl and the V cranial nerve nuclei, the hypoglossal (b-e) and the trigeminal (c—f) nucleus respectively, were
highly targeted. (d) Upper motor neuron counts revealed that about 50% motor neurons were transduced in the V layer of the motor cortex, and
more than 60 and 75% motor neurons were GFP™ in the hypoglossal and trigeminal nucleus respectively; GFP (green) and ChAT (red). (g-i) High
transduction levels were also achieved in the cerebellum, in particular the Purkinje cells and the nuclear layer. Error bars = SD; n= 5.
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(Figure 5a—c), in particular, the hypoglossal and trigeminal nuclei,
with more than 60 and 75% GFP*/Chatt motor neurons respec-
tively (Figure 5d-f and Supplementary Table S4). These nuclei
are responsible for motor functions such as swallowing, speech,
and facial expressions. In the cerebellum, both Purkinje cells and
cells of the nuclear layer demonstrated high GFP expression levels
(Figure 5g-i). In summary, the tilting had a major impact on the
transduction efficiency in the brain, a finding that will likely facili-
tate gene therapeutic approaches for several neurodegenerative
disorders like Rett syndrome and amyotrophic lateral sclerosis.*>*

Detailed DNA and RNA biodistribution analyses
reveal targeting of CNS and peripheral organs

To determine whether CSF delivery can reduce the transduction
of peripheral organs compared to the IV injections, we performed
a detailed biodistribution analysis on the tissue of the nonhuman
primates that were placed head down in the Trendelenburg posi-
tion for either 5 or 10 minutes (n = 5). These animals were selected
over the nonhuman primates that were not placed head down
because the treatment highly improved distribution in the spi-
nal cord and brain, favoring this approach for clinical trials. Two
weeks postinjection, the cynomolgus macaques were sacrificed
and various tissues were collected to perform detailed DNA and
RNA biodistribution analyses (Figure 6). scAAV9.CBA.GFP was
lower in most peripheral tissues except spleen and liver compared
to the high levels in brain and spinal cord. These findings are in
line with previous reports from other groups.*** Interestingly,
in the skeletal muscles and the CNS, there is a strong correlation
between DNA and RNA levels (Figure 6, black and white solid
bars), while in soft tissues and glands, RNA levels are generally
lower than expected for the viral genomes detected. In particu-
lar, testes, intestines, and spleen show a 1,000 times fewer RNA
molecules than DNA. Despite the detection of AAV in peripheral
organs, which is confirmed by us and others,*! there was a signif-
icant decrease in the amount of vector detected peripherally com-
pared to systemic injection. Additionally, similar observations

Muscles

CSF Delivery for Spinal Muscular Atrophy

were made when comparing mice that were injected either IV or
ICV at P1 24 weeks post-treatment (Supplementary Figure S2).
Thus, CSF delivery is adding a significant potential safety compo-
nent to future clinical trials treating CNS disorders.

DISCUSSION
SMA currently remains a life-threatening condition leading to
paralysis, muscle atrophy, and eventually death. Although major
progress has been made in patient care and support for breath-
ing and nutrition, no treatment is available that halts or delays
the degeneration of motor neurons and the connected muscular
function. However, since the disease is caused by low amounts of
SMN protein, several promising approaches are currently in pre-
clinical and clinical trials aiming to increase SMN production.*>*
Gene therapy is a promising approach to achieve this goal and is
appealing due to the long-lasting effects of a single administra-
tion. Several research teams, including ours, have demonstrated
that single IV injections of self-complementary AAV9-SMN can
drastically alter disease progression in the most frequently used
SMA mouse model (SMNA7 mouse) and improve survival from
15 days to greater than 200 days.'>'3?* Indeed, this approach is cur-
rently in a phase 1/2 human clinical trial for SMA type 1 infants.
More efficient delivery to spinal motor neurons could improve on
these results for several reasons: (i) the amount of vector required
for human clinical trials may be drastically reduced, which lowers
the production and treatment cost, allowing inclusion of larger
groups of patients as well as older individuals (SMA type II and
III). (ii) The risk of potential side effects is likely lower since
peripheral organs are less exposed to high amounts of the vec-
tor. (iii) Circulating antibodies neutralizing the therapeutic vector
may be avoided by injecting directly into the CSE, which could
help to improve efficacy in antibody-positive patients. (iv) The
dose could be increased in very severe patients by combining IV
and CSF administration if needed.

To date, few studies have evaluated the transduction pattern of
scAAV9 delivered transgenes in the CNS of larger animal species
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after direct CSF delivery.*"*****” Furthermore, the use of different
AAV serotypes, different promoters, as well as multiple injection
sites and routes (IV versus cisterna magna versus lumbar punc-
ture) make comparisons and straight forward conclusions for
application in clinical trials difficult. In this current study, we used
the same vector from our previous studies of IV injections in mice
and nonhuman primates. Our aim was to specifically determine
the optimal dose for future clinical trials in human patients in a
systematic manner. Therefore, we first determined the minimal
effective dose leading to a 10-fold increase in survival of SMNA7
mice with a single ICV injection at postnatal day 1 of scAAV9.
CBA.SMN (1.8e13 vg/kg, median survival 165 days). Interestingly,
3.3e13 vg/kg, which is nearly twice as much vector, led to nearly a
doubling of the median survival from 165 to 282 days, indicating a
strong correlation between vector amount and increase in survival.
Furthermore, by using a 10 times lower dosage compared to our
previous IV study (3e14 vg/kg),"”” we achieved the highest improve-
ment in survival reported to date in this severe SMA mouse model.

To determine the percentage of motor neurons targeted
with different doses, we used the same vector expressing GFP
under the same CBA promoter. Since the transcription effi-
ciency and therefore the expression profiles of cell types change
depending on the promoter used,”®** an accurate comparison is
only possible using the same promoter. We see a strong correla-
tion between GFP mRNA levels and the corresponding protein
levels observed by immunofluorescence. Both, the GFP mRNA
levels as well as the percentage GFP/ChAT positive motor neu-
rons is highest in the lumbar spinal cord, which is consistent
with previous reports from other groups.*"** The dose response
of the mRNA levels was very similar between the scAAV9.CBA.
SMN and scAAV9.CBA.GFP, indicating that GFP can be used
to approximate SMN expression patterns when using the same
promoter. The minimal percentage of targeted motor neurons
required for a clinically meaningful effect of survival in mice is
~21% in the cervical region, 29% in the thoracic, and 41% in the
lumbar spinal cord, a finding that confirms previous observa-
tions in SMA mice.? With 3.3e13 vg/kg, our highest dose, we
reached 46, 47, and 72% of spinal motor neurons in the cer-
vical, thoracic, and lumbar regions respectively. It is interest-
ing that several groups reported that the level of transduction
remains highest in the lumbar region, although in these studies
the injection was performed ICV or via Cisterna Magna.*' The
reason for this phenomenon is currently unclear, but several
aspects, such as differential expression of receptors, the flow of
the CSF, or the larger area of nerve roots in contact with CSF in
the lumbar region, could play a role.

We applied the knowledge from the ICV mouse studies and
our previous IV studies in nonhuman primates® to determine
the dose range for the CSF delivery in macaque. Again, a 30
times lower dose compared to the previous systemic delivery
(Lel3 versus 3.3e14 vg/kg) injected via single sacral injection
was sufficient to reach motor neuron transduction levels that
may be clinically meaningful in SMA patients (29% cervical,
53% thoracic, and 73% lumbar). Strikingly, the transduction
rate with the same dose was drastically improved when subjects
were kept in the Trendelenburg position for 10 minutes after
vector infusion, targeting 55, 62, and 80% of motor neurons
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in the cervical, thoracic, and lumbar spinal cord respectively.
The beneficial effect of tilting was highest in the brain and cer-
vical region and less profound closer to the lumbar injection
site, indicating that the tilting improved the spreading of the
vector through the spinal cord away from the injection site.
Tilting tables are regularly used to spread intrathecal delivered
anesthetics and drugs in adults and this study is the first one to
demonstrate a similar effect on viral vector distribution.** The
improved transduction of cervical spinal cord regions, brain-
stem, and motor cortex in the brain is of major interest for SMA
patients since these regions control muscles involved in all vol-
untary movements as well as breathing and swallowing. In addi-
tion, immunofluorescence and 3,3'-Diaminobenzidine (DAB)
staining revealed a broad targeting of various brain regions
such as brain cortex, hippocampus, cerebellum and several
motor nuclei in the brain stem. Robust brain transduction is
relevant for other neurological disorders that are candidates for
gene therapy such as Rett syndrome, Alzheimer’s disease, and
amyotrophic lateral sclerosis. Our biodistribution data from
nonhuman primates are in line with previous studies demon-
strating lower transduction rates of peripheral organs with CSF
delivery compared to systemic applications.”**' CSF delivery
resulted in use of lower viral doses and less peripheral organ
transduction without compromising motor neuron targeting in
the spinal cord. This approach indeed adds safety advantages
from an immunological perspective, which remains a signifi-
cant area of intense research and clinical interest. In addition,
the detailed study of mRNA abundance in peripheral organs
revealed that DNA distribution is not necessarily correlating
with transgene expression. Especially, in spleen, lung, kidney,
intestine, thymus, and testes, the mRNA was hardly detectable.
It is not uncommon to observe variable activity of ubiquitous
promoters among different tissues, which is likely the cause of
the observed differences.’®*® Overall, apart from adrenal gland
and liver, the mRNA levels are very low in the peripheral organs
except muscle tissue. Expression in muscle could be advanta-
geous especially for SMA, since several studies suggest the
involvement of muscle to the disease phenotype.***

In summary, our preclinical studies in mice with ICV deliv-
ery of scAAV9.CBA.SMN demonstrate unsurpassed survival in
the mouse model of SMA. We provide strong evidence that CSF
delivery of scAAV9.CBA.GFP combined with tilting leads to
widespread transduction in the brain and spinal cord of non-
human primates. Furthermore, 30 times lower doses compared
to IV injections lead to transduction of up to 55-80% motor
neurons in all regions of the spinal cord of nonhuman primates
with this new injection route that includes tilting. Therefore,
our study offers insight in vector distribution and its correla-
tion with transgene expression and provides guidance for future
AAV9-based clinical trials in SMA, as well as other neurode-
generative disorders.

MATERIALS AND METHODS

Animals. All procedures performed were in accordance with the National
Institutes of Health guidelines and approved by the Research Institute
at Nationwide Children’s Hospital (Columbus, OH), or Mannheimer
Foundation (Homestead, FL) Institutional Animal Care and Use Committees.
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Mice. SMNA7 mice were bread and genotyped as described previ-
ously. The primer sequences used were mouse Smn allele: forward 1:
5" TCCAGCTCCGGGATATTGGGATTG, reverse 1: 5-AGGTCCCACC
ACCTAAGAAAGCC, forward 2: 5-GTCTGGGCTGTAGGCATTGC,
reverse 2: 5-GCTGTGCCTTTTGGCTTATCTG), and mouse Smn
knockout allele: forward: 5-GCCTGCGATGTCGGTTTCTGTGAGG,
reverse: 5'-CCAGCGCGGATCGGTCAGACG).

After analysis of the genotyping PCR, litters were culled to five
animals. Affected animals or heterzygote littermates (Smn—/—, SMN2+/+,
SMNA7+/+ or Smn—/+, SMN2+/+, SMNA7+/+) were injected with the
different doses of scAAV9.CBA.SMN or scAAV9.CBA.GFP diluted in
phosphate-buffered saline.

Behavior. Mice were monitored daily for survival and weight gain. At P15,
they were tested for righting reflex by determining their ability to right
themselves within 30 seconds after being put on their side. At P30, ani-
mals were tested in an open field analysis (San Diego Instruments, San
Diego, CA). Animals were given several minutes to adapt within the test-
ing chamber before the beginning of testing, then activity was monitored
for 5 minutes. Beam breaks were recorded in the x, y, and z planes and
averaged across groups.

Monkeys. Adult, 1-year-old cynomolgus macaques (Macaca fascicu-
laris) with average body weight of 2kg were used for this study at the
Mannheimer Foundation. Regular monitoring of overall health and body
weight was performed prior and after the injections to assess the welfare
of the animals.

Injections. For ICV injections of mice at P1, the pups were anesthetized
on ice for 10 minutes prior to injection. Injection was performed with
laser-pulled borosilicate glass needles (Sutter Instruments, Novato, CA,
O.D.: 1.2mm, L.D.: 0.69 mm 10 cm length) as previously described.”"*? The
AAV9 vectors were diluted in phosphate-buffered saline for lower doses.
The total volume injected for each animal was 5 pl.

For IV injections, newborn mice were injected with 3.3e14 vg/kg in a
total volume of 50 pl as previously described."*! Of note, this dose leads to
equivalent improvement in survival compared to ICV 3.3e13 vg/kg3.

For nonhuman primate injections, anesthetized cynomolgus
monkeys (n = 7) received intrathecal injections of 1x10" vg/kg
scAAV9-GFP. The injection was performed by lumbar puncture into
the subarachnoid space of the lumbar thecal sac. AAV9-GFP was
resuspended with omnipaque (iohexol), an iodinated compound
routinely used in the clinical setting. Iohexol is used to validate
successful subarachnoid space cannulation and was administered in
the 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 the needle. 0.8 ml of CSF
was drained in order to decrease the pressure in the subarachnoid space
and immediately after 100 mg/kg iohexol mixed with 1x 10" vg/kg
scAAV9-GFP was injected. Five of the seven subjects that underwent
the procedure were kept in the Trendelenburg position and their body
was tilted head-down for either 5 (n = 2) or 10 (# = 3) minutes.

Perfusion and tissue processing. Mice were sacrificed at P10 for immuno-
fluorescence analysis. Animals were anesthetized with xylazene/ketamine
cocktail, followed by cervical dislocation and tissue dissection. Tissue
pieces were incubated in 4% paraformaldehyde overnight. Following cryo-
protection with 30% sucrose, spinal cords were frozen in isopentane at —65
°C, and serial 40-um sections were collected free floating using a sliding
microtome. Serial sections were kept in a 96-well plate that contained 4%
paraformaldehyde and were stored at 4 °C.

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

Nonhuman primate spinal cords were sectioned using the cryostat.
Fifteen-micrometer coronal sections were collected from cervical,
thoracic, and lumbar cord for free floating immunostaining. Brains were
sectioned using the microtome. Forty-micrometer coronal or sagittal
sections were collected from brain, brainstem, and cerebellum for free
floating immunostaining.

Immunohistochemistry. Both, mouse and monkey 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. All the
antibodies were diluted with the blocking solution. Primary antibodies
used were as follows: Ck Anti-GFP at 1:500 (Abcam, Cambridge, MA),
Rb Anti-GFAP at 1:500 (Dako), and Gt Anti-ChAT at 1:50 (Millipore,
Billerica, MA) for mouse and rabbit anti-GFP (1:400, Invitrogen,
Carlsbad, CA), goat anti-ChAT (1:50, Millipore) and mouse anti-NeuN
(1:100, Millipore) for monkey. Tissues were incubated in primary anti-
body at 4 °C for 24-48 hours, then washed three times with TBS. After
washing, tissues were incubated for 2 hours at room temperature in the
appropriate fluorescein isothiocyanate (FITC)-, 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, then coverslipped with PVA-DABCO.
All images were captured on a Zeiss-laser-scanning confocal microscope.

For DAB staining, monkey spinal cord and brain sections were
washed three times in TBS, blocked for 2 hours at RT in 10% donkey
serum and 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 anti-rabbit
(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 DAB 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 quantification. Serial 12-um-thick spinal cord sections,
each separated by 60 um, were labeled as described for GFP and ChAT
expression. Fifteen stained sections per spinal cord segment per animal
were serially mounted on slides from rostral to caudal, then coverslipped.
Sections were evaluated using confocal microscopy (Zeiss) with a 40x
objective and simultaneous FITC and Cy3 filters. The total number of
ChAT-positive cells found in the ventral horns with defined soma was
identified and GFP-labeled cells were quantified while checking for colo-
calization with ChAT.

As for the nonhuman primate brain and the brainstem, 40-um-thick
sections, each separated by 40 um, were labeled as described for GFP and
ChAT or NeuN (in the cortex) expression. Motor neuron counts of the V
and XII cranial nerve were performed on the whole area covered by the
motor nuclei, seven sections were examined for the motor neuron counts
in the V layer of the motor cortex. The V layer of the motor cortex was
identified following cortical structural parameters.

Droplet digital PCR. RNA from different segments of the mouse spinal
cord was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA). RNA
was then reverse-transcribed into cDNA using the RT2 HT First Strand
Kit (SABiosciences, Valencia, CA). Droplet digital PCR (ddPCR) was per-
formed on DNase treated mouse spinal cord cDNA.
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GFP was detected with FP 5-CCACTACCTGAGCACCCAGTC, RP
5"-TCCAGCAGGACCATGTGATC and probe FAM- TGAGCAAAGACC
CCAACGAGAAGCG. AAV9:SMN expression was detected with AAV9
FP 5-AATTCCCGGGATATCGTC, SMN RP 5’-gcgccggaacageacggaat,
AAV9:SMN probe FAM-acgcgtccgggecccacget. This primer set is specific to
SMN expression from the CBA promoter from the AAV9 vector. The primers
do not amplify SMN from the SMN2 gene. Mouse cyclophilin was detected
with FP 5’-gtcaaccccaccgtgttctt, RP 5'-ttggaactttgtctgeaaaca, and probe VIC-
cttgggeegegtet. Droplet generation and reader analysis were performed on
the QX100 (Bio-Rad). 15,000 to 18,000 droplets containing cDNA, primers,
probe, 2x ddPCR SuperMix for Probes, and droplet generation oil were
generated and amplified. A sufficient number of positive and negative
droplets were read by the QX100 reader and quantified using the QuantaSoft
software (Bio-Rad, Hercules, CA). The concentration of transcripts was
determined using Poisson statistical distributions and relative GFP or
AAV:SMN levels were determined by normalizing to mouse cyclophilin
expression. Two technical replicates (for a total of >20,000 droplet PCR
reactions) and three biological replicates were performed for each sample.

GFP qRT-PCR. RNA from different segments of the nonhuman primate
spinal cord was isolated using the RNeasy Mini kit (Qiagen). RNA was
then reverse-transcribed into cDNA using the RT2 HT First Strand Kit
(SABiosciences). 12.5ng RNA were used in each Q-PCR reaction using
SyBR Green (Invitrogen) to establish the relative quantity of GFP tran-
script. Each sample was run in triplicate and relative concentration cal-
culated using the ddCt values normalized to endogenous actin transcript.

Viral genome particles quantification. DNA and RNA were isolated
from equal size 1 mg tissue biopsies from mouse and nonhuman primates
using the QIAamp DNA Mini Kit and Trizol respectively. Nucleic acids
for biodistribution were only isolated from the monkeys placed in the
Trendelenburg position with head down for either 5 or 10 (1 = 5). Absolute
quantification of viral genome particles or GFP RNA molecules per ug of
DNA or RNA was calculated interpolating the C values obtained with a
standard curve ranging from 25 to 2 x 10 copies of viral plasmid.

Statistical analysis. All statistical tests were performed by one-way or two-
way analysis of variance followed by a Bonferroni post hoc analysis of mean
differences between groups (GraphPad Prism, San Diego, CA).

SUPPLEMENTARY MATERIAL

Figure S1. Representative myelogram obtained at time of intrathecal
infusion of AAV9-GFP with iohexol.

Figure $2. Biodistribution comparing transgene levels in quadriceps,
heart, lung and liver in mice (n=3 per group) 24 weeks after AAV9-
SMN injection either via ICV or systemic delivery.

Table $1. Quantification of transduced motor neurons in mice treated
with increasing doses of AAV9-SMN in the three segments of the spinal
cord.

Table $2. Nonhuman primate age and weight details at time of infu-
sion with AAV9-GFP and time spent in the Trendelenburg position.
Table $3. Quantification of transduced motor neurons in nonhuman
primates in the three segments of the spinal cord.

Table $4. Quantification of transduced motor neurons in nonhuman
primates in the three segments of the spinal cord.
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