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Abstract

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder caused by
mutations in the SMN1 gene that result in a deficiency of SMN protein. One approach to treat
SMA is to use antisense oligonucleotides (ASOs) to redirect the splicing of a paralogous gene,
SMNZ2, to boost production of functional SMN. Injection of a 2'-O-2-methoxyethyl-modified ASO
(ASO-10-27) into the cerebral lateral ventricles of mice with a severe form of SMA resulted in
splice-mediated increases in SMN protein and in the number of motor neurons in the spinal cord,
which led to improvements in muscle physiology, motor function and survival. Intrathecal
infusion of ASO-10-27 into cynomolgus monkeys delivered putative therapeutic levels of the
oligonucleotide to all regions of the spinal cord. These data demonstrate that central nervous
system—directed ASO therapy is efficacious and that intrathecal infusion may represent a practical
route for delivering this therapeutic in the clinic.

Copyright 2011 by the American Association for the Advancement of Science; all rights reserved.

"To whom correspondence should be addressed. marco.passini@genzyme.com.

Author contributions: M.A.P. designed and executed the experiments, analyzed the data, and wrote the manuscript; J.B. (Figs. 1, 3,
and 4), AM.R. (Figs. 2 and 5), C.K. (Fig. 2), S.P.S. (Fig. 2), L.M.S. (Fig. 5), Y.H. (Fig. 2), F.R. (Figs. 2 and 6), and G.H. (Figs. 2 and
6) assisted with the experiments and analysis; J.M. generated the oligonucleotides; E.M.K. and L.S.S. assisted with analysis; A.R.K.,
C.F.B., and S.H.C. assisted with analysis and writing of the manuscript.

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/3/72/72ral8/DC1 Fig. S1. Distribution of ASO-10-27 in the brain after
intracerebroventricular administration. Fig. S2. Splicing of SMN2 in the liver at 16 days. Fig. S3. SMN Western blots of the thoracic
region at 3, 16, and 30 days. Fig. S4. Behavioral performances and weight changes in treated wild-type mice. Fig. S5. H&E staining of
the cynomolgus brain and spinal cord.

Competing interests: M.A.P., J.B., AM.R., CK, S.P.S,, LM.S., EM.K,, L.S.S., and S.H.C. are paid employees of Genzyme
Corporation; F.R., J.M., G.H., and C.F.B. are paid employees of Isis Pharmaceuticals; C.F.B. is an executive officer of Isis
Pharmaceuticals; A.R.K. is a paid consultant for Isis Pharmaceuticals. Isis Pharmaceuticals has filed joint patents on the subject matter
with Cold Spring Harbor Laboratory (WO 2007/002390), and with Cold Spring Harbor Laboratory and Genzyme Corporation (WO
2010/148249). Isis Pharmaceuticals holds the patent (US 5,914,396) on the oligonucleotide chemistry used in this study. Isis
Pharmaceuticals has licensed IP (US 7,838,657) from the University of Massachusetts that covers the sequence of the intronic splicing
silencer that is targeted by ASO-10-27.

Citation: M. A. Passini, J. Bu, A. M. Richards, C. Kinnecom, S. P. Sardi, L. M. Stanek, Y. Hua, F. Rigo, J. Matson, G. Hung, E. M.
Kaye, L. S. Shihabuddin, A. R. Krainer, C. F. Bennett, S. H. Cheng, Antisense oligonucleotides delivered to the mouse CNS
ameliorate symptoms of severe spinal muscular atrophy. Sci. Transl. Med. 3, 72ral8 (2011).


http://www.sciencetranslationalmedicine.org/cgi/content/full/3/72/72ra18/DC1

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Passini et al.

Page 2

INTRODUCTION

Spinal muscular atrophy (SMA) is a childhood neuromuscular disease caused by mutations
in the SMNL1 locus and a substantial decrease in SMN protein (1). The deficiency in SMN
protein leads to the progressive loss of motor neurons in the spinal cord and resultant
skeletal muscle atrophy (2). Paralysis, brainstem (bulbar) defects, and respiratory defects are
the primary manifestations of this disease and ultimately lead to a shortened life span and
death of patients (3). The severity of SMA is dictated in part by the copy number of the
related duplicated gene SMN2, which has a critical C-to-T transition in an exonic splicing
enhancer site of exon 7 (4-7). The base substitution at this position is translationally silent,
but it impairs the ability of the spliceosome to recognize exon 7; consequently, this exon is
excluded in most mature mMRNA transcripts (5, 6). Aberrant mMRNA transcripts lacking exon
7 encode a truncated and unstable protein (SMNA7). However, despite the base substitution
in the exonic splicing enhancer, the spliceosome is still capable of generating a small
percentage of SMN2 mRNAs that incorporate exon 7 (8). Thus, a small amount of SMN is
generated by virtue of alternative splicing of SMN2, which explains the clinical observation
that more copies of SMN2 are associated with less severe forms of the disease. Indeed, the
effect of SMN2 copy number is clearly evident in clinical cases, showing that humans
lacking both SMNL1 alleles but with five copies of SMN2 do not develop SMA (9).

Several putative therapeutic strategies have been proposed for the management of SMA.
These include SMN1 gene replacement using viral vectors carrying the wild-type human
SMN1 complementary DNA (cDNA) (10-13) or by stem cell transplantation (14, 15). In
particular, mice with severe SMA treated with adeno-associated viral (AAV) vectors
encoding the human SMN protein resulted in a log-fold increase in median survival in an
animal model that historically has been refractory to therapy (11, 12). Recent reports in the
adult cat (16) and newborn monkey (11) showed promising results that a subset of spinal
cord motor neurons can become transduced by systemic injections of AAV, and additional
studies are under way to improve delivery of viral vectors across the blood-brain barrier and
cerebrospinal-pial barrier in large-animal models.

Alternatives to gene replacement are small-molecule drugs that modulate endogenous
SMNZ2, and these have also been effective in increasing SMN levels in vivo. For example,
histone deacetylase inhibitors and quinazoline compounds increase SMN2 mRNA levels and
improve a variety of phenotypes in mouse models of SMA (17-21). Furthermore,
aminoglycoside compounds promote stop-codon read-through of SMNA?Y to generate a
longer, more functional version of the truncated protein (22). Another attractive strategy is
to alter the splicing pattern of SMN2 so that a larger percentage of the translated protein is
SMN. This has been realized with several classes of small-molecule drugs that increase
SMN levels by increasing the processes that favor exon 7 inclusion (23, 24). Although
small-molecule drugs have been beneficial in cell lines derived from patients with SMA and
in mouse models, those that have been tested in patients with SMA have shown little
success, underscoring the need to develop new therapies to treat this neuromuscular disease
(25-27).

An alternative approach to alter the splicing pattern of SMN2 is to use antisense
oligonucleotides (ASOs). ASOs are designed to base pair to specific nucleotide sequences,
and thus, they potentially offer a lower risk for off-target effects than do small-molecule
drugs. Systematic tiling of SMN2 pre-mRNAs derived from intron 6, exon 7, and intron 7
has identified ASOs that promote exon 7 inclusion and a corresponding increase in SMN
protein (28, 29). In particular, in vitro assays showed that blocking the intronic splicing
silencer of the 5’ region of SMN2 intron 7 (1SS-N1) with ASOs provided the most efficient
increase in exon 7 inclusion (30, 31); no off-target splicing of mini-genes was detected (30).
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The hybridization of ASOs to the ISS-N1 region displaces trans-acting negative repressors
and/or unwinds a cis-acting RNA stem-loop that interferes with the binding of U1 small
nuclear RNA at the 5’ splice site of exon 7 (29, 32).

Testing of such ASOs with 2'-O-methyl (2'-OMe) chemistry showed that multiple injections
over time were required to affect SMN levels in vivo (33). To improve the efficacy of the
ASO for more relevant clinical application, we incorporated a uniform 2'-O-2-methoxyethyl
(MOE) chemistry into the ribose sugars, in addition to phosphorothioate substitution of the
backbone. The uniform base modification does not support the degradation of the target
RNA by ribonuclease (RNase) H-dependent or RNA interference (RNAI) pathways (34).
Here, we tested whether a single administration of MOE ASO-10-27, which targets the ISS-
N1 region of human SMNZ, is efficacious in a severe mouse model of SMA. Our data show
that central nervous system (CNS) delivery of ASO-10-27 improves muscle physiology,
motor function, and survival in mice with a severe form of SMA. Furthermore, we show that
presumptively therapeutic levels of ASO-10-27 could be delivered to the spinal cord of a
nonhuman primate (NHP) using a simple intrathecal infusion strategy. The efficacy of
ASO-10-27 after delivery to the CNS supports further development of splice-switching
antisense technology for SMA.

Spinal cord delivery of oligonucleotide by injection of mouse cerebral lateral ventricles

We determined the biodistribution pattern of the ASO-10-27 oligo-nucleotide after
intracerebroventricular injection of newborn mice. Heterozygous pups (Smn*/~, hSMN2*/*,
SMNAT7**) (n = 4) were injected with 8 pg of ASO-10-27 at postnatal day 0 (P0) and again
at day 5, and then killed at day 14. This dosing strategy was selected to maximize the
probability of visualizing the ASO on tissue sections. ASO-10-27 was abundant in the
caudal regions of the brain and in the dorsal and ventral horns of the spinal cord, which is
consistent with the directional flow of cerebrospinal fluid from the cerebral lateral ventricles
(fig. S1). Colocalization studies using choline acetyltransferase (ChAT) staining showed that
the vast majority (94 to 96%) of the motor neurons in the cervical, thoracic, and lumbar
regions also stained positively for ASO-10-27 (Fig. 1).

ASO-10-27 increased exon 7 inclusion and SMN levels in the spinal cord

To determine the effect of ASO-10-27 on SMN2 splicing and SMN protein levels, we
injected a single 4-pg dose of either ASO-10-27 or an ASO-mismatched oligonucleotide
control into the cerebral lateral ventricles of mice with severe SMA (Smn~/~, hSMN2*/*,
SMNAT7**) on the day of birth (P0). Drug- and control-treated mice with severe SMA were
killed 16 days after birth, which corresponds to the typical end stage of disease in untreated
mice (n =5 per group). A four- to sixfold increase in full-length SMN2-derived mRNA
transcripts (containing exon 7) was observed in all regions of the spinal cord of ASO-10-27-
treated SMA mice (P < 0.001) (Fig. 2A). In contrast, the levels of full-length SMN2-derived
MRNA in the ASO-mismatch group remained the same as those in untreated SMA mice.
This demonstrated that the change in alternative splicing after ASO-10-27 treatment was not
due to a nonspecific, class effect of the ASOs. Concomitant with the increase in full-length
SMN2-derived mRNA, there were higher levels of SMN throughout the spinal cord
compared with control mice (P < 0.001) (Fig. 2B). Analysis of the liver of ASO-10-27-
treated mice at 16 days showed no significant changes in SMN2 splicing, suggesting that
there was not an appreciable amount of the ASQO in systemic circulation after
intracerebroventricular delivery (fig. S2).
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Pharmacokinetics and pharmacodynamics of ASO-10-27 in mice with severe SMA

The pharmacokinetics of ASO-10-27 in SMA mice injected at PO was followed over a
period of 30 days (n = 5 per group). Tissue concentrations of ASO-10-27, as measured in the
cervical region, were highest (8 to 10 pg of ASO per gram of tissue) at 3 days (P < 0.001)
(Fig. 2C). These levels declined to ~2 ug of ASO/qg tissue at 16 days and to ~1.5 ug of ASO/
g tissue at 30 days (Fig. 2C). Measurement of the levels of full-length SMN2-derived mRNA
in the lumbar region showed a three- and sixfold increase with ASO-10-27 treatment at 3
and 16 days, respectively (Fig. 2C). However, these elevated levels of exon 7 inclusion were
not sustained, returning to pretreatment levels on day 30 (Fig. 2C). This pharmacodynamic
profile of the SMN2-derived full-length mRNA was recapitulated for the SMN protein.
Western blot analysis of the thoracic region indicated that levels of SMN protein were ~50%
of wild-type levels on day 3, increasing to 100% of wild-type levels on day 16, before
declining to pretreatment levels on day 30 (Fig. 2C; see fig. S3 for the Western blots).
Hence, ASO-10-27 has a tissue half-life of less than 2 weeks and a pharmacodynamic effect
that does not extend beyond 30 days after a single bolus injection into the CNS of neonatal
mice.

ASO-10-27 ameliorates the decline in motor neuron cell counts in the spinal cord

To determine the efficacy of ASO-10-27 to ameliorate cellular phenotypes, we injected
SMA mice at PO with 4 pg of ASO-10-27 or ASO-mismatched oligonucleotide and analyzed
for motor neuron cell counts (n =5 per group) and muscle physiology (n =5 per group). The
number of motor neurons in the spinal cord of untreated SMA mice was significantly lower
than in wild-type mice at 16 days (Fig. 2D). The number of motor neurons in the spinal cord
of SMA mice treated with ASO-mismatch was not different from those in untreated SMA
controls (Fig. 2D). In contrast, mice treated with ASO-10-27 showed a significantly greater
number of ChAT immunopositive cells in the cervical and thoracic regions (P < 0.001) (Fig.
2D). Despite successful delivery of ASO-10-27 to the lumbar region and, consequently,
measurable increases in lumbar SMN levels, there was no significant improvement in the
number of motor neurons in this region (Fig. 2D). However, one of the ASO-10-27—treated
SMA mice did not show an increase in motor neuron cell counts in the lumbar region (for
unknown reasons), thus negating the ASO-10-27—treated cohort from achieving a significant
P value compared to the ASO-mismatch control group.

Improved muscle physiology in ASO-10-27—-treated SMA mice

The size of the myofibers and the architecture of the neuromuscular junction in the
quadriceps and intercostal muscles were analyzed at 16 days. These muscle groups were
selected because they are severely affected in SMA and are responsible for the paralysis and
respiratory defects (2, 3). The cross-sectional areas of myofibers from SMA mice treated
with ASO-10-27 were two- to threefold larger than ASO-mismatch-treated or untreated
controls (P < 0.001) (Fig. 3). In addition to the increase in myofiber size, the architecture of
the neuromuscular junction of SMA mice was also improved with ASO-10-27 (Fig. 4).
About 75 to 80% of the neuromuscular junctions of untreated SMA mice and those
administered the ASO-mismatch contained the hallmark collapse structure at the motor end
plate. In contrast, the neuromuscular junctions of the quadriceps and intercostal muscles of
ASO-10-27-treated SMA mice showed a significantly lower number of this abnormal
phenotype at 16 days (P < 0.001). Furthermore, all of the neuromuscular junctions from the
ASO-10-27-treated SMA mice at 30 to 40 days were innervated, with >95% exhibiting a
normal architecture, indicating that correction of the neuromuscular junction was maintained
over this time period (Fig. 4E).
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ASO-10-27 improved motor function in SMA mice

We determined the functional efficacy of CNS administration of ASO-10-27 (n = 8 per
group). SMA mice treated with ASO-10-27 at birth were significantly heavier than their
untreated littermates on day 16, but remained smaller than age-matched wild-type controls
(P <0.001) (Fig. 5, A and B). Measurement of the righting reflex on day 8 in ASO-10-27-
treated SMA mice showed a latency that was intermediate between untreated SMA and
wild-type controls (P < 0.001) (Fig. 5C). However, by day 16, their performance was similar
to that of wild-type mice, suggesting that treatment had improved muscle strength and
coordination (P < 0.001) (Fig. 5D). These improvements in ASO-10-27-treated SMA mice
were further substantiated by their performances on grip strength and hindlimb splay tests.
In both tests, mice administered ASO-10-27 exhibited activities that were less than those of
wild-type mice, but were nevertheless significantly higher than those of untreated SMA
mice (P < 0.001) (Fig. 5, E and F). Hence, the noted improvements in myofiber size and
neuromuscular junction architecture translated into functional improvements in muscle
strength and coordination. Finally, treatment of wild-type mice with ASO-10-27 did not
affect their performance on functional tests (fig. S4A).

ASO-10-27 enhanced mouse survival in a dose-dependent manner

To assess whether treatment with ASO-10-27 provided a survival benefit, we injected SMA
mice at PO with varying doses of the ASO ranging from 0.5 to 8 ug. Intracerebroventricular
injections of 16 pg or higher resulted in a significant death rate within 24 hours of
administration, indicating that an 8 pg intracerebroventricular bolus injection was the
maximum tolerated dose in PO mice. The median life spans of ASO-10-27-treated SMA
mice were 23 (8 ug, n = 20), 25 (4 pg, n = 29), 23 (2 pg, n =12), 20 (1 pg, n =13), and 17
(0.5 pg, n = 13) days, compared to 16 days for both the ASO-mismatch—treated (4.0 ug, n =
19) and untreated (n = 30) SMA mice (Fig. 5G). Furthermore, a dose-dependent increase in
weight gain was observed between P7 and P14 in treated SMA mice (Fig. 5H). Wild-type
mice that received similar doses did not gain more weight compared to age-matched
untreated wild-type controls (fig. S4B). This observation indicates that the positive effect on
body weight in the ASO-10-27-treated SMA mice was due to efficacy and not to a non-
specific drug side effect.

None of the ASO-mismatch-treated or untreated SMA mice survived to the weaning age of
21 days. In contrast, 50, 55, 50, 31, and 8% of SMA mice treated with 8, 4, 2, 1, and 0.5 pug
were alive at 21 days, respectively. All of the ASO-10-27-treated SMA mice regardless of
dose were ambulating and well groomed, which persisted in animals that lived beyond
weaning. However, most of the weaned SMA mice were eventually found dead in their
cage, indicating an acute sudden death. In some instances, weaned SMA mice developed
breathing difficulties that included a decreased rate of respiration and shallow breathing.
Hindlimb necrosis was observed in the treated SMA mice that lived beyond 40 days, but the
necrosis did not progress to a phenotype requiring their euthanasia. The pharmacokinetic
and pharmacodynamic data suggest that the ideal time to readminister ASO-10-27 would be
about 10 to 14 days after treatment, when the tissue concentrations of the drug approached
levels deemed to be pharmacologically inactive. However, we encountered technical and
logistical difficulties in performing surgery on mice of this age, and thus were unable to
address the impact of repeat dosing on median survival.

Intrathecal infusion delivered therapeutic levels of ASO-10-27 to the spinal cord of NHPs

The feasibility and practicality of delivering ASO-10-27 to the spinal cord of adult
cynomolgus monkeys by intrathecal or intracerebroventricular infusion were examined.
Both routes of administration are used clinically to deliver therapeutic agents. A dose of 3
mg of ASO-10-27 was infused into the intrathecal space over 1, 3, 7, or 14 days (n =5 per
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group) or into the right cerebral lateral ventricle over 14 days (n = 5). Each monkey was
killed 5 days after completion of the infusion. There were no deaths or clinical adverse
effects observed during the in-life portion of the experiment, indicating that the monkeys
tolerated the infusions. Irrespective of the infusion period, monkeys treated by intrathecal
infusion exhibited tissue concentrations of ASO (>8 ug/g) in the cervical, thoracic, and
lumbar regions (Fig. 6A). The lumbar and thoracic regions showed the highest levels of
ASO0-10-27, which may have been a consequence of the placement of the catheter between
the upper lumbar and lower thoracic regions of the spinal cord. The highest tissue
concentrations of the ASO in the thoracic and lumbar regions were achieved when the 3-mg
dose was infused over a period of 1 or 3 days (~20 to 30 ug ASO per gram tissue). Animals
administered the same dose of ASO via the cerebral lateral ventricle over 14 days showed
delivery of putatively therapeutic levels of ASO-10-27 (8 ug/g tissue) only in the thoracic
region (Fig. 6A).

Histological analysis from monkeys treated by intrathecal infusion showed robust
immunostaining for ASO-10-27 in all regions of the spinal cord (Fig. 6B). A punctate
intracellular signal was observed in both large and small cell bodies, consistent with
neuronal and glial cell targeting. A similar pattern of staining but with a weaker signal was
also observed in the group treated by intracerebroventricular infusion. As expected, no ASO
signal was detected in saline-treated controls (n = 4) (Fig. 6B). Histological examination of
brain and spinal cord tissue sections stained with hematoxylin and eosin (H&E) did not
reveal overt pathology attributable to the drug, further demonstrating that ASO-10-27 was
well tolerated (fig. S6). However, a formal toxicology study that extends over a longer
investigational period will need to be performed to understand the safety profile of
ASO0-10-27. The pharmacological effect of the ASO was not measured because NHPs lack
the SMN2 gene (35).

DISCUSSION

SMN2 evolved from the duplication and mutation of the ancestral telomeric SMN gene, and
it is found in all extant human populations (35). Given that SMN2 is capable of making a
small amount of SMN protein by alternative splicing, SMN2 serves as a viable target for
therapeutic intervention in all patients with SMA. Empirical testing of a large number of
MOE oligonucleotides harboring complementary sequences to SMN2 identified an ASO
(ASO-10-27) that exhibited the appropriate splicing activity in vitro, and in a transgenic
mouse model without appreciable SMA phenotypes (29, 36). Thus, the current report is a
critical proof-of-concept study to determine whether splice-switching antisense technology
can ameliorate the hallmark molecular, cellular, and functional phenotypes of a mouse
model that recapitulates severe SMA disease. We show that a single administration of
ASO-10-27 into the cerebral lateral ventricles of mice with severe SMA was sufficient to
increase SMN protein levels by altering the SMN2 splicing pattern, which correlated with
increases in the number of motor neurons and improvements in behavior and survival. CNS-
directed therapy improved muscle physiology by increasing the size of myofibers and
improving the structure of the neuromuscular junction in affected skeletal muscles. The
correction of muscle pathology by targeting motor neurons through intrathecal delivery of
therapeutic oligonucleotides is a significant finding because it allows for a single route of
administration (that is, intrathecal) to treat the disease.

A previous study that used an ASO against the 1SS-N1 region of SMN2 with a different
chemistry (2'-OMe) required injections on days 1, 3, 5, 7, and 10 to affect SMN protein
levels in the same severe SMA mouse model (33). Furthermore, the molecular mechanism
that increased expression of SMN protein, the correction of cellular pathologies including
muscle physiology, and the benefits on survival were not reported (33). Because of the
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similarities of the ASO sequence in the two studies, the improvements in efficacy in the
current study are likely attributable to the MOE chemistry. Indeed, a side-by-side
comparison of both chemistries in the CNS of a mouse model of mild SMA showed that the
MOE chemistry provided more efficient modulation of splicing, improved in vivo stability,
and decreased cellular inflammation compared to the 2'-OMe chemistry (36). The poor in
vivo performance of 2'-OMe-based ASOs makes this chemistry less ideal for the clinic, as it
would likely require a substantially greater number and frequency of administrations
compared to the more active and better tolerated MOE chemistry. Furthermore, the in vivo
efficacy of ASO-10-27 exceeded other more complex strategies that use nucleic acids to
modulate SMNZ2 splicing, such as transplicing and bi-functional RNAs (37-39).

The pharmacokinetic and pharmacodynamic data for ASO-10-27 showed that 8 pug/g was a
pharmacologically active tissue concentration for increasing SMN protein levels in the
spinal cord. Although there was a decrease in the ASO tissue concentration between 3 and
16 days, the amount of exon 7 inclusion and SMN protein peaked at 16 days. The inability
to sustain elevated levels of SMN protein at 30 days suggests that the ASO tissue
concentration at 16 days was not capable of modulating splicing; hence, the minimal
concentration required for efficacy must be greater than 2 to 3 ug of ASO per gram tissue.
The loss of SMN protein by 30 days is consistent with the Kaplan-Meier survival curve
showing a median survival of 26 days. The pharmaco-dynamic profile in neonatal mice
corroborated an earlier report in the adult SMA type 111 mouse model.
Intracerebroventricular infusion of ASO-10-27 in adult SMA type Il mice loaded the spinal
cord with ASO (10 ng/g tissue), resulting in >90% of the SMN2 transcripts containing exon
7 (36). However, the ASO tissue concentration of 10 ug/g in the type 111 SMA mouse model
was sustained for at least 2 months, and the effect on splicing was maintained for at least 6
months (36). It is unclear why the pharmacokinetic data differ between the two models. It is
possible that the developing and growing neonate may promote the cellular depletion of the
ASO more rapidly than that in the adult. Regardless, it is reasonable to predict that the
pharmaco-kinetic data in the current neonatal study might be a more relevant indicator of the
kinetic profile to be encountered in infants and young children with SMA.

A necessary prerequisite for antisense product development is to demonstrate that the spinal
cord of a large animal, such as a NHP, can achieve therapeutic concentrations of ASOs after
a clinically viable route of delivery. There are multiple parameters predicted to influence the
efficiency of ASOs to target the spinal cord parenchyma, including but not limited to the site
of infusion, the dose and volume of the ASO to be infused, and the duration and rate of
infusion. Our data showed that intrathecal infusion of a fixed dose of 3 mg was sufficient to
load the spinal cord with therapeutic levels (>8 pg/g tissue) of ASO-10-27, and that
increasing the infusion times of this fixed dose did not improve spinal cord loading. A 24-
hour intrathecal infusion of 3 mg was well tolerated in monkeys and provided ASO (~20 ug/
g) in the spinal cord. This demonstrates that a uniform RNA-based ASO can efficiently load
the NHP spinal cord, which had been previously demonstrated only with
intracerebroventricular infusions of an RNA-DNA hybrid ASO against superoxide
dismutase-1 (40). Thus, intrathecal infusion is an effective delivery method for global
distribution of splice-switching ASOs to the spinal cord of primates.

The eventual cause of death in ASO-10-27-treated SMA mice is not known. However, the
sudden appearance of animals found dead, coupled with the observation of acute breathing
abnormalities in end-stage SMA mice, suggests that cardiac and/or respiratory failure may
be responsible. Cardiac failure (that is, bradycardia) thought to be caused by autonomic
dysfunction was recently described in this severe mouse model and in SMA patients (41—
44). In this scenario, a drop in the ASO tissue concentration in the lower brainstem may lead
to the loss of autonomic function in the cardiac system, which would explain the sudden and
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acute appearance of respiratory defects in ASO-10-27-treated SMA mice. A similar acute
breathing aberration was observed in the long-lived scAAV8-hSMN-treated SMA mice
(12). Analysis of the intercostal muscles of these mice showed that 85 to 90% of the
neuromuscular junctions had a normal structure. Similarly, the current study showed that
>95% of the intercostal neuromuscular junctions were normal in the ASO-10-27—treated
SMA mice that lived beyond weaning age. These data suggest that the respiratory defects in
the scCAAV-hSMN- and ASO-10-27-treated SMA mice occurred independently of the
skeletal muscles involved in breathing (12). However, additional studies are needed to
confirm the role and relevance of the autonomic system in SMA disease.

In conclusion, delivery of ASO-10-27 to the CNS of mice with a severe form of SMA
corrected the hallmark molecular, cellular, and functional phenotypes of this disease, and
provided significant and reproducible survival benefits. The demonstration that a
pharmacologically relevant tissue concentration—extrapolated from the mouse studies—
could be attained throughout the NHP spinal cord indicates that intrathecal infusions may be
an amenable route of delivery for ASO-10-27 in the clinic. We thus achieved our primary
objectives of correcting SMA phenotypes in mice, identifying the tissue concentration
required for efficacy, and verifying that this concentration can become loaded into the spinal
cord using a clinically viable delivery strategy. Future studies in large-animal models that
investigate the optimal metrics for delivery (for example, bolus versus slow infusion,
catheter placement, and timing and frequency of repeat administration) and safety will be
required to determine the feasibility of translating ASO-10-27 to the clinic.

MATERIALS AND METHODS

Oligonucleotides

The single-stranded MOE ASO-10-27 and MOE ASO-mismatch were generated as reported
(29, 45). The sequence of ASO-10-27 was 5-TCACTTTCATAATGCTGG-3' and ASO-
mismatch was 5-TCATTTGCTTCATACAGG-3' (the six mismatches are underlined). The
lyophilized ASOs were suspended in saline to a final concentration of 10 ug/ul that was
confirmed by ultraviolet (UV) spectrometry, sterilized through a 45-um filter, and diluted
with saline to the appropriate concentration for each injection dose.

Animal procedures

All protocols in mice and monkeys met ethical standards for animal experimentation and
were approved by the Institutional Animal Care and Use Committees. Heterozygote
(Smn*’~, hSMN2** SMNA7*/*) breeding pairs were mated and genotyped as reported (46).
On the day of birth, SMA (Smn~/~, hSMN2*"*, SMNA7**) pups were cryo-anesthetized
and injected with 2 ul of ASO into each cerebral lateral ventricle for a total of 4 ul per pup.
Injections were performed with a pulled capillary needle under the guidance of a
transilluminator as reported (47). All the litters were culled so that each litter contained all
the SMA pups plus two wild-type (Smn*"*, hSMN2** SMNA7*/*) pups to control for litter
size. The NHP experiment was performed at the Northern Biomedical Research (Muskegon,
MI). Cynomolgus monkeys weighing 3 to 4 kg were anesthetized and implanted with
intrathecal indwelling catheters. The monkeys were allowed to recover from the
implantation surgery for several days before receiving intrathecal infusions via a
programmable CADD-Micro 5900 pump (Smiths Medical). A total dose of 3 mg was
infused over 1 day (3 mg/day), 3 days (1 mg/day), 7 days (0.43 mg/day), or 14 days (0.21
mg/day). Another cohort of monkeys underwent stereotactic surgery to implant a cannula
into the right cerebral lateral ventricle as reported (40). These monkeys were infused with
either 3 mg of ASO-10-27 (0.21 mg/day) or saline for 14 days.
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Quantitative reverse transcription—polymerase chain reaction

Total RNA was extracted with Ambion MagMAX-96 RNA isolation kit (Applied
Biosystems), reverse-transcribed, amplified with TagMan One-Step RT-PCR Master Mix
Kit (Applied Biosystems), and analyzed on an ABI PRISM 7500 Real-Time PCR System
(Applied Biosystems). The expression levels for SMN2 mRNA that contained exon 7 were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels. The
following primer probe sets were used to quantify exon 7 inclusion: forward primer, 5'-
GCTGATGCTTTGGGAAGTATGTTA-3'; reverse primer, 5'-
CACCTTCCTTCTTTTTGATTTTGTC-3'; probe, 5'-6-FAM-
TACATGAGTGGCTATCATACT-MGB-3' (GAPDH primer and probe set; Applied
Biosystems).

ASO tissue concentration

The tissue concentration of ASO-10-27 in the mouse spinal cord was determined as reported
(48). Briefly, the cervical, thoracic, and lumbar regions were homogenized and extracted
with phenol-chloroform, analyzed by capillary gel electrophoresis, and quantified with
standard curves of electropherogram peak area ratios or by the extinction coefficient method
(48). For the NHP study, a hybridization-based enzyme-linked immunosorbent assay
(ELISA) method was used to quantify oligonucleotide concentrations in tissue, because this
procedure shows greater sensitivity and dynamic range compared to capillary gel
electrophoresis (49).

Western blotting

The quantification of SMN protein levels was performed by Western blotting as reported
(12). The nitrocellulose membrane was incubated with a mouse anti-SMN monoclonal
antibody (1:5000 BD Biosciences), a rabbit anti—B-tubulin polyclonal antibody (1:750, Santa
Cruz Bio-technology), and IRDye infrared secondary antibodies (1:20,000, LI-COR
Biosciences).

Immunohistochemistry

Frozen tissue sections were incubated with a rabbit polyclonal antibody against the
phosphorothioate backbone at 1:5000 dilution and visualized in the mouse or monkey with a
donkey anti-rabbit secondary antibody conjugated to fluorescein isothiocyanate (FITC)
(Jackson Laboratories) or with a 3,3’-diaminobenzidine (DAB) kit (Vector Laboratories),
respectively. Motor neurons were labeled with an antibody against mouse ChAT as reported
(12).

Motor neuron counting

Cells in the spinal cord ventral horn that exhibited a fluorescent ChAT signal were counted.
About 8 to 10 different levels of each spinal cord region were analyzed to generate the
average number of motor neurons per spinal cord region for each animal. Each section was
at least 100 um apart to prevent double counting of the same cell.

Myofiber size

Fixed quadriceps and intercostal muscles were processed by paraffin and stained for H&E to
determine the myofiber cross-sectional size as reported (17). About 500 myofibers from
each muscle were randomly selected, and the cross-sectional area of each myofiber was
measured with MetaMorph (Molecular Devices) to calculate the average myofiber size per
muscle for each animal.
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Neuromuscular junction staining

In toto staining of fixed quadriceps and intercostal muscles was performed as reported (12).
Presynaptic nerve terminals were labeled with a rabbit polyclonal antibody against
neurofilament medium (Millipore), and acetylcholine receptors were labeled with Alexa
555—conjugated a-bungarotoxin (Molecular Probes). A minimum of 100 neuromuscular
junctions from each muscle were randomly selected and assessed under the microscope to
quantify the number of collapsed neuromuscular junctions for each muscle group per
animal.

Behavioral tests

Statistics

The righting reflex, grip strength, and hindlimb splay are validated tests for SMA mice (50).
The righting reflex determined the time taken for the mouse to reposition itself onto all four
paws after being placed in a supine position. In the grip strength, the forelimbs and
hindlimbs were gently dragged horizontally along a wire mesh and the resistance was
recorded (Columbia Instruments). In the hindlimb splay test, mice were suspended for 5 s by
their tails and the resulting splay was determined by an arbitrary scoring system (12).

The data used for statistical analysis were collected by blinded observers. The statistics in
Figs. 2, 3E, 4E, and 5, A to F, were analyzed with one-way analysis of variance (ANOVA)
and Bonferroni multiple post hoc comparisons. The Kaplan-Meier survival curve in Fig. 5G
was analyzed with the log-rank test equivalent to the Mantel-Haenszel test. All statistical
analyses were performed with GraphPad Prism v4.0 (GraphPad Software). Values with P <
0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ChAT Overlay

Fig. 1.

Targeting ASO-10-27 oligonucleotides to the mouse CNS. ASO-10-27 was efficiently
targeted to motor neurons of the spinal cord of neonatal mice 14 days after
intracerebroventricular injection. Double immunohistochemical staining was performed for
the phosphorothioate backbone of the oligo-nucleotide (first column) and mouse choline
acetyltransferase (ChAT; second column). (A to D) Colocalization signals (third column)
are shown for the cervical (B), thoracic (C), and lumbar (D) regions of the spinal cord after
ASO-10-27 treatment; control saline-treated mice did not show colocalization (A). Scale
bar, 100 pum.
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Fig. 2.

ASO-10-27 treatment boosts SMN protein expression in SMA mice. Treatment with
ASO0-10-27 increased exon 7 inclusion during SMN2 splicing, and increased SMN protein
expression and the numbers of motor neurons in the spinal cord after intracerebroventricular
injection of neonatal mice with severe SMA at postnatal day 0 (P0). (A) The amount of
SMN2 mRNA that contained exon 7 relative to SMN2 mRNA in untreated SMA mice was
determined by reverse transcription—polymerase chain reaction (RT-PCR) at 16 days. (B)
The amount of SMN protein relative to that in untreated wild-type (WT) mice was
determined by Western blotting at 16 days. (C) For the pharmacodynamic/pharmacokinetic
analysis, the absolute ASO tissue concentration in the cervical region was determined by
capillary gel electrophoresis; the amount of SMN protein relative to that in untreated WT
mice in the thoracic region was determined by Western blotting; and the amount of SMN2
MRNA that contained exon 7 relative to that in untreated SMA mice in the lumbar region
was determined by RT-PCR at 3, 16, and 30 days. (D) The number of motor neurons in the
cervical, thoracic, and lumbar regions was determined by ChAT immuno-staining at 16
days. SMA, untreated SMA mice; MM, ASO-mismatch—treated SMA mice; 10-27,
ASO-10-27-treated SMA mice; WT, untreated WT mice. The P values between the
different treatment groups were determined by one-way ANOVA and Bonferroni multiple
post hoc comparisons (P < 0.01; P < 0.001). Data are means + SEM.
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Fig. 3.

ASO-10-27 treatment increases myofiber size in SMA mice. (A to D) H&E staining of the
quadriceps (left column) and intercostal (right column) muscles of untreated SMA mice (A),
ASO-mismatch-treated SMA mice (B), ASO-10-27—-treated SMA mice (C), and untreated
WT mice (D) at 16 days. (E) The average myofiber cross-sectional area for each group was
quantified. The P values between the different treatment groups were determined by one-
way ANOVA and Bonferroni multiple post hoc comparisons (P < 0.05; P < 0.001). Data are
means = SEM. Scale bar, 50 um.
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ASO-10-27 treatment improves neuromuscular junction structure in SMA mice. (A to D) In
toto staining of muscle fibers from the quadriceps (left column) and intercostal (right
column) muscles of untreated SMA mice (A), ASO-mismatch—treated SMA mice (B),
ASO-10-27-treated SMA mice (C), and untreated WT mice (D) at 16 days. The axons of
motor neurons at the presynaptic termini (green) were labeled with antibody to
neurofilament medium (NF-M). The acetylcholine receptors of the postsynaptic termini
were stained with a-bungarotoxin (a-Bung; red). The overlay of both signals (yellow) shows
the innervation of the muscle and nerve at the motor end plate. As exemplified by the
neuromuscular junctions in untreated SMA mice, the presynaptic termini displayed a
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collapsed structure that typifies a pathological neuromuscular junction (A). (E) The
percentage of neuromuscular junctions (NMJ) that contained this hallmark pathology was
quantified at 16 and 30 to 40 days. The P values between the different treatment groups
were determined by one-way ANOVA and Bonferroni multiple post hoc comparisons (P <
0.05; P <0.01; P <0.001). Data are means + SEM. Scale bar, 10 um.
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Fig. 5.

ASO-10-27 treatment improves function and survival of SMA mice. (A to F) Results of the
body weight (A and B), righting reflex(C and D), gripstrength (E), and hindlimb splay (F) at
8 days (A and C) and 16 days (B, D, E, and F). (G) A single administration of different
doses (0.5 to 8 ug) of ASO-10-27 was injected into PO mice with severe SMA, and their
survival was plotted on a Kaplan-Meier curve. The median survival was 18 to 26 days,
which was a significant improvement compared to untreated SMA mice (0.5 ug, P = 0.0237;
1 pg, P =0.0007; 2 png, P = 0.0001; 4 pg, P < 0.0001; 8.0 pg, P = 0.0004). In contrast, SMA
mice treated with ASO-mismatched oligonucleotides did not show an increase in survival (4
ug, P =0.5081). (H) Percent weight gains between P14 and P7 with the different doses of
ASO0-10-27 in SMA mice. SMN, untreated SMA mice (n = 18); MM, SMA mice treated
with 4 ng of ASO-mismatched oligonucleotide (n = 14); SMA mice treated with 0.5 ug (n =
10),1 ug (n=9), 2 ug (n = 10), 4 ug (n = 20), or 8 pg (n = 13) of ASO-10-27. The P values
between the different treatment groups in (A) to (F) were determined by one-way ANOVA
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and Bonferroni multiple post hoc comparisons (P < 0.05; P < 0.01; P < 0.001). The P values

in the survival curve were analyzed with the Mantel-Haenszel test by comparing each
treatment group to the untreated SMA group. Data are means + SEM.
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Fig. 6.

Therapeutic levels of ASO-10-27 in monkey spinal cord. Intrathecal (IT) and
intracerebroventricular (ICV) infusions of ASO-10-27 loaded the monkey spinal cord with
therapeutic levels (>8 pg/g) of the oligonucleotide. (A) ASO tissue concentrations in the
cervical, thoracic, and lumbar regions after the administration of a 3-mg dose over different
infusion times. (B) Immunohistochemical staining for the phosphorothioate backbone of
ASO-10-27 showed a punctate intracellular signal in all ASO-10-27-treated groups, but not
in monkeys that received saline. The immunopositive signal was detected in both large and
small cell bodies, suggesting neuronal and glial uptake of the oligonucleotide. Data are
means = SEM. Scale bar, 100 um.
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