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Duchenne muscular dystrophy (DMD) is typically caused by
mutations that disrupt the DMD reading frame, but nonsense
mutations in the 50 part of the gene induce utilization of an in-
ternal ribosomal entry site (IRES) in exon 5, driving expression
of a highly functional N-truncated dystrophin. We have devel-
oped an AAV9 vector expressing U7 small nuclear RNAs tar-
geting DMD exon 2 and have tested it in a mouse containing
a duplication of exon 2, in which skipping of both exon 2 copies
induces IRES-driven expression, and skipping of one copy leads
to wild-type dystrophin expression. One-time intravascular in-
jection either at postnatal days 0–1 or at 2 months results in
efficient exon skipping and dystrophin expression, and signif-
icant protection from functional and pathologic deficits.
Immunofluorescence quantification showed 33%–53% average
dystrophin intensity and 55%–79% average dystrophin-posi-
tive fibers in mice treated in adulthood, with partial ameliora-
tion of DMD pathology and correction of DMD-associated al-
terations in gene expression. In mice treated neonatally,
dystrophin immunofluorescence reached 49%–85% of normal
intensity and 76%–99% dystrophin-positive fibers, with near-
complete correction of dystrophic pathology, and these benefi-
cial effects persisted for at least 6 months. Our results demon-
strate the robustness, durability, and safety of exon 2 skipping
using scAAV9.U7snRNA.ACCA, supporting its clinical use.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked degenerative
muscle disorder that affects around 1 in 5,200 male births.1 Symp-
toms of generalized muscle weakness first appear at age 3–5 years
and progress to a loss of ambulation by age 13, with death typically
occurring in the third decade of life due to cardiomyopathy or respi-
ratory insufficiency.2,3 DMD is caused by mutations that disrupt the
open reading frame in the DMD gene, which encodes dystrophin,4 a
large (427 kDa) multifunctional protein that is localized at the subsar-
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colemmal region of myofibers, where it plays an important role in
protecting the sarcolemma from mechanical damage caused by mus-
cle contraction.5 The presence of a partially functional dystrophin
protein occurs with mutations that maintain an open reading frame,
often resulting in the milder allelic disorder Becker muscular dystro-
phy (BMD).6,7 Because of the variety of in-frame mutations resulting
in a variety of partially functional proteins, BMD has a broad pheno-
typic spectrumwith, for example, loss of ambulation ranging from the
late teenage years to late adulthood.

Promising therapeutic approaches to DMD are based on the replace-
ment of a functional version of DMD or its repair at the DNA or pre-
mRNA level. Both approaches aim to restore an open reading frame,
leading to expression of a partially functional, BMD-like dystrophin.
Gene replacement trials are under way using modified adeno-associ-
ated viruses (AAVs)8–10 but transgene packaging capacity of AAV is
limited to �5 kb. Because the DMD cDNA is 11.4 kb, some current
gene therapy strategies rely on delivery of one of several engineered
microdystrophin cDNAs, which carry internal deletions of the central
rod domain and deletions of some of the C-terminal portion of the
protein.11,12 An alternative approach is to restore the mRNA reading
frame by delivering an antisense sequence that binds to key exon defi-
nition elements in the pre-mRNA, inhibiting the recognition of a
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specific exon by the spliceosome and leading to exclusion of the target
exon from the mature RNA. Such antisense sequences can consist of
antisense oligonucleotides (AONs), or phosphorodiamidate morpho-
lino oligomers (PMOs) such as eteplirsen, the first such therapy
approved by the US Food and Drug Administration (FDA) for the
treatment of DMD caused by mutations amenable to skipping of
exon 51.13–15

An alternative to the use of AONs, whose short half-life outside mus-
cle fibers necessitates frequent reinjections, is to embed antisense tar-
geting sequences into a modified U7 small nuclear RNA
(U7snRNA).16 This becomes a part of a small nuclear ribosomal pro-
tein complex (snRNP) that protects the antisense sequence from
degradation and allows for accumulation in the nucleus where
splicing occurs.17 The U7snRNA, which contains internal promoters
allowing for continuous transcription of the downstream antisense
sequences, can be encapsidated into an AAV for widespread tissue de-
livery. This approach has been shown to be efficient in vitro as well as
in mouse and dog models of DMD.6,18–21

Duplications of one or more exons cause up to 11% of all DMD cases,
and duplications of exon 2 are the most common, accounting for 10%
of all duplications.22,23 Our group sought to test the U7snRNA
approach to induce skipping of Dmd exon 2, with a particular goal
of restoring wild-type (WT) dystrophin rather than an internally
deleted BMD-like dystrophin. Targeting of exon 2 duplication muta-
tions by exon skipping provides a very wide therapeutic window
because of the highly beneficial nature of both potential skipped tran-
scripts. Whereas skipping of a single copy of exon 2 results in a full-
length WT dystrophin, skipping of both copies results in alternative
translational initiation from a highly functional internal ribosome en-
try site (IRES) within exon 5.14 Despite lacking the first calponin ho-
mology 1 (CH1) domain within N-terminal actin binding domain 1
(ABD1), the resulting protein is highly functional—as proven by
the exceedingly mild phenotype in families who express this version
of the protein due to a founder allele nonsense mutation within
exon 1, many of whom have only myalgia and elevations in creatine
kinase, and walk into their seventh decade or longer.24

The vector we developed contains four copies of the U7snRNA in a
self-complementary genome, with two copies targeting the splice
acceptor site (sequence A) and two targeting the splice donor site
(sequence C), encapsidated in AAV9 (scAAV9.U7.ACCA). After
demonstrating the efficacy of intramuscular and systemic delivery
of this vector in the Dup2 mouse (which carries the analogous muta-
tion),25 we confirmed the induction of widespread dystrophin expres-
sion throughout the muscles and heart up to 3 months after treat-
ment26 without evidence of off-target splice alteration in mice27 or
of toxicity in non-human primates.28 Here we investigate the efficacy
of exon 2 skipping induced by this vector following systemic delivery
with or without co-treatment with prednisolone, as steroids are the
only treatment shown to slow progression of DMD and we have pre-
viously shown that the DMD IRES is glucocorticoid responsive.14 We
also explore the longevity of exon skipping and dystrophin restora-
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tion over the span of 6 months following neonatal treatment with
scAAV9.U7.ACCA and document the amelioration of signs of
DMD pathology in treated Dup2 mice.

One-time tail vein injection of scAAV9.U7.ACCA into 2-month-old
Dup2 mice resulted in highly efficient exon skipping, translation of
both full-length and IRES-driven dystrophin proteins, and correction
of histopathological and functional markers of disease. Similarly, a
single neonatal injection of this vector resulted in highly efficient
and sustained exon skipping, dystrophin production, and almost
complete correction of the disease phenotype at 6 months. Impor-
tantly, treatment of Dup2 mice with scAAV9.U7.ACCA fully or
partially corrected the expression of many genes that have been docu-
mented to be differentially expressed in dystrophic versus healthy
muscle. Together, our results support a promising therapeutic option
for patients with exon 2 duplications and strengthen the rationale for
further development of this therapy, which has already reached its
first-in-human clinical trial (NCT04240314).

RESULTS
Systemic delivery of scAAV9.U7.ACCAmediates efficient exon 2

skipping and dystrophin restoration in muscles of Dup2 adult

mice

To determine whether systemic delivery of scAAV9.U7.ACCA
(ACCA) mediates efficient exon skipping and dystrophin expression,
2-month-old Dup2 mice received tail vein injections of the vector at
7.6� 1013 vector genomes per kilogram body weight (vg/kg). Because
the activity of the exon 5 IRES is increased in the presence of a gluco-
corticoid (6a-methylprednisolone 21-hemisuccinate sodium salt
[PDN]), two additional groups of PDN-treated mice were also
included (PDN alone and ACCA + PDN). Three months later, quan-
titative PCR (qPCR) was used to assess vector biodistribution,
showing a range of 2.8–17.5 vg/dg across different tissues and both
ACCA treatment groups (Figure S1 and Table S1). Although two-
way ANOVA found a significant treatment effect between ACCA
and ACCA + PDN (p = 0.009), with ACCA + PDN trending toward
higher biodistribution in all tissues except the heart, the multiple
comparisons for each individual tissue did not reach the level of sig-
nificance (Table S1).

Efficient exon 2 skipping was confirmed by RT-PCR on RNA from
individual muscles and the heart, based on quantification of bands
representing two copies (Dup2), one copy (WT), or no copies
(Del2) of exon 2 (Figures 1A and S2). Both WT and Del2 transcripts
are therapeutic, since they result in translation of either the WT or
IRES-driven dystrophin isoforms, respectively. Overall, 69%–95% of
the mRNA in the ACCA and ACCA + PDN groups consisted of ther-
apeutic, skipped transcripts (Figure 1B and Table S2). No significant
difference in exon 2 skipping was found between the ACCA and
ACCA + PDN groups in any of the tissues.

Western blots were performed to quantify the degree of dystrophin
restoration relative to a standard curve of pooled WT C57Bl6 (Bl6)
tissue (Figures 1C and S3). The two ACCA-treated groups showed
mber 2022



Figure 1. Systemic delivery of scAAV9.U7.ACCA in adult Dup2 mice results in robust skipping of Dmd exon 2 and induction of dystrophin expression

(A) Representative RT-PCR gel images of tibialis anterior (TA), gastrocnemius (Gas), triceps (Tri), heart, and diaphragm (Dia) RNA from Dup2 mice treated with 7.6� 1013 vg/

kg scAAV9.U7.ACCA (ACCA), methylprednisolone (PDN), or both agents 3 months post injection, compared with untreated Dup2 and wild-type (WT) (Bl6) control mice.

Primers for Dmd exon 1 and exon 3 produce three amplicons containing either two copies (Dup2, 340 bp), one copy (WT, 278 bp), or no copies (Del2, 216 bp) of exon 2. (B)

Quantification of RT-PCR amplicon bands shown in (A), presented as mean ± SD (n = 4–6 per group). (C) Representative western blots of TA, Dia, Heart, and Tri dystrophin

levels in Dup2 mice treated with scAAV9.U7.ACCA (ACCA), methylprednisolone (PDN), or both agents 3 months post injection compared with untreated Dup2 mice. The

quantification standard curve on the right shows incremental dilutions of pooled Bl6 samples in dystrophin-null muscle lysate. Crosses indicate empty lanes. (D) Quantification

of western blot bands shown in (C). The dashed line indicates 100% based on the Bl6 standard curve. Data are presented as mean ± SD with individual points. Statistical

comparisons were performed using two-way ANOVA with Sidak multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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effective restoration of protein expression, with a pattern of somewhat
higher mean dystrophin expression in the ACCA + PDN group that
was not significantly different from the ACCA group in any tissues
except the tibialis anterior (TA) (Figure 1D and Table S3). The lowest
levels of ACCA-mediated dystrophin restoration by western blot were
found in the triceps at 22.4% and 28.9% without and with PDN,
respectively. In the heart and the TA, mean dystrophin levels in
mice treated with ACCA + PDN reached 61.6% and 79.1%, respec-
tively, with some samples approaching or exceeding 100% based on
the standard curve (Figure 1D).

Immunofluorescence analysis using a C-terminal antibody that rec-
ognizes both IRES-driven and full-length dystrophin confirmed
that ACCA treatment with or without PDN resulted in widespread
restoration of dystrophin to the sarcolemma (Figures 2A and S4).
Automated unbiased quantification of muscle immunofluores-
cence26,29 showed a range of 32.8%–45.7% dystrophin intensity (Fig-
ure 2B and Table S3) and 54.9%–79.1% dystrophin-positive fibers
Molecular The
(PDPF) (Figures 2C and S4; Table S3) on average in different muscles,
with several individual samples from both ACCA treatment groups
having PDPF above 90%. Although automated PDPF measurements
were not possible in the heart at the available image resolution, mean
cardiac dystrophin intensity was the highest of all tissues at 47.4%–
53.3% of Bl6 with and without PDN, respectively (Figures 2B and
S5; Table S3). Immunofluorescence analysis did not reveal any signif-
icant differences between ACCA treatment groups with and without
PDN. In all protein assays, PDN alone had no significant effect on
dystrophin expression in the absence of ACCA.

Rescue of the dystrophin-glycoprotein complex and reduction

ofmuscle pathology after systemic delivery of scAAV9.U7.ACCA

in Dup2 adult mice

One of the primary roles of dystrophin is to link the cytoskeleton
to the extracellular matrix via the dystrophin-glycoprotein com-
plex (DGC). In the absence of dystrophin, this complex is disrup-
ted or mislocalized, and recovery of the complex would be
rapy: Methods & Clinical Development Vol. 26 September 2022 281
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Figure 2. Adult Dup2 mice show widespread sarcolemmal dystrophin restoration following treatment with scAAV9.U7.ACCA

(A) Representative images of dystrophin immunofluorescence in Tri sections confirm proper dystrophin localization (red) and reflect quantification of fiber dystrophin positivity.

Images were processed identically with shading correction, rolling-ball background subtraction, and denoising (see Figure S4 for unprocessed images). Color-coded

heatmaps reflect the percent dystrophin-positive perimeter for each muscle fiber, as indicated by the color scale. Fibers that have dystrophin aroundR30% of the perimeter

are considered dystrophin positive. Scale bar, 200 mm. (B and C) Quantification of dystrophin immunofluorescence (IF) intensity (B) and percent dystrophin-positive fibers

(PDPF) (C) in muscle and heart sections. All data are presented as mean ± SD with individual points. All statistical comparisons were performed using two-way ANOVA with

Sidak multiple comparisons test. ***p < 0.001; ****p < 0.0001.
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expected from therapeutic dystrophin restoration. We evaluated
sarcolemmal expression of the DGC proteins b-sarcoglycan
(b-SG) and b-dystroglycan (b-DG), and of neuronal nitric oxide
synthase (nNOS), a protein that binds to dystrophin to localize
to the subsarcolemmal region where it plays a role in signal trans-
282 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
duction pathways implicated in DMD pathogenesis.30 Treatment
with ACCA or ACCA + PDN resulted in widespread recovery of
b-SG, b-DG, and nNOS in all tested muscles, whereas PDN alone
did not show a meaningful effect compared with untreated muscle
(Figures 3A and S6).
mber 2022



Figure 3. Restoration of dystrophin by scAAV9.U7.ACCA in adult Dup2 mice enhances sarcolemmal localization of dystrophin binding partners and

ameliorates muscle pathology

(A) Immunostaining of b-sarcoglycan (b-SG), b-dystroglycan (b-DG), and neuronal nitric oxidase synthase (nNOS) in tibialis anterior of Dup2 mice treated with scAA-

V9.U7.ACCA (ACCA), methylprednisolone (PDN), or both agents 3 months post injection compared with age-matched control mice. Scale bars, 200 mm. Images represent

n = 5–6 per group. (B) Representative H&E staining of tibialis anterior (TA) and diaphragm (Dia) from treated Dup2 and control mice. Scale bars, 100 mm. (C) Quantification of

centronucleation (CN) in myofibers from TA and diaphragm H&E images. (D) TA specific force measured during tetanic contraction. (E) Magnitude of TA force drop over ten

(legend continued on next page)
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Histopathological assessment of TA and diaphragm sections stained
with hematoxylin and eosin (H&E) showed signs of reduced myofiber
necrosis and central nucleation with ACCA treatment compared with
untreated and PDN-treated Dup2 controls (Figures 3B and 3C). Cen-
tral nucleation decreased from 77.8% in untreated Dup2 to 51.9%
with ACCA + PDN in the TA, and from 70.9% to 39.9% in the
same groups in the diaphragm. Furthermore, the combined treatment
group showed a significantly greater reduction in central nucleation
in the diaphragm compared with ACCA alone (p < 0.0001), but the
same comparison was not statistically significant in the TA (Fig-
ure 3C). Central nucleation in all untreated and treated Dup2 groups
was significantly different from Bl6 (p < 0.0001 for all comparisons;
not marked on graph).

In vivo muscle function assessments confirmed that treatment with
ACCA or ACCA+ PDN resulted in significant improvements in force
generation and amelioration of eccentric contraction-induced func-
tional deficits. TA muscles from untreated Dup2 mice exhibited
a 45% reduction in specific force compared with Bl6 muscle
(144 mN/mm2 versus 264 mN/mm2) (Figure 3D), which was cor-
rected to near-WT levels by ACCA treatment, with modestly stronger
correction after combined treatment with ACCA + PDN (Figure 3D
and Table S4). A hallmark exaggerated force drop was also observed
in untreated Dup2 TA muscle over ten repeated cycles of eccentric
contractions (ECC), which was partially corrected in all treatment
groups, with the strongest correction in the combined ACCA +
PDN group. The area under the curve (AUC) of the ECC tracings
was reduced to 53.4% of Bl6 in untreated Dup2 mice, and was
restored to 81.8% of Bl6 with ACCA treatment and 89.1% with
ACCA + PDN (Figure 3E and Table S4). At the final ECC, the average
degree of force loss was 14.5% in Bl6 versus 58.7% in untreated Dup2,
and was partially corrected by ACCA alone (36.6% force loss) and
ACCA + PDN (29.8% force loss) (Figure 3F and Table S4). Interest-
ingly, all measures of muscle function also showed a small but signif-
icant benefit from treatment with PDN alone compared with un-
treated Dup2. Together, these results confirm that the dystrophin
isoforms induced by systemic delivery of ACCA in adult Dup2
mice are highly functional and protective.

Correction of gene expression abnormalities after systemic

delivery of scAAV9.U7.ACCA in Dup2 adult mice

RNA from TA specimens was analyzed by ribosome profiling analysis
(RPF) (Figure 4A), which allows inferences regarding the transla-
tional activity of the mRNA by mapping the distribution of ribo-
some-protected mRNA fragments onto the DMD transcript. We
found that the cumulative distribution of Dmd RPF reads covered
most of the Dmd transcript in the untreated sample. Although the
source of this coverage is unknown, it is consistent with a model
that would have the translation initiation near the 50 end of the
cycles of eccentric contractions (ECC), reflecting the area under the curve (AUC) of th

eccentric contraction cycles. All bar graph data are presented as mean ± SD with individ

Sidak multiple comparisons test. ECC cycle tracings show mean ± SEM and were com

***p < 0.001; ****p < 0.0001 versus Dup2.
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mRNA. Interestingly, there is an inflection point of coverage near
the beginning of the Dp71 isoform. In the untreated samples, more
than 30% of the total RPF coverage is generated from the Dp71 re-
gion. In contrast, the treated sample demonstrated less than 15% of
the total RPF coverage mapped to the Dp71 region and had a more
uniform coverage across the length of the transcript, consistent
with increased translation from the 50 end of the mRNA.

To determine whether the treatment corrects the transcriptome of the
Dup2 muscle, we evaluated expression of a group of genes that are
dysregulated in DMD patients.31 RNA-sequencing (RNA-seq) data
(Table S5) indicated that treatment restored a “non-dystrophic”
gene expression profile by reversing the direction and magnitude of
differentially expressed genes previously identified in dystrophic skel-
etal muscle from DMD patients. Genome-wide normalized RPF-
sequencing (RPF-seq) data also showed that untreated Dup2 TA
samples have a dystrophic transcriptional profile, whereas treatment
results in a general correction in the level of expression. Levels of pre-
viously downregulated genes were increased and those of upregulated
genes decreased (Figure 4B and Table S5), consistent with a general
correction in the global expression pattern. In addition, the Dmd
transcript showed clearly increased RPF reads in the treated sample,
indicating that the treatment specifically increased dystrophin
translation.

Early systemic delivery of scAAV9.U7.ACCA in neonatal Dup2

mice drives persistent exon skipping and dystrophin expression

To determine whether earlier treatment could prevent muscle degener-
ation, neonatal mice were treated with a single systemic infusion of
scAAV9.U7.ACCA at 0–1 postnatal days of age (P0–P1) using a higher
dose of 3.2� 1014 vg/kg, and were sacrificed at 1, 3, and 6 months post
injection. Vector biodistribution showed 4.7–25.0 vg/dg inmuscles and
87.7–95.3 vg/dg in the heart by qPCR, and vector genome levels re-
mained roughly stable between the 3- and 6-month time points (Fig-
ure S1 and Table S1). Dmd transcripts were evaluated by RT-PCR,
again demonstrating highly efficient exon skipping across all tissues
(Figure 5A and Table S6). Importantly, despite a slight decrease in skip-
ping efficiency at the 3-month time point, the proportion of therapeutic
transcripts measured at 6months (89.3%–97.6% of total) was similar to
levels seen at 1 month (82.8%–92.7%) (Figure 5A and Table S6),
providing evidence of a robust and sustained effect following a single
ACCA injection.

Western blots corroborated this persistent restoration of protein
expression in the triceps, with 38.0% dystrophin relative to the Bl6
standard curve at 3 months and 28.7% at 6 months (Figures 5B and
5C; Table S7), although the difference is not significant owing to
high intragroup variability and considerable overlap between the
groups.
e ECC force tracings. (F) ECC-induced force loss tracings for the TA reflecting ten

ual points, and statistical comparisons were performed using one-way ANOVA with

pared using two-way ANOVA with Bonferroni multiple comparisons test. *p < 0.05;
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Figure 4. Correction ofDmd and genome-wide gene

expression profiles in adult Dup2 mice following

treatment with scAAV9.U7.ACCA

(A) Cumulative ribosome-protected fragment (RPF)

coverage from scAAV9.U7.ACCA treated (red) and un-

treated (blue) mouse Dup2 tibialis anterior (TA) muscle.

The arrow indicates the location of the 50 end of the Dp71

transcript. (B) Dup2 mouse genome-wide levels of RPF-

seq reads from scAAV9.U7.ACCA-treated versus un-

treated TA muscle, confirming correction of genes

differentially expressed in DMD muscle. *List of genes

upregulated and downregulated in DMD muscle is based

on Haslett et al.31
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Immunofluorescence confirmed appropriate localization and wide-
spread restoration of dystrophin in the muscles and heart
(Figures 5D and S8–S10), with mean dystrophin signal intensities
ranging from 48.7% to 85.2% of mean Bl6 intensity (Figure 5E and
Molecular Therapy: Methods & Clinic
Table S5) and PDPF ranging from 76.4% to
98.6% (Figures 5F and S9; Table S7) in
ACCA-treated mice. Many individual samples
displayed WT-like dystrophin expression,
particularly in the diaphragm, which had the
highest dystrophin intensity and PDPF at both
post-treatment time points (Figure 5E). Immu-
nofluorescence data did not show any evidence
of a consistent change in dystrophin expression
over time, and no significant time-point effect
was found using two-way ANOVA. Overall,
mice treated with ACCA neonatally at the
higher dose showed a trend toward stronger
dystrophin restoration at the sarcolemma
compared with mice treated at 2 months of
age. When plotted according to dystrophin
immunofluorescence intensity versus PDPF,
75% of the tissue samples from Dup2 mice
treated neonatally occupy the high-intensity-
high-PDPF quadrant (above 50% for both pa-
rameters) and 23% fall into the low-intensity-
high-PDPF quadrant. In contrast, 19% of the
samples from mice treated in adulthood fall
into the high-intensity-high-PDPF quadrant,
58% fall into the low-intensity-high-PDPF
quadrant, and the remaining 23% land in the
low-intensity-low-PDPF quadrant (Figure S11).

Early systemic delivery of scAAV9.U7.ACCA

in neonatal Dup2 mice corrects muscle

structure and function without any

significant off-target pathology

Muscle function testing revealed that tetanic
specific force markedly improved at 3 months
and 6 months after neonatal ACCA treatment,
reaching 76.7%–87.9% of Bl6 muscle versus
51.1%–51.5% in untreated Dup2 (Figures 6A and 6B; Table S8).
ECC-induced force loss was corrected to near-WT levels at both
post-treatment time points, reflected by mean ECC AUC values of
93.7% of Bl6 at 3 months and 96.2% at 6 months in the treated
al Development Vol. 26 September 2022 285
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Dup2 (Figures 6A and 6B; Table S8). Functional correction appeared
more complete at the 6-month time point, where mean force loss at
the final ECC in ACCA-treated Dup2 mice was not statistically
different from that in Bl6 mice, further providing evidence of the
longevity of the treatment (Figures 6C and 6D; Table S8).

Muscle sections from ACCA-treated animals appeared histologically
normal with no significant signs of necrosis or immune cell infiltra-
tion, and treated muscle revealed almost no central nucleation, indi-
cating that the early treatment prevented muscle degeneration for at
least 6 months (Figures 6E and 6F). Histopathologic analysis was per-
formed on various non-muscle organs by a trained pathologist, who
reported occasional patchy small foci of inflammation that may
contain neutrophils in several livers, but no signs of pathology in
other tissues up to 6 months after injection (Figure S12).

DISCUSSION
Our results confirm those of our previous studies of exon 2 skipping
in cell culture as well as in mice following intramuscular or systemic
injection, the latter of which showed that systemic delivery of scAA-
V9.U7.ACCA drives highly efficient production of therapeutic WT
and Del2 Dmd transcripts that are translated into either full-length
dystrophin or the highly functional IRES-driven dystrophin iso-
form.14,26 Extending our previous results, here we demonstrate that
a one-time systemic injection of scAAV9.U7.ACCA in adult Dup2
mice restores sarcolemmal expression of dystrophin binding partners,
ameliorates muscle pathology, and corrects gene expression changes
observed in dystrophic muscle. We further demonstrate that a single
systemic injection of scAAV9.U7.ACCA in neonatal mice led to sus-
tained exon skipping and dystrophin restoration for at least 6 months
and markedly decreased histological and functional pathological fea-
tures in the Dup2 mouse over the same time period, consistent with
the high degree of exon skipping efficiency.

Such vectorized exon skipping holds significant promise for over-
coming limitations of other exon-skipping approaches used in
DMD. Currently there are four FDA-approved exon-skipping thera-
pies for DMD using antisense PMOs. Although promising, current
PMO therapies require weekly reinjections; furthermore, they have
shown only low-level correction of dystrophin expression in skeletal
muscle,32–34 and in animal models they have shown limited efficacy in
the heart.35,36 In contrast, AAV-delivered U7snRNA-mediated exon
Figure 5. Early systemic delivery of scAAV9.U7.ACCA in neonatal Dup2 mice d

(A) RT-PCR quantification of tibialis anterior (TA), gastrocnemius (Gas), triceps (Tri), hea

scAAV9.U7.ACCA (ACCA) 1, 3, and 6 months post injection. Data are presented as me

treated Dup2 mice. The standard curve on the right shows incremental dilutions of poo

shown in (B), presented as mean ± SD with individual points. The dashed line indicate

Figure 2B. (D) Representative images of dystrophin immunofluorescence (IF) in heart an

were processed identically with shading correction, rolling-ball background subtractio

reflect the percent dystrophin-positive perimeter for each muscle fiber, as indicated b

considered dystrophin positive. Scale bars, 200 mm. (E and F) Quantification of dystro

sections, presented as mean ± SD with individual points. Untreated Dup2 and Bl6 gro
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skipping offers the advantage of robust targeting of all muscles
including heart and diaphragm, and continuous antisense sequence
transcription and accumulation in the nucleus (where splicing oc-
curs) after a single injection. In the golden retriever muscular dystro-
phy (GRMD) dog model, which contains a point mutation that leads
to exon 7 skipping and out-of-frame transcript, injection of an
AAV.U7 vector targeting exons 6 and 8 results in efficient restoration
of the reading frame and significant expression of dystrophin with
long-lasting improvements in muscle function.20,37 The safety of
this approach is supported by our own studies with the scAA-
V9.U7.ACCA vector showing lack of significant toxicity in non-hu-
man primates28 and the lack of off-target splicing alteration in the
Dup2 mouse model at clinically relevant doses.27 In contrast to a
study from another group using a vector targeting a different exon
that demonstrated loss of AAV.U7 genomes and reduction of dystro-
phin expression over time,38 we did not observe any reduction of
skipping efficiency or protein expression over the length of our study.
This may reflect differing efficiency due to the injection time point
used, differences in the underlying efficacy of our vector, or differ-
ences in response between the different mouse models studied.

Treatment with scAAV9.U7.ACCA consistently resulted in robust dys-
trophin expression as assessed by both immunofluorescence and west-
ern blot quantification at levels that would be expected to have a signif-
icant impact on disease severity. In these treated Dup2 mice, levels of
dystrophin as measured by western blot reached an average of at least
22% of normal; in comparison, values of 5%–20% have been associated
with BMD,39 and dystrophin levels as low as 3.2% of normal can signif-
icantly ameliorate disease symptoms in dystrophinopathy patients.40

The observed levels are greater than those seen in patients with the
c.9G>A founder allele who express the IRES-driven dystrophin isoform
at levels of 5%–15% of normal, allowing ambulation into the seventh or
eighth decade.24 Inducing expression of these full-length and/or IRES-
driven dystrophins resulted in significant improvements of muscle
function compared with untreated mice. Notably, the muscle with
the greatest degree of dystrophin restoration in Dup2 treated neona-
tally—with values of nearly 100% of WT—was the diaphragm, the
degeneration of which results in respiratory failure, the most common
cause of death inDMD.Co-treatment with PDN resulted in statistically
significant improvement in TA muscle dystrophin expression, a
finding consistent with our previous results following intramuscular in-
jection in this muscle;6 in other muscles slight but not significant
rives long-lasting exon 2 skipping and dystrophin expression

rt, and diaphragm (Dia) RNA from young Dup2 mice treated with 3.2 � 1014 vg/kg

an ± SD (n = 4–9 per group). (B) Western blots of triceps dystrophin in young ACCA-

led Bl6 samples in dystrophin-null muscle lysate. (C) Quantification of western blots

s 100% based on the standard curve. Dup2 Tri control group is reproduced from

d triceps sections, and quantification of fiber dystrophin positivity in triceps. Images

n, and denoising (see Figure S9 for unprocessed images). Color-coded heatmaps

y the color scale. Fibers that have dystrophin around R30% of the perimeter are

phin IF intensity and percent dystrophin-positive fibers (PDPF) in muscle and heart

ups show all tissues together. No statistically significant differences were identified

OVA (IF).
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Figure 6. Early systemic delivery of scAAV9.U7.ACCA in neonatal Dup2 mice prevents muscle pathology for at least 6 months

All injections were performed in neonatal mice at P0–P1. (A and C) Specific force and force loss induced by eccentric contractions (ECC) in tibialis anterior (TA) muscles of

3-month-old Dup2 mice after ACCA treatment, compared with age-matched Bl6 and untreated Dup2 controls. ECC area under the curve (AUC) is calculated from force

tracings over ten eccentric contraction cycles. (B and D) Specific force and ECC-induced force loss in TA muscles of 6-month-old Dup2 mice after ACCA treatment,

compared with age-matched Bl6 and untreated Dup2 controls. (E) Representative H&E staining of TA and diaphragm (Dia) from treated Dup2 and control mice. Scale

bars, 100 mm. (F) Quantification of centronucleation (CN) in myofibers from TA and Dia 1, 3, and 6 months after ACCA treatment. All bar graph data are presented as

mean ± SD with individual points, and statistical comparisons were performed using one-way ANOVA with Sidak multiple comparisons test. ECC cycle tracings show

mean ± SEM and were compared using two-way ANOVA with Bonferroni multiple comparisons test. *p < 0.01; **p < 0.05; ***p < 0.001; ****p < 0.0001 versus Dup2.
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improvements of dystrophin expression were seen with PDN treat-
ment. The reason for this discrepancy is not clear, although the overall
responsiveness of the IRES element may improve dystrophin expres-
sion in boys with DMD who are routinely treated with prednisone.
This clinical prediction is supported by an observational study of a rela-
tively large cohort of DMD patients who carry the Dup2 mutation, in
which those patients treated with corticosteroids walked significantly
longer than non-Dup2 genotype controls.41

We noted no evidence of toxicity in our study, consistent with our
previous studies assessing safety at shorter periods post injection.27,28

Analysis was performed in a blinded (albeit non-GLP-compliant)
fashion; review by a pathologist of histological sections of the brain,
gonads, kidney, lung, and spleen of treated and untreated Dup2
mice found no meaningful difference between both groups (Fig-
ure S12). Although some livers occasionally had patchy small foci
of inflammation that may contain neutrophils, this non-specific
finding has also been reported in other AAV programs. Overall these
results support the tolerability of AAV9 treatment in mice but do not
replace the rigorous GLP-compliant IND-enabling toxicity studies
that lead to clinical trial.28

In this study, we did not differentiate the 427 kDa WT dystrophin
versus the 413 kDa IRES-driven forms of dystrophin, as reproducible
separation by western blot is problematic. Nevertheless, skipping of
exon 2 results in expression of both isoforms and—as the patients ex-
pressing dystrophin from the c.9G>A allele demonstrate23,24—both
are therapeutic. RT-PCR demonstrated that, on average, the Del2
transcript makes up 65% of total therapeutic transcripts after
ACCA treatment and 75% after ACCA + PDN treatment in adult
mice (Figure 1B), and 61% of total therapeutic transcripts in neona-
tally treated mice (Figure 5A), suggesting that most of the induced
dystrophin expression is likely IRES driven. Notably, the presence
of this isoform is able to protect muscle from contraction-induced
injury and correct muscle force to near control levels, despite missing
half of the canonical ABD1, as translation beginning in exon 6 results
in a protein lacking the first of two calponin homology domains (CH1
and CH2). These results suggest the need for further characterization
of domains thought necessary for proper dystrophin function, with a
goal of raising therapeutic possibilities. For example, the removal of
CH2 in GRMD apparently leads to a similarly highly functional pro-
tein,20,21 suggesting the need for further characterization of dystro-
phin structure-function relationships.

Our results demonstrate the robustness, durability, and safety of exon
2 skipping following delivery of scAAV9.U7snRNA.ACCA, substan-
tiating the evidence that supported moving to clinic trials. scAA-
V9.U7.ACCA could represent a potential therapy for around 1.1%
of all DMD patients. Furthermore, if this AAV.U7 tool proves to be
successful in humans, it is easy to imagine how it can be repurposed
for various other hotspots of DMD such as exons 51, 53, 44, and 45
that do not encode for critical protein domains, such as other teams
have done.42 We demonstrate here not only a potential treatment for
patients with a duplication of exon 2 but also provide support for the
Molecular The
use of the AAV.U7 system as a treatment for many other DMD mu-
tations and other neuromuscular disorders.

MATERIALS AND METHODS
Constructs

The mouse U7 snRNA gene and smOPT sequences were cloned as
U7-ACCA containing two U7snRNA antisense masking the acceptor
site and two masking the splice donor site.6,43 These were cloned in
tandem in a self-complementary AAV vector. All plasmid constructs
were sequence verified. Both inverted terminal repeat and self-com-
plementary AAV backbone were checked using SmaI and MscI,
respectively.

AAV production

scAAV9.U7.ACCA was produced at the NCH Viral Vector Core
(VVC), via 3-plasmid DNA transfection of human HEK 293 VVC
Master Cell Bank cells with (1) the pAAV.U7-ACCA vector plasmid,
(2) an AAV9 helper plasmid containing the AAV rep2 and cap9 WT
genes, and (3) the helper adenovirus plasmid pHELP. Cells were culti-
vated in Corning Cell Stacks and lysed, using methodology standard
to the NCH VVC. Two days post transfection, both cells and media
were collected.

Study design

All experimental procedures involving animals in this study were re-
viewed and approved by the Institutional Animal Care and Use Com-
mittee at Nationwide Children’s Hospital. Because DMD almost
exclusively affects males, only male mice were used in this study.
Mice were housed in a barrier facility with HEPA-filtered air that is
AAALAC accredited, and maintained with a 12/12-h light/dark cycle.
Animals were clustered by groups; no randomization was used. AAV
injections were conducted in a nonblinded fashion, but all dissection
andmost experiments were performed in a blinded fashion. The sam-
ple sizes were determined on the basis of previous experience, and
supplementary tables and graphs with individual scatter points reflect
the number of animals used for each experiment. No statistical
methods were used to predetermine sample size prior to
experimentation.

Glucocorticoid treatment

6a-Methylprednisolone 21-hemisuccinate sodium salt (PDN;M3781,
Sigma) was administered by intraperitoneal injection (12 mg/kg per
day) for 3 weeks, five times per week. Control animals received phos-
phate buffered saline (PBS).

Tail vein injection

Injection was performed in 2-month-old mice using a tail vein appa-
ratus. The tail was warmed by a light bulb to enlarge the veins; once
visible, AAV9 or PBS was injected with 300 mL corresponding to
1.9 � 1012 vg (7.6 � 1013 vg/kg; maximum dose/volume possible to
inject at that time point) of scAAV9.U7.ACCA in 300 mL total of
PBS, or PBS alone, using a 33-gauge gas-tight Hamilton syringe.
Following injection, a sterile cotton pad was placed on the injection
site and held with pressure until bleeding ceased.
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Facial vein injection

Newborn pups (P0–P1) were anesthetized via placement on ice.
Anesthetized pups were placed on a clean surface and held steady be-
tween the thumb and index finger, and an insulin needle was inserted
into the cranial vein about 1 mm above the eye (either side) and 0.5–
1 mm deep. Mice were injected with 50 mL corresponding to
3.2 � 1011 vg (3.2 � 1014 vg/kg; maximum dose/volume possible to
inject at that time point) of scAAV9.U7.ACCA in 50 mL total of
PBS, or PBS alone, using a 33-gauge gas-tight Hamilton syringe.
Following the injection, pups were placed on a heating pad to recover.

Muscle preparation

Mouse necropsy was performed using standard techniques. Muscles
were collected and either snap frozen in liquid nitrogen or mounted
in tragacanth gum and frozen in liquid nitrogen-cooled isopentane
for cryosectioning. Muscle sections were cut at 10 mm for immunoflu-
orescence and H&E staining. Tissues/organs for histopathology
studies were collected and fixed in 10% neutral buffered formalin
(NBF).

Quantitative PCR

Vector genomes were quantified in cardiac and skeletal muscles (TA,
triceps brachii, gastrocnemius, and diaphragm). Total DNA was ex-
tracted from tissue samples using DNeasy Blood & Tissue Kit (catalog
#69506; Qiagen, Germantown, MD, USA), and vector genomes quan-
tified by qPCR using a linearized AAV.U7.ACCA plasmid to generate
a standard curve allowing absolute quantification. The DNA samples
were analyzed using TaqMan Universal PCR Master Mix (catalog
#4304437; Applied Biosystems, Foster City, CA USA) and Quantstu-
dio6 Flex (Applied Biosystems) following the procedures recommen-
ded by the manufacturer, and a set of primers unique to the transgene
(sequences available upon request). Genomic DNA from non-in-
jected and PDN-injected mouse tissues served as experimental con-
trol samples. Each sample was run in triplicate. Acceptance criteria
for an assay included a standard curve with an R2 of 0.9900 or greater,
efficiency between 90% and 110%, or a slope between 3.1 and 3.5, and
undetermined values in the non-template control reactions.

Reverse transcription, PCR amplification, and quantification

Reverse transcription (RT) was performed according to the manufac-
turer (Maxima reverse transcriptase, Ferk1672, or RevertAid First
Strand cDNA Synthesis Kit, K1621; Thermo Fisher Scientific) using
1 mg of RNA and a mixture of random hexamer and oligo(dT) for
each RT reaction. PCR amplification was performed using 2�Master
Mix (K0172; Thermo Scientific) and 150 ng of RT product as tem-
plate. Several pairs of primers were used for this study, and sequences
are available upon request. Following electrophoresis, quantification
of Dup2, WT, or Del2 transcript was performed using ImageJ, and
each band was plotted in GraphPad Prism (version 9.0) as a percent-
age of the overall dystrophin transcript.

Protein extraction and western blotting

Mouse muscle lysates were prepared using 4 M urea lysis buffer (pH
6.8); 150 mL of lysis buffer was added to ten sections of 20-mm-thick
290 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
tissue. Tissue was lysed using a metal bead (2 min at 30 Hz,
TissueLyser II; Qiagen). The solution was incubated at room temper-
ature for 30 min prior to a second lysis step (1 min at 30 Hz,
TissueLyser II). The solution was incubated again at room tempera-
ture for 30 min. The solution was then centrifuged at 14,000 � g
for 20 min and supernatant extracted for analysis. Protein was quan-
tified using a Bio-Rad DC assay kit (catalog #5000112). A calibration
curve was made by spiking inWT dystrophin from C57Bl/6 mice into
dystrophin-null lysate from aDup2Del18-41mouse. All samples were
mixed with 4� Laemmli buffer prior to incubation at 95�C for 5 min.
Thirty micrograms of total protein was loaded on a precast 3%–8%
tri-acetate gel and ran for 1 h at 80 V followed by 2 h at 120 V.
Gels were transferred overnight at 4�C, constant 55 mA onto a
0.45-mm polyvinylidene fluoride membrane. Membranes were cut
at 150 kDa marker for probing. The top halves of membranes were
probed using a polyclonal rabbit antibody specific to the C terminus
of dystrophin (ab15277, 1:200 or ab154168, 1:1,000; Abcam). Mem-
branes were then washed four times for 5 min in 0.1% Tween 20 con-
taining PBS (PBST). Secondary antibody goat anti-rabbit HRP
(1:5,000) for 1 h at room temperature followed by five 5-min washes
with PBST and one 5-min wash with PBS. Membranes were incu-
bated with 2 mL of ECL reagent (Thermo Scientific, #34580) prior
to visualization on a Chemidoc MP Imaging System. Dystrophin sig-
nals were quantified using Image Lab software (version 6.0.0 build
25). Individual mouse samples were quantified using a linear regres-
sion curve fitted to a calibration curve on each gel. The full-length
(427 kDa) and IRES-driven (413 kDa) dystrophin isoforms could
not be differentiated on the western blots.

Immunohistochemistry

Sections (10 mm thick) of cryopreserved tissues were air-dried for
30 min before staining. Following rehydration in PBS, sections were
permeabilized using permeabilization solution (2% normal goat
serum [NGS] + 0.1% Triton X-100 in PBS) for 10 min at room tem-
perature. Sections were then incubated for 1 h with blocking solution
(15% NGS in PBS) followed by a 2-h incubation with an anti-mouse
immunoglobulin G unconjugated Fab fragment at room temperature.
Primary antibodies (diluted in PBS +2% NGS) were incubated 2h or
overnight at 4�C. Sections were then washed four times for 5 min with
1� PBS at room temperature. Secondary dye-conjugated antibodies
diluted in PBS + 2% NGS were added to muscle sections for 1 h at
room temperature. Following three washes, DAPI solution was added
to stain the nucleus. Sections were then mounted using PVA-
DABCO. The following primary antibodies were used: dystrophin
(1:400; ab15277, Abcam); a1-laminin (1:400; MAB4656, R&D Sys-
tems); nNos (1:200; sc-648, SCBT); b-dystroglycan (1:500;
MANDAG2, DSHB or gift from Dr. Glenn Morris and the MDA
Monoclonal Antibody Resource, www.glennmorris.org.uk); b-sarco-
glycan (1:50; B-SARC-L-CE, Novocastra). Secondary antibodies con-
jugated to Alexa Fluor were used at 1:500 dilution.

Images of representative tissue regions were captured on an Olympus
Bx61motorized epifluorescencemicroscope with a DP71 camera with
a 0.5� relay lens and a UPlanSApo 10� objective at a resolution of
mber 2022
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1.29 mm/pixel. Several images were taken for each muscle (represen-
tative images are shown in the figures).

Dystrophin immunofluorescence analysis

Automated image processing and analysis of dystrophin-positive fi-
bers and dystrophin intensity was performed with Nikon NIS-Ele-
ments AR software on multichannel images of dystrophin and lami-
nin immunofluorescence using methods described previously.26 Only
images that were captured within the same batch and under the same
exposure settings were quantified together as a set, and images reflect-
ing unacceptable tissue quality or staining were excluded from quan-
tification. In preparation for analysis, all images were preprocessed in
an automated and identical fashion using shading correction, rolling-
ball background subtraction, and denoising to reduce the impact of
uneven background signal and illumination.

In brief, all muscle fibers were identified based on laminin staining by
the artificial intelligence (AI) software module Segment.ai, which was
originally trained as previously described and deployed on this image
set without further training.26 Satisfactory AI performance was
confirmed before proceeding with the analysis. Following AI-based
segmentation of muscle fibers, dystrophin-positive and laminin-pos-
itive pixels were automatically identified around each muscle fiber us-
ing automatic thresholds derived from signal intensities within the
images. Dystrophin positivity was then calculated by measuring the
combined length of dystrophin-positive segments around each mus-
cle fiber perimeter and normalizing it to the length of the laminin-
positive perimeter. A color-coded overlay image of all muscle fiber
perimeter regions and their positivity was automatically produced
as an output of the analysis. Consistently with our prior work,26,29 a
muscle fiber was considered overall positive for dystrophin if 30%
or more of the perimeter had a dystrophin-positive signal.

Dystrophin signal intensity was measured in skeletal muscles and
hearts under a laminin-positive image mask and was normalized to
the laminin intensity of the same pixels for each image. The lami-
nin-positive pixel mask was identified using an automatic multilevel
Otsu threshold, and the mean intensity of all image pixels under the
mask was measured in both channels.

Centronucleation analysis

H&E staining was performed using the standard technique, and fiber
counting was performed manually using ImageJ. Three sections were
processed and counted for each animal. Analysis of the data was per-
formed blindly but not randomly.

Force generation and protection from eccentric contractions

Force assessment in the TA was performed using standard tech-
niques44 modified as described elsewhere.6 Specific force was obtained
by dividing the maximum tetanic force by the TA muscle cross-
sectional area. After the eccentric contractions, the mice were eutha-
nized and the TA muscle was dissected out, weighed, and frozen for
analysis. Analysis of the data was performed blindly but not
randomly.
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Statistical analysis

Statistical analyses were performed using GraphPad Prism (version
9.0). Experiments involving two independent variables (tissue and
treatment, time and treatment, or tissue and time) were analyzed us-
ing two-way ANOVAwith the Sidakmultiple comparisons test for in-
dividual pairwise comparisons. Experiments with a single indepen-
dent variable were analyzed using one-way ANOVA with the Sidak
multiple comparisons test, or unpaired t test if involving only one
comparison. Eccentric contraction-induced force loss was analyzed
over ten contraction cycles using two-way ANOVA with the Bonfer-
roni multiple comparisons test. All statistical methods are identified
in the legends for the corresponding figures and supplementary tables
for each assay.
RNA and RPF isolation and sequencing

Frozen TAmuscle from control and scAAV9.U7.ACCA treated Dup2
mice were sectioned on a cryostat and homogenized with a 26-gauge
needle in 400 mL of 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM
MgCl2, 1 mM dithiothreitol, 1% Triton X-100, and 100 mg/mL cyclo-
heximide. Ribosome-protected fragments were isolated from one-half
of the homogenate as previously described.6 Total RNA was extracted
from the other half using TRIzol (Invitrogen, #15596018) and precip-
itated with isopropanol according to the manufacturer’s instructions
(Life Technologies), and rRNA was depleted using Ribo-Zero rRNA
Removal Kit Human/Mouse/Rat (Epicentre). Illumina TruSeq
Stranded Total RNA library kits were used to prepare indexed li-
braries, and 50 bp reads were generated on an Illumina HiSeq instru-
ment using v4 chemistry. RPF-seq libraries were prepared using the
Illumina TruSeq Small RNA Sample Kit according to the manufac-
turer’s specifications, and 50 bp reads were generated on an Illumina
HiSeq instrument. Trimmed and filtered RPF-seq and RNA-seq reads
were mapped to reference genomes using the STAR aligner or to tran-
script sequences using cross_match. Perl scripts were used to generate
read count tables from mapped RPF-seq and RNA-seq reads, and
edgeR (Bioconductor) was used for model-based read count normal-
ization. The RPF-seq and RNA-seq data have been deposited in
NCBI’s Gene Expression Omnibus and are accessible through series
accession number GEO: GSE195480.
Organ pathology assessment

Following fixation in 10% NBF, all non-skeletal-muscle tissues were
embedded in paraffin and sectioned at 12 mm or less, stained with
H&E, and microscopically examined for histopathology by Dr. C.
Pierson, a board-certified anatomic pathologist and neuropathologist.
Analysis of the data was performed blindly but not randomly.
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