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Spinal muscular atrophy (SMA) is a motor neuron disease and
the leading genetic cause of infant mortality. Recently
approved SMA therapies have transformed a deadly disease
into a survivable one, but these compounds show a wide spec-
trum of clinical response and effective rescue only in the early
stages of the disease. Therefore, safe, symptomatic-suitable,
non-invasive treatments with high clinical impact across
different phenotypes are urgently needed. We conjugated anti-
sense oligonucleotides with Morpholino (MO) chemistry,
which increase SMN protein levels, to cell-penetrating peptides
(CPPs) for better cellular distribution. Systemically adminis-
tered MOs linked to r6 and (RXRRBR),XB peptides crossed
the blood-brain barrier and increased SMN protein levels
remarkably, causing striking improvement of survival, neuro-
muscular function, and neuropathology, even in symptomatic
SMA animals. Our study demonstrates that MO-CPP conju-
gates can significantly expand the therapeutic window through
minimally invasive systemic administration, opening the path
for clinical applications of this strategy.

INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal-recessive, degenera-
tive motor neuron disease, and is the main genetic cause of infant
mortality.) SMA patients show progressive loss of motor neurons
(MNs) in the ventral horns of the spinal cord, causing progressive
muscle weakness, paralysis, and premature death. Homozygous mu-
tations of the survival motor neuron 1 gene (SMN) account for
reduced levels of SMN protein, which is critically important for
MN maintenance and survival."” Humans have a nearly identical
copy of the SMN gene, SMN2, which differs from SMN in five nucle-
otides. One of them determines the exclusion of exon 7 in SMN2, pro-
ducing a truncated, non-functional SMN protein in 90% of cases.”
SMN2 copy number varies among individuals and is the most impor-
tant influence on the clinical phenotype.*

Currently, three disease-modifying treatments are approved by the
US Food and Drug Administration: nusinersen, onasemnogene abe-
parvovec, and risdiplam. Nusinersen is an antisense oligonucleotide
(ASO) that modulates SMNZ splicing by promoting the inclusion of
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exon 7 and the production of a functional SMN protein. It requires
repeated intrathecal administration,™ a relatively invasive procedure
with side effects related to lumbar puncture, such as headache, local
pain, etc. In addition, late-onset patients are often affected by scoli-
osis, have undergone previous spine fusion operations, and frequently
have joint contractures and respiratory insufficiency, which compli-
cate lumbar puncture.” Indeed, with currently available ASOs, limited
distribution of the molecules to the rostral spinal and brain regions in
some patients likely hamper the clinical response of their motor units
in these regions.8 Moreover, recent reviews have provided evidence
that nusinersen can improve with heterogeneity motor functions in
SMA type I and II but not always in SMA type III subjects.” Onasem-
nogene abeparvovec is a gene therapy that provides wild-type full-
length SMN cDNA. It is systemically delivered, but its long-term
persistence in peripheral organs is not yet determined and it has
been linked to serious immunological side effects, particularly in
'% As yet, no clinical data are available regarding its use in
SMA II-IV. Risdiplam is a small molecule that increases SMN pro-
duction from SMN2 mRNA. It has the great advantage of being orally
administered and systemically distributed, but possible nonspecific
effects of the molecule can lead to unexpected adverse side reactions.
All SMN-based approved therapies show a very narrow therapeutic
window: the compounds are strikingly efficient only in the pre- or
early symptomatic phases, for reasons not completely understood,"’
and delayed intervention leads to a less efficient rescue of the patho-
logical phenotype.'* As SMA patients are a very heterogeneous group,
the only identified factor that is predictive of SMN-augmenting treat-
ment success is the age of the patient at treatment initiation, which is
closely related to disease duration.'! Nevertheless, universal newborn
screening remains a very distant prospect. Thus, we sorely lack a drug
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suitable for treating symptomatic SMA patients across different clin-
ical phenotypes.

Overall, since ASOs are sequence specific and their administration
can be stopped, thus increasing their safety, they are the most prom-
ising therapies to be further optimized.'” Data collected on autoptic
material demonstrated a 6.5-fold decline in normal SMN protein
expression in the human non-SMA spinal cord between the fetal
and post-natal stages, up to the third month of post-natal life."* More-
over, data on the efficacy of splicing modulation in SMA types II and
III showed interesting effects on phenotype that might depend on
SMN’s effects well beyond immediate post-natal life.* Therefore,
treatment SMA in the symptomatic phase could be beneficial and
should be investigated.

Here, we aimed to address these issues by developing novel ASO com-
pounds that do not require invasive injection, have local and systemic
actions, and are remarkably effective in symptomatic SMA. In previ-
ous experiments, we and other groups have already demonstrated the
efficacy of a specific ASO sequence, synthesized with Morpholino
(MO) chemistry, in targeting the ISS-NI region within SMN2
(HSMN2Ex7D 10-34), leading to robust improvement of pathologic
hallmarks with pre-symptomatic administration in SMA pups.'*"”

In this study, we investigated whether the biodistribution and overall ef-
ficacy of our MO treatment could be increased by conjugation with cell-
penetrating peptides (CPPs), small cationic arginine-rich peptides that
have already shown great potential as transmembrane delivery agents
for macromolecular compounds.'®'” The efficacy of CPPs in enhancing
the systemic delivery of MOs has already been demonstrated in a
Duchenne muscular dystrophy (DMD) mice model'®'” and in pre-
symptomatic SMA transgenic rodents,”>*' but it has never been as-
sessed in symptomatic SMA stages. After pilot experiments to select
the best CPP-MO conjugates, we explored the potential of r6- and
(RXRRBR),XB (RXR)-MO to improve the disease phenotype in symp-
tomatic SMA mice after systemic delivery. We demonstrated the supe-
riority of the CPP-MO conjugates in comparison with the naked MO in
increasing SMN protein levels, improving the pathological phenotype,
extending the lifespan of the mice, and rescuing histopathological fea-
tures through a single systemic injection, without any detectable toxic
effects. Based on our results, CPP-MO conjugates can be considered a
very promising, novel, safe, non-invasive, and efficient therapy suitable
to be translated to the clinic for symptomatic patients and those with
milder SMA unable to take advantage of available treatments.

RESULTS

CPP-conjugated MOs are able to increase SMN protein levels in
the CNS

We conjugated our validated MO sequence targeting the ISS-N1 re-
gion within SMN2 (HSMN2Ex7D 10-34)"° with one of four different
CPPs (Tat, R6, 16, and RXR). To verify the ability of each CPP to
deliver the MO to the CNS and increase the amount of SMN protein,
and to select the most efficient conjugate for further experiments, we
performed an intracerebroventricular (ICV) (Figures S1A, S1C, and

S1E) or intravenous (IV) (Figures S1B, SID, and S1F) injection
with the four different CPP-MOs at a concentration of 12 nmol/g
body weight in heterozygous SMAA7 mice at post-natal day 1 (P1).
Western blot (WB) results confirmed the superiority of CPP-conju-
gated MOs in significantly increasing the level of SMN protein in
both brain (Figures S1C and S1D) and spinal cord (Figures SIC-
S1F, p < 0.001 in brain ICV; p < 0.05 in brain IV and spinal cord
ICV; p < 0.01 in spinal cord IV). The r6 and RXR peptides were
the most effective in rescuing SMN if compared with naked MO
(p < 0.05). Therefore, these peptides were selected for the subsequent
experiments in symptomatic SMA mice.

CPPs deliver MOs to the CNS and peripheral organs of
symptomatic SMAA7 mice

We tested the selected RXR-MO and r6-MO conjugates in SMAA7
mice at P5, which corresponds to a symptomatic phase of SMA. We
injected the scrambled control (scr-MO), the naked MO, and the r6/
RXR-conjugated MO at the concentration of 12 nmol/g by systemic
intraperitoneal (IP) injection. Mice (n = 4/group) were sacrificed
48 h after treatment. WB analysis of brain and spinal cord revealed a
striking increase in SMN protein in mice treated with the CPP-MO
conjugates (Figure 1A). Statistically significant results were obtained
in the brains (p < 0.05, Figure 1B) and in the spinal cord (p < 0.01, Fig-
ure 1C) of mice treated with conjugates. These data demonstrated that
systemically administered select CPPs can deliver MO to the CNS, even
in a symptomatic phase, when the blood-brain barrier (BBB) is
completely closed. Further WB analyses were performed on heart, liver,
and kidney (Figure 1D), and confirmed the significant increase in SMN
levels in the livers and hearts (p < 0.01, Figure 1E), as well as in the kid-
neys (p < 0.05, Figure 1E) of CPP-treated mice. We also tested lower
doses of conjugates by injecting IP 6 and 9 nmol/g (n = 3/group),
but WB analysis showed no difference in SMN levels in the CNS after
those treatments (data not shown).

To collect data about the real biodistribution of naked MO and CPP-
MOs, independent from the SMN level, we performed an enzyme-
linked immunosorbent assay (ELISA) assay designed to specifically
detect our MO sequence. We assessed MO levels in brain, spinal
cord, heart, quadriceps, and liver of symptomatic SMA mice treated
at P5 with naked MO and r6-MO, which is the best peptide according
to WB, by IP injection (Figure 1F). Conjugation with r6 allowed MO
to reach all of these organs, with an average MO detection of 7,298 pM
in spinal cord, 5,271 pM in heart, 85,780 pM in liver, and 6,061 pM in
muscle. Our data showed a significantly higher amount of MO deliv-
ered by the r6 peptide compared with the naked MO in liver (p <
0.05), spinal cord (p < 0.05), muscle (p < 0.05), and heart (p <
0.001). In brain samples, we found only a trend toward increase
(data not shown), but basal values were always low and not reliable,
suggesting possible technical problems related to this specific tissue.

CPP-MOs treatment in a symptomatic phase rescues the
phenotype in SMAA7 mice

To evaluate the effects of CPP-conjugated MOs on the disease pheno-
type, we treated symptomatic SMAA7 mice at P5 with 12 nmol/g of
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Figure 1. Treatment with CPP-MOs by IP injection at
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Representative image of WBs for SMN and actin (A and D)
and their densitometric analysis (B, C, and E) performed
on protein extracted from brain (B), spinal cord (C), and
heart, liver, and kidney (E) from SMA mice treated IP at P5
with 12 nmol/g of naked MO, r6-MO, or RXR-MO, and
sacrificed at P7. Scr-MO animals were used as controls
(four mice/group). Relative amounts of SMN were

6-MO  RXR-MO normalized to actin levels as mean + SEM. Statistical
significance was determined using one-way ANOVA (*p <
0.05, *p < 0.01) and Student’s t test comparing CPP-
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18-MO RXR-MO

liver, heart, and muscle from SMA mice treated IP at P5

Heart

Spinal Cord SMN / ACTIN
»
%
Liver

T e b e

D ) St G S e S G C TN

L O o ot 1

e e e p— O ]

with 12 nmol/g of naked MO or r6-MO, and sacrificed at
P7. Scr-MO animals were used as controls. Statistical
significance was determined using Student’s t test
comparing CPP-MO versus naked MO (“p < 0.05, “*p <
0.01, **p < 0.001, at least three mice/group).
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ier curves showed an overall statistically signifi-
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= =10 B : 0.01, %% = 9.157, Figure 2A). CPP-MO-treated
% 54 — HNZ_ mice did not develop eye or ear necrosis after
month 5, maintained good motor skills and
104 autonomous movement (Video S2), and pre-
0 1 : sented better performance compared with
Heart Liver Kidney Livec  [Moucls: 'GP (e naked MO mice in the righting test at different

r6-MO or RXR-MO (n = 8/group), compared with naked MO mice
(n = 10). Mice injected with the scr-MO (n = 12) were used as con-
trols. Treated mice were monitored daily with regard to the pheno-
typic disease hallmarks and survival, until the end stage. Mice treated
with the scr or naked MO presented cases of paralysis and death in the
first 2 weeks, with a median lifespan of 12 days for the scr-MO and
17 days for the naked MO symptomatic mice (Figure 2A). Scr-MO
and naked MO mice presented muscle weakness starting from the in-
jection day (P5). Indeed, when laid on their backs, they were not able
to turn and stand on four paws in the righting test (Figure 2B; Video
S1) and, when suspended by the tail, they were not able to extend their
hind limbs during the tube test (Figure 2C) and never reached the age
(45 days) to perform the rotarod test. Treatment with either CPP-
conjugated MO significantly improved the survival and functional
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time points (for r6-MO p < 0.001, all time

points; for RXR-MO p < 0.001 at P10 and p <

0.05 at P13, Figure 2B; Video S3). The improve-
ment related to the naked MO was also observed in the tube test at
P10 (p < 0.05 for r6-MO) and at P13 (p < 0.001 for r6-MO, p <
0.05 for RXR-MO, Figure 2C), and in the results of the rotarod test
(Figure 2D; Video S4), which was successfully completed by the ma-
jority of CPP-MO mice. Comparing the two CPP-MOs, r6-MO-
treated mice always performed better than RXR-MO mice, showing
greater efficacy in rescuing the disease phenotype.

To further investigate the therapeutic window of CPP-MO treatment,
we also treated SMA mice at P7 and P10 by IP injection. We observed
that survival did not improve compared with naked MO- and scr-
MO-treated mice (average survival: 13.1 days for r6-MO and
15.2 days for RXR-MO, data not shown). Moreover, we treated
SMA mice at P7 by ICV injection to be sure the entire dose of
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treatment could reach the brain, but observed no remarkable increase
in lifespan, suggesting that treatment at P7 is too late to obtain any
rescue of the disease (data not shown).

To evaluate possible toxic effects caused by CPP-MO treatment, we
collected serum from wild-type mice and symptomatic mice IP
treated with scr-MO, r6-MO, or RXR-MO. Toxicological evaluation
was performed on a standard set of biomarkers for liver and kidney
toxicity, such as glucose, creatinine, urea, total cholesterol, total
protein, total bilirubin, alkaline phosphatase, alanine transaminase,
creatine kinase, and lactate dehydrogenase. All biomarker levels
were comparable between the groups, suggesting that the treatments
had no detectable toxic effects (Figure 2E).

total ALP ALT CK

wild-type and SMA mice treated IP at P5 with naked
MO, r6-MO, or RXR-MO at three different time points
showing improvement with CCP-MO in comparison
with naked MO treatment (scr-MO n = 10, naked MO
n =12, r6-MO, RXR-MO n = 8, r6-MO: ***p < 0.001, all
time points; RXR-MO: **p < 0.001 at P10 and *p <
0.05 at P13, contingency and Fisher’'s exact tests,
CPP-MO versus naked MO). (C) Mean tube test hin-
dlimb scores on a 0-4 scale. SMA mice were treated IP
at P5 with scr-MO, naked MO, r6-MO, or RXR-MO at
three different time points. Mice treated with CPP-MOs
performed significantly better than mice treated with
naked MO (scr-MO n = 10, naked MO n = 12, r6-MO,
RXR-MO n = 8, r6-MO: *p < 0.05 at P10 and ***p <
0.001 at P13, RXR-MO: *p < 0.05 at P13, Student’s t
test, CPP-MO versus naked MO). Values are presented
as means + SEM. (D) Stacked bar plot of rotarod per-
P75 formance test results of wild-type and SMA mice
treated IP at P5 with r6-MO or RXR-MO. No scr-MO or
naked MO mice were alive at the two time points
tested. Results are indicated as the percentage of an-
imals that completed the test (p < 0.001 r6-MO versus
RXR-MO at P45). The records were performed at two
different time points P45 and P75. (E) Stacked bar plot
of toxicity markers analyzed in wild-type (n = 11) and
SMA mice treated at P5 with 12 nmol/g of r6-MO and
RXR-MO (n = 3/group, one-way ANOVA. p < 0.05 for
ALP and ALT). Measurement units for concentrations:
mg/dL for glucose, creatinine, urea, total cholesterol,
total bilirubin; g/dL for total protein; U/L for alkaline
phosphatase (ALP), alanine transaminase (ALT), crea-
tine kinase (CK), and lactate dehydrogenase (LDH).
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CPP-MO treatment ameliorates pathological hallmarks in spinal
cord and muscles of SMA mice

SMAA?7 mice develop neuropathological features starting from P5. One
of them is the degeneration of neuromuscular junctions (NMJs), whose
denervation increases with the progression of the disease.”” The disease
is also characterized by marked and progressive MN degeneration.” To
better understand the mechanisms underlying phenotypic rescue after
CPP-MO treatment, we analyzed scr-MO, naked MO, r6-MO, and
RXR-MO mice treated by IP injection at P5 and sacrificed at P10 or
P30 (n = 4/group). The pathological hallmarks were observed in all
the untreated, scr-MO, and naked MO mice at P10. Analyses at P30
could not be performed in these animals since they died around P15.
Interestingly, in CPP-treated mice, we observed a marked amelioration
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Figure 3. Treatment with CPP-MOs ameliorates
intercostal muscle NMJ innervation in SMA mice
(A) Immunostaining of intercostal muscles from symp-
tomatic SMA mice treated at P5 with scr-MO, naked MO,
r6-MO, or RXR-MO sacrificed at P10, performed with NF-
M antibody (green) and a-bungarotoxin antibody (red).
Magnification: 40x. (B) Stacked bar plot of the percentage
of innervated (black) and denervated (light gray) NMJs in
SMA mice at P10 (*p < 0.01, for r6-MO, n = 100 NMJs, 4
mice/group, contingency and Fisher’s exact test, CPP-
MO versus naked MO). (C) Representative image of NMJ
staining of SMA mice treated with r6-MO or RXR-MO and
sacrificed at P30. (D) Stacked bar plot of the percentage of
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Stacked bar plot of endplate area of NMJs in SMA mice at
P10 (E) and P30 (F) (**p < 0.001, n = 100 BTXs, n = 4
mice/group, one-way ANOVA). (G) Representative image
of hematoxylin and eosin staining of quadriceps muscles
from SMA mice treated with scr-MO, naked MO, r6-MO,
or RXR-MO and wild-type mice, sacrificed at P10
(magnification: 40x) and stacked bar plot of cross-
sectional area of muscle fibers in SMA mice at P10 (**p <
0.001, n = 100 fibers, n = 4 mice/group, one-way
ANOVA). Scale bars, 75 um (A and C) and 90 um (G).
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quadriceps and intercostal muscles (Figures 3G
and S2) tested with hematoxylin and eosin stain-
ing, showing larger and better organized fibers,
with cross-sectional areas quantified in quadri-
ceps significantly higher in CPP-treated mice
(Figure 3G; p < 0.001). Moreover, treatment
with CPP-MOs increased the number of MNs.
In spinal cords of mice sacrificed at P10, the num-
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of NMJ denervation at P10 compared with naked MO, 5 days after treat-
ment, which was significant for r6-MO (p < 0.001, Figures 3A and 3B).
The recovery of peripheral synapses in r6-MO mice reached 60% inner-
vation, while it did not surpass 40% in scr-MO and naked MO mice
(Figure 3B). At P30, innervation remained good, at 72% in r6-MO
and 50% in RXR-MO-treated mice, again confirming the superiority
of r6-MO treatment (p < 0.05 r6-MO versus RXR-MO, Figures 3C
and 3D). We also observed a significant increase in the endplate area
of NMJs in CPP-MO mice at P15 (p < 0.001, Figure 3E), which was
maintained at P30, in particular for r6-MO (Figure 3F). SMA mice typi-
cally present muscle fiber atrophy and smaller skeletal muscle size,
particularly in the intercostal muscles.”* Our data showed that CPP-
MO treatment had beneficial effects on these pathological markers in
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ber of MNs was significantly higher in CPP-
treated mice (p < 0.001; Figures 4A and 4B).
The increasing trend was also confirmed in
CPP-MO-treated mice sacrificed at P30 (Figures
4C and 4D).
nake¢ 6 RXR

Spinal gliosis is also known to be significantly

high in SMA mice compared with wild-type
mice.”> We investigated gliosis levels, identified by glial fibrillary
acidic protein (GFAP) staining of spinal cord from wild-type mice,
scr-MO, and CPP-MO-treated SMA mice (Figure 4E). The quantita-
tive analyses showed higher levels of gliosis in scr-MO mice, while
they significantly decreased in CPP-MO mice (p < 0.001, Figure 4F).
All the experiments demonstrated the superiority of r6-MO
compared with RXR-MO in ameliorating phenotype and delivering
MO to CNS and peripheral organs.

r6-MO treatment restores liver Igf1 and SMN expression in
treated mice

The dysregulation of the insulin-like growth factor 1 (Igfl) gene axis
and its rescue after systemic ASO administration were reported
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Figure 4. Treatment with CPP-MOs increases MN
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(A) Representative image of MN staining of spinal cords
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scr-MO number as mean + SEM. Statistical significance
was determined using one-way ANOVA (**p < 0.001, n =
60 slices, n = 4/group). (C) Representative image of MN
staining in spinal cords from SMA mice treated with r6-MO
or RXR-MO and sacrificed at P30. (D) Bar plot of MN
numbers in spinal cords from SMA mice at P30. (E)
Representative image of GFAP staining of spinal cords
from wild-type mice and SMA mice treated with scr-MO,
naked MO, r6-MO, or RXR-MO and sacrificed at P10. (F)
Bar plot of gliosis levels in spinal cords from SMA mice at
P10. The number of nuclei surrounded by GFAP was
normalized to the scr-MO number and reported as
mean + SEM. Statistical significance was determined
using one-way ANOVA (***p < 0.001, n= 100 nuclei, n =4/
group). Scale bars, 50 pm (A and C) and 90 um (E).
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MOs were able to significantly increase SMN
FL expression levels (p < 0.01, Figure 5E) as
well as the SMN FL/A7 ratios (p < 0.01, Fig-
ure 5F), indicating that the treatments improved
the efficacy of exon 7 inclusion.

RXR-MO

DISCUSSION
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We conjugated our validated MO 10-34
sequence'” to CPPs to allow it to reach the
CNS by systemic administration even in symp-
tomatic SMA, after the complete closure of the
BBB.”> We used CPPs due to their ability in

GFAP signal

GFAP / DAPI

transporting active biological cargos into the
cell."” Moreover, the positive charge and argi-
nine content of the most-used CPPs allow

previously in an SMA mouse model.”> We collected livers of treated
SMA mice or wild-type mice (n = 4/group) at P7 to see whether
the IGF1 pathway was affected in our SMA model and modified by
our treatments. Real-time qPCR results showed a significant decrease
of both Igf1 and insulin growth factor binding protein acid labile sub-
unit (Igfals) expression in scr-MO compared with wild-type mice (p <
0.001 and p < 0.01, respectively, Figures 5A and 5B). Treatment with
r6-MO and RXR-MO tended to increase Igf] expression, with signif-
icantly higher levels in r6-MO-treated compared with naked MO
mice (p < 0.05, Figure 5C), while no significant variation was found
in Igfals expression (Figure 5D).

Notably, real-time qPCR assays performed on spinal cord samples of
untreated and treated mice sacrificed at P7 disclosed that the CPP-

naked-MO

them to cross membrane lipid bilayers such as
the BBB.® CPPs have a demonstrated neuro-
protective effect”” dependent on their positive
charge,”® making them suitable for clinical application with reduced

6-MO  RXR-MO

risk of adverse effects.

In this study, we tested four different CPPs conjugated to MO 10-34 for
delivery efficiency and toxicity. The two most promising CPPs identi-
fied, r6 and RXR, were tested on symptomatic SMA mice using sys-
temic injection. We demonstrated that, even when delivered by IP in-
jection at P5, the r6-MO and RXR-MO conjugates were able to cross
the BBB and increase the distribution of MO better than naked MO,
resulting in a higher level of SMN, acting increasing exon 7 inclusion.
The high internalization efficiency of r6 conjugate likely depends on the
lengths of its peptide backbone and stretch of arginine residues,” while
studies on RXR compound have shown a significant correlation be-
tween its splicing correction efficiency and its affinity for heparin
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Figure 5. Igf1, Igfals, SMN FL, and SMN FL/SMN 47
expressions are partially restored in CPP-MO-
treated mice

(A) Bar plot of liver Igf1 expression in untreated wild-type
mice and scr-MO SMA mice sacrificed at P7 (***p < 0.001,
Student’s t test). (B) Bar plot of liver Igfals expression in
untreated wild-type mice and scr-MO SMA mice sacri-
ficed at P7 (**p < 0.01, Student’s t test). (C) Bar plot of liver
1gf1 expression in scr-MO, naked MO, r6-MO, and RXR-
MO mice sacrificed at P7 (*p < 0.05, ANOVA). (D) Bar plot
of liver Igfals expression in scr-MO, naked MO, r6-MO,

T and RXR-MO mice sacrificed at P7. Data were normalized

bl to the average levels of 18S RNA. Values are presented as
means + SEM, at least n = 3/group. (E) Spinal cord SMN
FL expression in wild-type, scr-MO, naked MO, r6-MO,
and RXR-MO mice sacrificed at P7 (**p < 0.01, ANOVA).
(F) Ratio of SMIN FL/SMN A7 expression levels in spinal
cord of wild-type, scr-MO, naked MO, r6-MO, and RXR-
MO mice sacrificed at P7 (**p < 0.01, ANOVA). Data were
normalized to the average levels of B-Actin. Values are
presented as means + SEM, at least n = 3/group.

istered toward a clinical perspective. We found

remarkable amounts of MO in peripheral or-
gans, in particular in liver and heart, suggesting
that systemic IP injection promoted dispersion
of the conjugate, probably due to the distance
of the peritoneum from the brain and spinal
cord and its proximity to the liver. We have
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and ability to destabilize model synthetic vesicles.’® A peptide
belonging to this particular class has shown promising results in deliv-
ering MO in DMD mice by IP injection, with a significantly superior
effect on exon skipping and dystrophin restoration compared with
the naked MO,”" while the same peptide ([RXRRBR],XB), adminis-
tered by intravenous and intramuscular injection, produced strong dys-
trophin expression in 100% of fibers in all skeletal muscles examined.”*
We did not observe any toxic effects of our CPP-MOs, confirming what
has already been shown for RXR by Jearawiriyapaisarn et al.>* and for
The CPP Pip6 by Hammond et al.”’

There are very few data about MO compound detection in organs to
assess its real biodistribution. We adapted a specific ELISA protocol®*
to detect our MO oligomer, obtaining an innovative method that
could be useful in determining the exact effective dose to be admin-

1294 Molecular Therapy Vol. 30 No 3 March 2022

naked-MO 6-MO  RXR-MO

not excluded the possibility that peripheral
SMN restoration played a role in the SMA
rescue. Hensel et al. have suggested that periph-
eral SMN restoration may be needed, comple-
menting SMN restoration in the CNS."” In
contrast, systemic injection requires a high
dose to achieve the right amount of SMN in
the CNS: doses lower than 12 nmol/g resulted
ineffective. Hammond’s group tested lower
doses of CPP-MOs, but a comparison with our
study is not possible, since the timing and means of administration
differ.” It would be interesting to explore the efficacy of subcutaneous
injection, another systemic delivery, to compare the exact required
dose. We used IP delivery for practical reasons in mice, while in hu-
mans intravenous injection will be the most likely route of adminis-
tration. Recently, Sarepta Therapeutics initiated a phase I/IIa clinical
trial of a novel MO conjugated to a CPP, PPMO SRP-5051, targeting
DMD patients amenable to exon 51 skipping'® and further support-
ing the clinical translatability of our proposed CPP-MO injection for
SMA.

The analysis of neuropathology revealed that even in mice treated at
P5 there was a significant rescue of phenotype. Symptomatic mice
treated with CPP-MO conjugates, in comparison with the naked
MO, showed improved numbers of innervated NMJs and MNs at
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P10, as well as increased NM]J synaptic area, and this improvement
was maintained up to P30 and beyond, if we consider the survival
and motor ability data. Crucially, this demonstrates that when symp-
toms are already present, live MNs can be protected from death.
NM]Js seemed to benefit more from the treatment than MNs. NM]J
and MN development are strongly linked, although this connection
is not well defined. NM]Js are an early pathological target in MN dis-
eases,” since SMN protein present in the CNS has a role in their for-
922 We can speculate that treatment with a
CPP-MO, given its increased cell distribution, can more efficiently
reverse the deficiency of SMN in spare MNs, protecting and prevent-
ing their death even in symptomatic stages. Surviving MNs can then
re-innervate NMJs directly or by collateral sprouting. Our treatment
can stabilize SMN levels and produce normal-appearing histology in
mice up to P30 and beyond, bypassing the developmental period of
major SMN requirement. In rodent models of SMA type I, multiple
synaptic deficits in the neuromuscular units, including NMJ dysfunc-
tion and morphological alterations and central proprioceptive
sensory synapses onto MNs have been reported.””*® These synaptic
defects precede MN loss and the consequent irreversible motor func-
tion demise associated with this late event, and may represent the bio-
logical basis for functional rescue early in symptomatic disease. It is
likely that such cellular dysfunction and cellular loss are also inter-
twined in humans, although our present understanding is limited
by the available therapeutic tools. Furthermore, improvement in
NM]J innervation is correlated to decreased muscle atrophy’> and
consequent amelioration of performance in functional tests.

mation and innervation.

Another aspect we considered is gliosis, which is reported to be asso-
ciated with areas of MN degeneration in the spinal cord and brain
stem in all three types of human SMA, and recent studies suggest
that it contributes to MN death.*”*® Qur analyses revealed a strong
decrease in GFAP-positive astrocyte numbers in spinal cords of
CPP-MO mice compared with scr-MO mice, but not compared
with naked MO mice.

Motor skill recovery began around P7, in line with histology showing
progress at P10. CPP-MO animals maintained motor functions until
death, which occurs suddenly without any evident degeneration. Af-
ter CPP-MO treatment, survival was significantly extended, with a
median of 42 days in r6-MO and 23 days in RXR-MO mice. In
CPP-treated groups, 37% of r6-MO-treated animals survived to
over 3 months of age, and 25% to over 4 months. To our knowledge,
these results have never been achieved before in symptomatic animals
with a systemic injection in preclinical testing of therapeutic com-
pounds, whether ASOs, gene therapy, or small molecules. Indeed,
the most recent study in symptomatic SMA mice was performed on
P2, P4, or P6 by Arnold et al. was not comparable to ours, using
ICV injection.*' Overall, r6-MO proved to be superior to RXR-MO
in terms of survival, histopathology, and function. For all treatments,
an inter-individual variation was detected in the response to systemic
injection, likely resulting from the type of administration and reflect-
ing survival differences observed within each group. Studies using
other doses and multiple time points in a larger number of animals

are of interest and necessary to optimize this promising therapeutic
approach for clinical translation.

The demonstrated phenotypic rescue of symptomatic SMA animals at
P5 widened the therapeutic window beyond our expectations, but it is
nevertheless still a window, at P7, neither IP nor ICV injection of
either CPP-MO had a therapeutic effect. These data are relevant for
humans, in which a wider therapeutic window can be expected
when the SMN-augmenting compound is distributed well enough
to increase the SMN level sufficiently in the majority of cells and
the length of the window will still have to be quantified.

Disruption of the IGF1 system has been described in neurodegener-
ative diseases, including Alzheimer’s disease, amyotrophic lateral
sclerosis, and SMA.** Increasing SMN levels by ASO treatment is re-
ported to re-establish this system.””** Liver Igfl and Igfals expression
levels decreased markedly in SMA compared with unaffected mice.
Only IgfI expression could be rescued by CPP-MO treatment.

Overall, we demonstrated that the two conjugates, in particular r6-
MO, were able to reach the CNS in mice at P5 after IP injection.
This avoided invasive intrathecal injection and improved SMN levels
and consequently SMA symptoms compared with the naked MO, a
novel result in SMA mice. Since symptomatic SMA patients and
late-onset mild SMA patients are currently the most difficult to treat,
our conjugate should be considered a great improvement from a clin-
ical perspective. Based on the results we obtained, we believe strongly
in the feasibility of clinical translation and the utility of the CPP-MO
conjugates, even in symptomatic SMA patients.

MATERIALS AND METHODS

MO oligomers

The specific MO sequence targeted to SMN2 pre-mRNA used
(GTAAGATTCACTTTCATAATGCTGG) was described previ-
ously."” The CPPs used in the study are Tat (YGRKKRRQRRRQ),
R6 (RRRRRR, L enantiomeric configuration), 16 (RRRRRR, D enan-
tiomeric configuration), and RXR (sequence: [RXRRBR],XB). Each
of the CPP was covalently conjugated to the 5’ end of the MO by
our external collaborator, Dr. Hong Moulton, using previously
described methods.>*** A scramble MO (scr, GTAACATTGACTT
TGATATTCCTGG) was used as a control for antisense specificity.

Animal models

All transgenic animals were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All animal experiments were approved by
the University of Milan and Italian Ministry of Health review boards
according to the institutional guidelines, in compliance with national
(D.I no. 116, G.U. suppl. 40, February 18, 1992, Circolare no. 8, G.U.,
14 Luglio 1994) approved protocol 1007-2016-PR. We used JAX
stock no. 005025: FVB.Cg-Grm7Tg(SMN2)89AhmbSmnltmlMsd
Tg(SMN2*delta7)4299Ahmb/J, a mouse model of type I/II SMA, also
called SMAA7 mouse. Heterozygous animal for Smnl (Smn+/—;
SMN2+/+; SMNA7+/+) were bred together to obtain mice that are ho-
mozygous knockout for Smnl allele (Smn—/—) and homozygous for
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the other two transgenic alleles (SMN2+/+; SMNA7+/+). These mice
(Smn—/—; SMN2+/+; SMNA7+/+) display SMA phenotype and are
named SMA mice. The mice were genotyped with a PCR assay on
genomic DNA from tail biopsies, as described previously.*®

Treatments
Treatments were carried out on cryoanesthetized mice using a 10 pL,
30-gauge Hamilton syringe.

Heterozygous mice

Preliminary treatments were performed on heterozygous SMA mice,
to determine the therapeutic efficacy of four different CPPs (n = 6
treated mice per CPP) versus scr-MO and naked MO mice. CPP-con-
jugated MO was administered at a concentration of 12 nmol/g'® using
ICV or IV protocol>** in SMA mice at P1.

SMA mice

To test the efficacy of our specific treatment on symptomatic SMA mice,
6 (7.5 mg/kg), 9 (11.25 mg/kg), or 12 nmol/g (15 mg/kg) of CPP-MO
(n = 21), naked MO (n = 23) and scr-MO (n = 25) were administered
in symptomatic SMA mice by IP injection at P5, P7, or P10. To inves-
tigate the width of SMA therapeutic window, 12 nmol/g (15 mg/kg) of
CPP-MOs, naked MO and scr-MO were administered by ICV injection
in SMA mice at P7 (n = 6) as described previously.”'

wB

For SMN protein detection, treated mice (n = 4 per treatment) were
sacrificed 48 h after injection. The following tissues were harvested:
brain, spinal cord, kidney, heart, liver. Tissues were frozen in liquid ni-
trogen and stored at —80°C. Blood was collected and processed for
toxicity analyses.

Two different extraction protocols were used depending on tissue
type. Brain, kidney, heart, and liver were weighted and extraction
buffer (4 M urea, 4% SDS) was added in a concentration of 19 pL/
mg. Tissues in suspension were then homogenized. Spinal cord was
weighted, and in this case extraction buffer (Tris-HCI 0.5 M, 10%,
glycerol 10%, B-mercaptoethanol 0.3%, bromophenol blue 0.3%,
SDS 0.3%, protease inhibitor cocktail 0.5%) was added to reach a con-
centration of 11 pL/mg; spinal cord was sonicated. Dosage of ex-
tracted protein was performed using the Lowry method.*’

Five micrograms of protein was separated by 12% precast SDS-PAGE
(Bio-Rad) and electrophoretically transferred to a nitrocellulose mem-
brane (GE Healthcare, Amersham). Membranes were incubated with
anti-SMN (1:1,000, BD) and anti-actin (1:1,000, Sigma) antibodies. In
particular, secondary anti-mouse IR-DYE 800 CW (1:20,000) were
added for 1 h at room temperature (RT), bands were visualized with
LI-COR Biosciences technology, Odyssey FC, and densitometric anal-
ysis was carried out on Image Studio Software (LI-COR Biosciences).

ELISA
To quantify MO delivered to different organs by the conjugation with
either the RXR or r6 peptide, independently from SMN levels, we per-
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formed an ELISA method based on a previously described protocol.**
Naked and r6-MO mice (n = 3/group) were sacrificed 48 h after IP
treatment (P7), and the brain (n = 5/group), spinal cord (n = 3/
group), liver (n = 3/group), quadriceps muscle (n = 5/group), and
heart (n = 3/group) were harvested. After homogenization and
trypsin digestion, tissues were eluted and tested in triplicate on a
Neutravidin-coated plate at RT overnight and hybridized with a spe-
cific probe complementary to our MO sequence (Eurofins). After
washing, the plate was incubated with 5 U/well micrococcal nuclease,
the optimal enzyme concentration determined for our probe. After
incubation with anti-digoxigenin AP-conjugated antibody and subse-
quently with the AttoPhos substrate, the plate reading was performed
using a Varioskan LUX multimode microplate reader (Thermo Fisher
Scientific, USA). Four control wells in duplicate were added in each
plate to determine the background signal.

Survival and phenotypic tests

Each day, observers monitored all injected animals (wild type n = 6,
scr-MO n = 10, naked MO n = 12, r6-MO, or RXR-MO n = 8/group),
as well as breeding pairs, for morbidity, mortality, and weight. All
treated animals underwent phenotypic tests and weight measures
twice a week up to P14, then weight was measured once a week.

Hindlimb suspension test
Hindlimb suspension test evaluates the positioning of the legs and
tail. Mice were suspended by their hind limbs from the lip of a stan-
dard 50-mL plastic centrifuge tube. The posture was scored from 0 to
4 as described previously.*®

Righting reflex
Righting reflex assay was performed turning each pup onto its back
and evaluating its ability to stably place all four paws on the ground.*®

Rotarod
The rotarod test (RotaRod 7650; Ugo Basile) was performed from P45
once a month, using a 4-phase profile as described previously."”

Histological analyses

For immunohistochemistry analyses, untreated mice at P5 and
treated/scr mice at P10 or P30 were sacrificed (at least n = 3/group).
Intercostal muscles were directly frozen on dry ice, while spinal cord
samples were fixed in paraformaldehyde (PFA) 4% for 24 h. The next
day PFA was removed, tissues were washed in PBS 1 x and put in 30%
sucrose for 24 h. Then, spinal cord was extracted from the column,
lumbar section was cut and frozen in dry ice and at —80°C. At least
24 h after freezing, both tissues were cryosectioned on SuperFrost mi-
croscope slides. The section thickness was 20 pm.

NMJ detection

To detect innervated NMJs in intercostal muscles, we added to the
slides 10% normal goat serum (NGS) in PBS 1x and 0.3% Triton
X-100 for 1 h at RT. Primary antibodies were added overnight at
4°C: neurofilament 1 (1:250; Milllipore) and o-bungarotoxin 555
(1:200; Life Technologies). With unconjugated primary antibody,
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we used mouse and rabbit secondary antibodies conjugated with
Alexa 488 (1:1,000, Life Technologies) for 1 h at RT. After washing
three times in PBS 1x the coverslips were mounted with the use of
FluorSave Reagent (Calbiochem). Images of the stained intercostal
muscles were acquired with a confocal microscope LEICA SP8. We
counted the total number of NMJs and the percentage that was inner-
vated by the axons, when the two signals merged. As already
described, we considered at least 100 NM]Js from each muscle.'”

Endplate area

We used intercostal muscles stained for a-bungarotoxin 555. Images
acquired by confocal microscopy were analyzed with Image]J software:
endplate areas marked by a-bungarotoxin were encircled/trimmed
with a specific tool and measured in at least 100 NMJs, as described
previously.*”

MN detection

To evaluate the number of MNs in spinal cord (n = 4/group) in
immunofluorescence, slices were blocked in PBS 1x with 10% NGS
and 0.3% Triton X-100 for 1 h at RT. We stained sections taken
from at least 100 pm apart to avoid double counting of the same
cell. Primary antibody ChAT (goat 1:250, Millipore) was added over-
night at 4°C, then the slides were incubated for 1.5 h at RT with the
specific secondary biotinylated antibody (1:400, Vector Laboratories),
then they were incubated for 1 h at RT with Streptavidin Cy3 (1:400,
Sigma Aldrich). Counts were made in the anterior ventral horns of the
spinal cord and serial sections (n = 30 slices for each zone L1-L2, L3-
L5, which resulted in four to six slides per mouse) were analyzed at
20x magnification.

Gliosis

To assess the presence of gliosis in the spinal cord of mice (n = 4/
group), we blocked slices in PBS 1x with 10% NGS and 0.3% Triton
X-100 for 1 h at RT. GFAP primary antibody (1:500, Abcam) was
added overnight at 4°C, then the slides were incubated with Alexa
488 secondary antibody (1:1,000, Life Technologies) for 1.5 h at
RT. Once the cover slides were mounted, to perform a semi-quanti-
tative analysis, we acquired from four to six images of spinal cord
half slices for each treatment at 20 x with a confocal microscope (LE-
ICA SP8), to count at least n = 100 nuclei, and divided the number of
nuclei surrounded by more than 50% of their perimeter by GFAP by
the total number of cells.*®

Staining of muscle fibers

We performed a hematoxylin and eosin staining on intercostal mus-
cle slices of CPP MO-treated, naked MO-treated, and scramble mice:
slides were incubated for 50 s in hematoxylin reagent, and washed in
water. Then slides were stained in eosin reagent for 20 s, rinsed, incu-
bated in EtOH for 5 min, and washed twice in EtOH. Finally, slides
were rinsed three times in xylene and mounted with cover slides.

Cross-sectional area
To measure the cross-sectional area of muscle fibers, pictures of
hematoxylin and eosin staining were acquired by optical micro-

scopy and perimeters of fibers were encircled/trimmed using
Image]. Areas were measured as described previously* for at least
100 fibers.

RNA isolation and real-time qPCR

Wild-type and SMA mice (scr-MO, naked MO, r6-MO, RXR-MO)
were sacrificed 48 h after IP treatment at P5. Total RNA was extracted
from murine livers (at least n = 3/group) using ReliaPrep RNA Tissue
Miniprep System (Promega). cDNA for real-time PCR experiments
was synthesized from 1.5 pg of total RNA, using the Ready-To-Go kit
(GE Healthcare). The expression levels of Igfl (MmO00439559_ml,
Thermo Fisher Scientific), Igfals (Mm01962637_s1, Thermo Fisher Sci-
entific), SMN FL, and SMN 47 (probes and primers available upon
request) were assessed by quantitative analysis on a 7500 Real-Time
PCR System (Applied Biosystems). Data were normalized to the average
levels of 18S (Hs99999901_s1, Thermo Fisher Scientific) or B-Actin
(MmO00607939_s1, Thermo Fisher Scientific).

Toxicity evaluation of the CPP-MO conjugates

To assess the toxicity of the CPP-MO treatments we collect the blood
from wild type mice (n = 11) with SMA treated with r6-PMO, RXR-
PMO, or scr-MO (n = 3/group) during the dissection procedure. The
blood was left for 30 min at RT and then centrifuged for 10 min at
3,500 rcf. The resulting supernatant, the serum, was transferred in a
new tube and stored at —20°C.

The evaluation was performed by Charles River Laboratories on
a standard set of toxicity biomarkers: glucose, creatinine, urea,
total cholesterol, total protein, total bilirubin, alkaline phosphatase,
alanine transaminase, creatine kinase, and lactate dehydrogenase.

Statistical analyses

All statistical analyses were performed using the Prism software. Data
were expressed as mean =+ standard error of the mean (SEM). All data
were analyzed using one-way ANOVA for multi-comparison ana-
lyses followed by Tukey post-hoc tests and Student’s t test to compare
each CPP-MO treatment with naked MO. NM] innervation and
righting test were analyzed using a contingency test following by
Fisher’s exact test. Kaplan-Meier survival analysis and log rank test
were used for survival comparisons. Values were considered signifi-
cant when p < 0.05.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.11.012.
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