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Duchenne muscular dystrophy (DMD) is a progressive
X-linked disease caused by mutations in the DMD gene that
prevent the expression of a functional dystrophin protein.
Exon duplications represent 6%–11% of mutations, and dupli-
cations of exon 2 (Dup2) are the most common (�11%) of
duplication mutations. An exon-skipping strategy for Dup2
mutations presents a large therapeutic window. Skipping one
exon copy results in full-length dystrophin expression, whereas
skipping of both copies (Del2) activates an internal ribosomal
entry site (IRES) in exon 5, inducing the expression of a highly
functional truncated dystrophin isoform. We have previously
confirmed the therapeutic efficacy of AAV9.U7snRNA-medi-
ated skipping in the Dup2 mouse model and showed the
absence of off-target splicing effects and lack of toxicity in
mice and nonhuman primates. Here, we report long-term dys-
trophin expression data following the treatment of 3-month-
old Dup2 mice with the scAAV9.U7.ACCA vector. Significant
exon 2 skipping and robust dystrophin expression in the mus-
cles and hearts of treated mice persist at 18 months after treat-
ment, along with the partial rescue of muscle function. These
data extend our previous findings and show that scAA-
V9.U7.ACCA provides long-term protection by restoring the
disrupted dystrophin reading frame in the context of exon 2
duplications.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is a severe muscle disorder
that results in worsening muscle weakness and affects �1:5000
male births.1 DMD is caused by mutations that affect the reading
frame of the DMD gene, resulting in the loss of functional dystrophin
protein. Although most mutations consist of deletions of one or more
exons, exon duplications account for between 6% and 11% of all mu-
tations.2,3 Among these, duplications of exon 2 are most prevalent, ac-
counting for �11% of all duplications.4

Single-exon duplications present a promising target for exon-skip-
ping therapies. US Food and Drug Administration–approved exon-
skipping therapies (including the phosphorodiamidite morpholino
oligomers [PMOs] eteplirsen, golodirsen, casimesen, and viltolarsen)
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are commonly used in patients with exon deletions; by skipping an
exon flanking a deletion, they result in the restoration of the reading
frame and expression of an internally deleted but partially functional
dystrophin.5–8 In contrast, skipping one copy of a duplicated exon re-
stores an entirely normal mRNA, resulting in the expression of full-
length dystrophin protein. Exon 2 duplications are a particularly
promising target, as “overskipping,” or excision of both exon 2 copies,
results in the use of an internal ribosome entry site (IRES) found in
exon 5.9 The protein product of IRES-driven expression is an N-ter-
minal-deleted yet highly functional dystrophin protein compatible
with ambulation into the seventh or eighth decade.10,11

We have developed an approach to viral vector-mediated exon skip-
ping using an adeno-associated viral (AAV) 9 vector with 4 copies of
U7snRNA targeting the exon 2 splice acceptor and splice donor sites.9

This vector, scAAV9.U7.ACCA, has been shown to restore dystro-
phin mRNA and protein expression in a dose-dependent manner,12

without evidence of off-target splicing effects13 or toxicity14 at clini-
cally relevant dosages. These results led to the approval of a first-in-
human trial that is under way (Clinicaltrials.gov NCT04240314).

Here,we report the long-termefficacy of the scAAV9.U7.ACCAvector
in 3-month-old Dup2 mice as assessed at 18 months postinjection. A
single systemic injection at the minimally efficacious dose (MED) of
3� 1013 vg/kg results in significant exon 2 skipping and robust dystro-
phin expression in skeletal muscles, diaphragms (Dias), and hearts of
treated mice, along with the partial rescue of muscle function in both
tibialis anterior (TA) and Dia and better protection of the TA muscle
from repeated fatigue. The biodistribution confirms the long-termvec-
tor transduction in skeletal muscles and organs 18 months postvector
administration. Together, these data define the long-term efficacy of
linical Development Vol. 31 December 2023 ª 2023 The Authors. 1
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Figure 1. TaqMan qPCR quantification of scAAV9.U7.ACCA vector genome

biodistribution

AAV9 vector copy (vc) per diploid genome (dg) in TA, heart, Dia, brain, and liver from

untreated Bl6 (n = 10–11), Dup2-diluent (Diluent) (n = 7–9) or Dup2-ACCA (ACCA)

(n = 10–11) mice. Data are presented as mean with individual points. LLOQ, lower

limit of quantification; Undet., undetermined.
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scAAV9.U7.ACCA, suggesting it as a therapy for the treatment of
DMD patients with exon 2 duplications.

RESULTS
Clinical and anatomical pathology findings

Three groups of male mice were evaluated in the study and sacrificed
at 19–21 months of age: (1) Dup2 mice treated at age 3 months
with scAAV9.U7.ACCA (Dup2-ACCA) at the expected MED12 of
3 � 1013 vg/kg (n = 11), (2) Dup2 mice treated at age 3 months
with diluent (n = 11) (Dup2-diluent), and (3) C57Bl/6 (Bl6) un-
treated mice (n = 11). All Dup2-ACCA- and Dup2-diluent-treated
animals tolerated dosing and showed no clinical findings that sug-
gested toxicity throughout the period of the study. Two of 11
Dup2 mice with treated with diluent alone died at 78 weeks of
age, or 66 weeks after diluent injection. All of the mice injected
with scAAV9.U7.ACCA survived to the predefined endpoint of
18 months. However, at the time of necropsy, one Dup2-ACCA-
treated mouse was found to have an enlarged spleen and a second
Dup2-diluent-treated mouse was found to have a fluid-filled liver
mass. Limited histopathology was completed, with no significant
findings. Bl6 males were received from The Jackson Laboratory
(Bar Harbor, ME) at 17 months of age and were sacrificed 2 months
later. Animal weights at necropsy for each group are included in
Table S1. There were no significant differences in body weights be-
tween groups.

Vector biodistribution

Biodistribution of the transgene was assessed by qPCR in the TA, Dia,
heart, brain, and liver (Table S2). Consistent with known AAV9
tropism, the highest number of vector copies per diploid genome
(vc/dg) was seen in the liver (85.47 ± 27.91 vc/dg). Dia and heart
had similar amounts of the AAV genome ranging from 0.65 ± 0.40
2 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
to 0.75 ± 0.18 vc/dg. TA and brain tissues also showed similar
amounts (0.38–0.39 vc/dg) of vector (Figure 1). All of the control
samples from untreated Bl6 and Dup2-diluent mice had undetectable
levels or levels below the lower limit of quantification (LLOQ;
0.006 vc/dg).

RT-PCR Dmd exon 2 skipping

We have previously shown that following the systemic delivery of
scAAV9.U7.ACCA in Dup2 mice, three transcripts are possible:
one carrying a duplicated exon 2 (Dup2), a wild-type (WT) transcript
with a single copy of exon 2, and a Del2 transcript that contains no
copies of exon 2.12,15 Both WT and Del2 are considered therapeutic
since the Del2 results in the activation of the exon 5 IRES.9 As ex-
pected, Bl6 mice showed only the WT transcript, whereas Dup2-
diluent mice demonstrated a very low level of exon 2 exclusion,
with an average of 3.19% ± 1.03% of detectable transcript being
WT transcript in the TA muscle, which is consistent with our previ-
ous observations (Figures 2A and 2B; Table S3). The administration
of scAAV9.U7.ACCA resulted in significant skipping of exon 2,
with mean therapeutic transcript levels of 45.98% ± 6.7% in TA,
73.44% ± 5.17% in heart, and 31.82% ± 4.71% in Dia of treated
mice (Figure 2C).

Dystrophin protein expression

Immunofluorescent staining showed a substantial increase in the per-
centage of dystrophin-positive fibers (PDPFs) in Dup2-ACCA mice
compared to Dup2-diluent mice (Figure 3A). Hearts showed the
greatest increase after treatment, with the mean PDPFs increasing
from 1.18% ± 0.19% in Dup2-diluent mice to 96.5% ± 0.68% in
Dup2-ACCA mice. TA muscle showed a PDPF increase from
12.47% ± 1.67% to 51.87% ± 7.15%, and Dia showed an increase
from 4.03% ± 1.21% to 47.45% ± 2.87% after scAAV9.U7.ACCA
treatment. As expected, Bl6 mice had R96% PDPFs, with the mean
PDPFs ranging from 96.33% ± 0.91% in Dia to 99.90% ± 0.04% in
heart (Figure 3B; Table S4).

Dystrophin fluorescence intensity measured at the sarcolemma in all
of the tissues further confirmed the efficacy of scAAV9.U7.ACCA
treatment. The heart displayed the greatest dystrophin intensity,
with an average value reaching 43.13% ± 1.7% of Bl6mean dystrophin
intensity. In both TA and Dia tissues from Dup2-ACCA mice, the
mean dystrophin intensity also changed significantly, reaching
25.66%–29.59% of Bl6 mean dystrophin intensity (Figures 3A, 3C,
and S1; Table S4).

Western blot (WB) analysis was performed to quantify the total
amount of protein expression using a 5-point standard curve (0%–

80%) of pooled Bl6 tissues and a C-terminal dystrophin antibody
that recognizes both full-length and IRES-driven dystrophin protein
isoforms. Dup2-diluent mice showed low to moderate levels of dys-
trophin, ranging from 3.01% to 13.4% in the tested tissues
(Table S5), which is consistent with our previous publications using
this model.9,12,16,17 In Dup2-ACCA mice, persistent restoration of
dystrophin was observed in all of the tissues tested. Consistent with
er 2023
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Figure 2. Dmd exon 2 skipping in Dup2 mice

systemically administered with scAAV9.U7.ACCA

(A) RT-PCR gel images of TA, heart, and Dia RNA from

Dup2-ACCA (ACCA) receiving the dose of 3 � 1013 vg/kg

18 months postinjection, compared to Dup2-diluent

(Diluent) and untreated Bl6 control mice. Black arrows

display up to 3 amplicons containing either 2 copies

(Dup2, 340 bp), 1 copy (WT, 278 bp), or no copies (Del2,

216 bp) of exon 2. (B) Quantification of RT-PCR amplicon

bands (shown in A) is represented as percentage of total

Dmd transcript in the right side of TA muscle in individual

animals. Dup2 band is shown in white, whereas skipped

transcripts, defined as WT and Del2 dystrophin

transcripts, are shown in gray and black, respectively. All

Bl6 mice show exclusively WT transcript and were not

included in the figure. (C) RT-PCR quantification analysis

in TA, heart and Dia tissues. Data presented as mean ±

SEM (n = 9–11) with individual points. Statistical

comparisons performed using unpaired t test. Groups

without variation—all Bl6—were excluded from statistical

analysis. Statistical comparison markers indicate which

groups were analyzed: ****p < 0.0001.
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RT-PCR and immunofluorescence (IF) results, WB analysis also re-
vealed the highest level of dystrophin observed in the heart, reaching
65.36% ± 5.12% of WT protein 18 months post-scAAV9.U7.ACCA
injection (Figures 4 and S2). An average of 41.92% ± 8.93% and
17.68% ± 1.89% of WT dystrophin was detected in TA and Dia,
respectively (Table S5).

Muscle function assessments

To examine whether the dystrophin restoration leads to a sustained
recovery of muscle strength in Dup2 mice 18 months post-scAA-
V9.U7.ACCA treatment, in situ (TA) and in vitro (Dia) muscle func-
tion assessments were performed. Tetanic-specific force in both TA
and Dia and force retained following a cycle of eccentric contractions
(ECCs) of the TA muscle were measured (Figure 5). Dup2-diluent
mice exhibited marked functional deficits compared with Bl6
control mice, with 38.4% less tetanic force output in TA (147.7 ±

4.23 mN/mm2 versus 239.8 ± 10.78 mN/mm2) and 50.2% less tetanic
force output in Dia (123.0 ± 9.25 mN/mm2 versus 246.9 ± 18.99 mN/
mm2) (Figure 5A). Moreover, these Dup2-diluent mice also displayed
a greater loss of force following repetitive ECCs compared with Bl6
mice (74.3% loss in Dup2-diluent versus 12.6% loss in Bl6 mice).
The area under the curve (AUC) of the ECC tracings confirmed
this observation, showing a Dup2-diluent AUC up to 50.6% of Bl6
(Figures 5B and 5C). Systemic administration of scAAV9.U7.ACCA
resulted in an increase in force output in the TA and Dia tissues,
reaching 70.1%–73.3% of Bl6 muscles. Significant rescue of ECC-
induced force loss was also observed in the TA muscle after scAA-
V9.U7.ACCA injection (46.76% loss in Dup2-ACCA versus 12.54%
loss in Bl6 mice), with AUC values reaching 72.9% of Bl6 muscle
(619 ± 40.75 in Dup2-ACCA versus 848.6 ± 17.76 in Bl6 mice) (Fig-
ure 5; Table S6).
Molecular T
Long-term histological and morphological effects

To demonstrate the long-term benefit of intravenously administered
scAAV9.U7.ACCA vector in Dup2 mice, animals were evaluated for
histopathological and morphometric changes 18 months after vector
treatment (Figure 6). Analysis revealed significant more centrally
nucleated fibers (CNFs) in both TA and Dia tissues in both Dup2-
diluent and Dup2-ACCA mice compared with Bl6 controls. A rela-
tively small but significant increase in the percentage of CNFs was
also observed in scAAV9.U7.ACCA-treated TA but not Dia muscles
compared with Dup2-diluent-treated mice (Figures 6 and S3;
Table S7). In addition, scAAV9.U7.ACCA treatment resulted in par-
tial normalization of the mean myofiber diameter distribution in the
TA (43.72 ± 0.74 mm in Dup2-diluent versus 47.71 ± 0.94 mm in
Dup2-ACCA groups) and Dia (25.50 ± 0.46 mm in Dup2-diluent
versus 28.60 ± 0.32 mm in Dup2-ACCA groups) muscles (Figure 6C;
Table S7).
DISCUSSION
Vectorized exon skipping using U7snRNA is potentially advanta-
geous over antisense oligonucleotide therapies because of the high ef-
ficiency of skipping that can be achieved and because the long-lasting
effects of a single injection may obviate the need for weekly or
monthly injections over a patient’s lifetime. Our previous studies in
Dup2 mice treated with various doses of the scAAV9.U7.ACCA vec-
tor established the MED of 3� 1013 vg/kg12 and demonstrated signif-
icant dystrophin expression and improvement in force generation de-
fects in muscle up to 6 months after treatment at doses ranging from
7.6 � 1013 vg/kg to 3.2 � 1014 vg/kg15.

The present study extends those prior results, providing evidence
for durability by demonstrating prolonged effects on exon 2
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 3. Dystrophin expression in skeletal muscles

and heart 18 months post-scAAV9.U7.ACCA

administration

Representative immunofluorescent images show selected

ROIs of (A) left TA, heart, and Dia sections with dystrophin

in red displaying localization and intensity of dystrophin

signal in Bl6, Dup2-diluent (Diluent), or Dup2-ACCA

(ACCA) mice. Color-coded heatmaps of each tissue

demonstrate the percentage of the perimeter with

dystrophin-positive pixels (positivity) for each muscle

fiber. Fibers with R50% dystrophin-positive perimeter

are considered overall positive for dystrophin. Scale bars

represent 100 mm. Color key in bottom left corner shows

color to percentage conversion for dystrophin-positive

perimeter. Quantification analysis of images from

(A) showing the PDPFs (B) and dystrophin intensities

(C) in TA, heart, and Dia tissues. Data are presented as

mean ± SEM, with individual points. Statistical

comparisons were performed using 1-way ANOVA with

Sidak’s multiple comparisons test; ****p < 0.0001. See

also Figure S1 for color-coded heatmaps of normalized

dystrophin intensity.
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exclusion and on dystrophin expression in both skeletal muscles and
heart 18 months following delivery to adult mice. Significant levels
of dystrophin protein were achieved and maintained at 18 months
postinjection, suggesting that treatment with scAAV9.U7.ACCA re-
sults in the translation of a stable dystrophin protein. Although use
of a C-terminal antibody cannot reliably distinguish between the
full-length WT (427 kDa) and the IRES-driven (413 kDa) proteins
under WB conditions for which technical replicate reproducibility
has been established, we note that in the clinical setting, the expres-
sion of only 15% of normal of the IRES-driven isoform alone is suf-
ficient to allow ambulation into at least the seventh decade.11 Either
some baseline utilization of the IRES (even in the Dup2 context) or
some low-level baseline exclusion of a single exon 2 copy may ac-
count for some of the observed variability among Dup2 patients;
70% have a typical DMD phenotype, whereas the other 30% are
characterized as milder dystrophinopathies.18 These hypotheses
are supported by the relatively high level of dystrophin protein
expression (up to �13.4%) detected by WB in the TA muscle of
Dup2 mice treated with diluent, which is consistent with our previ-
4 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
ous publications demonstrating similar levels of
dystrophin in the Dup2 mouse model.12,15–17

Consistent with the WB results, IF analysis con-
firms long-term dystrophin expression and its
proper localization at the sarcolemmal mem-
brane at levels that can be expected to prevent
disease progression and provide therapeutic
benefits to patients with DMD. The persistence
of long-term dystrophin expression in the heart
is of particular clinical importance because car-
diomyopathy is a leading cause of death in pa-
tients with DMD.19 Notably, the level of full-length and IRES-driven
dystrophin isoforms that we observe in Dup2mice at 18 months post-
scAAV9.U7.ACCA administration has not been reached in animal
studies of microdystrophin, other U7snRNA vectors, or morpholino
oligomers (�6–12 months).20–23

We note that expression was somewhat diminished in comparison to
our shorter-term studies, with an approximately 2- to 2.5-fold reduc-
tion in the amount of exon 2 exclusion in TA and Dia in comparison
to either 3- or 6-month studies.12,15 In contrast, exon 2 exclusion re-
mains comparable in the heart regardless of the dose administered or
the age at treatment, showing only a slight decrease (�6%–19%) in
this 18-month study. Although these data may be consistent with a
decline in efficacy over time, an alternate explanation is that vector
administration at a younger age may be more efficacious, a hypothesis
potentially supported by the result of our first in-human trial
(NCT04240314) in three participants, in whom the most robust
expression was clearly found in the participant treated in infancy
(7 months) as opposed to late childhood.24
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Figure 4. Long-term restoration of full-length

dystrophin in Dup2 mice following systemically

administered ACCA 18 months postinjection

(A) Representative WB images of left TA muscles, heart

(H), and Dia (1 blot per group per tissue) showing dystro-

phin expression in Dup2 mice treated with diluent (Diluent)

or scAAV9.U7.ACCA (ACCA) vector 18 months post-

injection. Individual samples are numbered 1–5, and the

right 6 lanes of every blot contain a 6-point standard curve

of pooled Bl6 (n = 7–8) lysate diluted in Dup2Del18-41

dystrophin-null muscle lysate, ranging from 0% to 100%.

(B) Normalized dystrophin levels in Dup2-diluent or

Dup2-ACCA mice. For protein quantification, a 5-point

Bl6 standard curve (0%–80%) with R2 R0.9753 was

accepted for data analysis. The dashed line indicates

100% based on the pooled Bl6 standard curve. Data

presented as mean ± SEM (n = 7–11) with individual points. Statistical comparisons performed using unpaired t test: *p < 0.05; ****p < 0.0001. See also Figure S2,

which shows the original WB images for all tissues and dystrophin quantification analysis.
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The consistently high long-term expression dystrophin observed in
this study also resulted in a significant improvement in muscle func-
tion in both TA and Dia muscles compared to Dup2 diluent-treated
mice. Previous studies have demonstrated that 2�–10�MED scAA-
V9.U7.ACCA injection into P0/P1 neonatal or adult Dup2 mice re-
sulted in significantly higher specific force during tetanic contraction
and a decrease in force drop in ECC studies, as compared to the control
Dup2 in the TAmuscle 3 or 6 months after vector administration.12,15

In contrast, the results presented here at 18 months after scAA-
V9.U7.ACCA injection demonstrate a greater reduction in TA ECC
force drop (to 53.2% of Bl6 in the present study) versus that observed
at 3 or 6months following P0/P1 injection or at 3months following the
injection of 2-month-old mice (63%–78% ECC drop and�10%–22%
AUC),15 consistent with the drop in dystrophin expression over the
same period. The observation in the Dup2-ACCA group of a signifi-
cant increase in CNFs at 18 months is unexpected because it contrasts
with what was previously seen at shorter posttreatment intervals with
both scAAV9.U7.ACCA and peptide-linked phosphorodiamidate
morpholino oligomers (PPMO).15,17 The reason for this discrepancy
is not clear, although a diminished effect on the reduction of central
nuclei has been reported in older mdx mice treated with a micrody-
strophin compared to those treated at a younger time point,25 suggest-
ing that age at treatment may play a role in this effect.We note that we
delivered the vector tomice aged 3months, bywhich time theirmuscle
has gone through a period of degeneration analogous to that observed
in the standard mdx model, as we noted in our original paper charac-
terizing the Dup2 mouse model.16 Because central nucleation tends to
persist in mice after the resolution of muscle injury (unlike that in hu-
mans), the observation of increased CNF in treated mice raises the
possibility thatmuscle fibers are overall better preserved by the expres-
sion of low levels of dystrophin, preserving this evidence of the original
period of remodeling.We do not believe that this observation is of sig-
nificant biological relevance, given the correction in function as as-
sessed by electrophysiology.

Long-term expression has been demonstrated in an animal model
with microdystrophin.26,27 Expression of a full-length dystrophin
Molecular T
may reasonably be expected to confer greater therapeutic benefit
than that of microdystrophins, which themselves show significant
therapeutic promise.27,28 Although AAV delivery at present is consid-
ered a one-time treatment due to the immune response,29–33 our re-
sults suggest that a one-time injection could lead to long-term dystro-
phin restoration without the need for a second injection, and in a
clinical setting, subsequent treatment with alternate exon skipping
agents may be possible.17

Although the cognitive behavioral phenotype has not been assessed in
the Dup2 mouse model, the similar levels of vector genomes found in
both brain and TA suggest that the scAAV9.U7.ACCA vector may
correct dystrophin in the central nervous system. Future studies
will address this possibility.

MATERIALS AND METHODS
scAAV9.U7.ACCA vector production

The scAAV9.U7.ACCA vector for this study was produced at the vec-
tor core of the Abigail Wexner Research Institute (AWRI) at Nation-
wide Children’s Hospital (NCH) under research-grade, non–Good
Laboratory Practices conditions. The physical titer of the vector was
determined by qPCR according to a linearized plasmid standard.

Animal studies

Dup2 male mice16 were housed in standardized conditions at the
NCH animal facility, provided normal chow, water ad libitum, and
maintained under 12:12-h light:dark cycles. The C57Bl/6 (Bl6) mice
were purchased from The Jackson Laboratory (stock no. 000664),
acclimatized for 2 months in the vivarium before necropsy, and
used as age-matched study controls. All of the animal studies were
performed according to the guidelines and approval of the Institu-
tional Animal Care and Use Committee (IACUC) of the AWRI,
NCH (IACUC protocol no. AR10-00002 and Institutional Biological
and Chemical Safety Committee protocol no. IBS00000370).

scAAV9.U7.ACCA vector was systemically delivered to Dup2 mice
aged 11–12 weeks via the tail vein at a dose of 3 � 1013 vg/kg in
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 5. Sustained long-term functional muscle correction following systemic administration of scAAV9.U7.ACCA

(A) Specific force measured for diaphragm (n = 9–11) and TA (n = 9–11, both legs analyzed independently [N = 12–15]) muscles during tetanic contraction in untreated Bl6

mice and Dup2 mice injected with either diluent (Diluent) or scAAV9.U7.ACCA (ACCA). (B) The AUC of ECCs represented in (C) as amplitude of TA force drop over 10

cycles. (C) TA muscle resistance to contraction-induced damage during 10 ECC cycles (n = 9–11; both legs analyzed independently [N = 9–14]). Data presented as mean ±

SEM, with individual points. Specific force and AUC ECC data were analyzed by 1-way ANOVA followed by Sidak’s post hoc analysis for multiple comparisons.

*p < 0.05; ***p < 0.001; ****p < 0.0001. Statistical comparison of ECC data was completed using 2-way ANOVA followed by Sidak’s post hoc analysis for multiple

comparisons. +p < 0.05; +++p < 0.001; ++++p < 0.0001 versus Dup2.
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lactated Ringer’s solution (LRS) in a 200-mL total volume. Age-
matched Dup2 males treated with diluent, containing LRS with
0.01% Poloxamer 188 in the same volume, and untreated Bl6 males
were used as controls. Mice were sacrificed 88–91 weeks (18 months)
after vector or diluent administration using a lethal dose of ketamine/
xylazine (KX) cocktail (NCH Pharmacy). Skeletal muscles, heart tis-
sues, and Dia tissues were snap-frozen in liquid nitrogen–cooled iso-
pentane; brain and liver samples were snap-frozen in liquid nitrogen,
and then all of the samples were stored at �80�C until use.
RNA extraction and exon 2 skipping quantification analysis

The RNA extraction and RT-PCR analyses of Dmd exon 2 skipping
were performed as previously described.17 Briefly, RNA was extracted
from all of the frozen tissues through TRIzol/chloroform extraction
(Life Technologies, Carlsbad, CA, catalog no. 15596018; Fisher Bio-
reagents, Hampton, NH, catalog no. C297-4) and then purified using
the RNA Clean & Concentrator-25 kit according to the manufac-
turer’s instruction (Zymo Research, Tustin, CA, catalog no. R1018).
The RNA (1 mg) was converted to cDNA using the RevertAid Reverse
transcription kit and random hexamer primers according to the man-
ufacturer’s protocol (Thermo Scientific, Waltham, MA, catalog no.
K1691). cDNA was amplified via PCR (Thermo Fisher, Waltham,
MA, catalog no. K0171) using a set of primers specific to the Dmd
50 UTR and the exon 3–4 junction. The amplicons were visualized
by gel electrophoresis and images were captured using the
ChemiDoc MP imaging system (BioRad, Hercules, CA). Digital im-
ages of gels were quantified using ImageJ software (version 1.46r,
NIH, Bethesda, MD) to determine the relative amounts of different
amplicons. Primer sequences (IDT, Coralville, IA) and the PCR pro-
gram are available upon request.
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TA tetanic and ECC measurements and data analysis

In situTAmuscle contraction assays were conducted using a standard
protocol34,35 with several modifications, as described previously.12

Briefly, mice were anesthetized with a KX mixture. The TA muscle
was exposed and cleaned from connective tissues, a double square
knot was tied to the distal TA tendon with a 3-0 suture (MedPlus Ser-
vices USA Look, Nashville, TN, catalog no. SP117), and the tendon
was cut. The mouse was transferred to a thermally controlled plat-
form and maintained at 37�C (Aurora Scientific, Aurora, ON, Can-
ada). To avoid the drying of tissues, the muscle was constantly damp-
ened with 0.9% sodium chloride solution (saline) during the
procedure. The muscle was warmed up using two electrical probes,
which were placed in the biceps femoris muscle near the sciatic nerve
for stimulation; then, the muscle was stimulated to determine the
optimal length (Lo, mm) and tension to be used throughout the pro-
tocol. The active tetanic muscle force was recorded to calculate the ab-
solute force using the Lab View-based DMC program (Aurora Scien-
tific, version 5.200), which was also used for specific force analysis.
Following a 5- to 10-min rest, the muscle was subjected to a series
of 10 isometric contractions with a 10% stretched length, with 60-s
intervals between the stimuli to determine the force drop. For TA-
specific force analysis, the muscles were removed and weighed, and
the cross-sectional area (CSA) was calculated as follows:

CSAðmm2Þ =
massðgÞ

ðg=mm3Þ � R� Lo ðmmÞ ; (Equation 1)

where muscle density (r) is 0.00106 g/mm3 (or 1.06 mg/mm3), R is
the ratio of fiber length in the TA, which equals 0.6,36 and Lo is the
muscle length (mm). The CSA and absolute force measurement
were used to determine the specific force measurement.
er 2023
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Figure 6. Histological and morphometric analysis of

TA and Dia tissues

(A) H&E Y staining of TA and Dia muscles from C57Bl/6

(Bl6), Dup2-diluent (Diluent), or Dup2-ACCA (ACCA).

Scale bar represents 100 mm. (B) Quantification analysis

of (B) CNFs and (C) equivalent diameter (Eq. Diameter) of

the fiber in TA and Dia muscles. Data presented as

mean ± SEM, with individual points. Statistical

comparisons were performed using 1-way ANOVA with

Sidak’s multiple comparisons test; *p < 0.05, **p < 0.01,

****p < 0.0001. See also Figure S3, which shows

representative IF images used for CNFs and equivalent

diameter quantification analysis.
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Dia tetanic contraction measurements and data analysis

In vitro Dia muscle contraction assays were conducted using a stan-
dard protocol.37 Briefly, after euthanasia, using a lethal dose of KX
mixture, the intact Dia was collected with rib attachments and central
tendon and placed in Krebs-Henseleit (K-H) buffer containing
137 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2 mM NaH2PO4,
0.25 mM CaCl2, 20 mM NaHCO3, 10 mM D-glucose (dextrose),
and 20 mM 2,3-butanedione monoxime. Dia strips (2–4 mm wide)
were isolated from each mouse. They were tied firmly with a 3-0 su-
ture (MedPlus Services USA Look, catalog no. SP117) at the central
tendon and sutured through a portion of rib bone affixed to the distal
end of each strip. Each muscle strip was transferred to a thermally
controlled water bath (37�C) (Aurora Scientific) filled with oxygen-
ated K-H solution (5% CO2 balance oxygen). The Dia muscle was
warmed up using two platinum plate electrodes that were positioned
Molecular Therapy: Methods & C
in the organ bath to flank the length of the mus-
cle, and then muscle tetanic force was recorded
to further determine the absolute and specific
tetanic forces. To calculate the specific force in
Dia, CSA was determined using Equation 1, in
which the ratio of fiber length in the Dia,
R = 1.0.36

DNA extraction and qPCR vector

biodistribution quantification

Genomic DNA extraction and qPCR procedures
were performed as previously described.15

Briefly, total DNA was extracted from all of the
tested tissue samples using the DNeasy Blood &
Tissue Kit (Qiagen, Germantown, MD, catalog
no. 69506), and AAV vector genomes were
quantified by qPCR using a linearized pAA-
V.U7.ACCA plasmid to generate a standard
curve for absolute transgene quantification.
PCR was performed using TaqMan Universal
PCR Master Mix (Applied Biosystems, Foster
City, CA, catalog no. 4304437) and Quantstu-
dio6 Flex (Applied Biosystems) following the
procedures recommended by the manufacturer
and a set of primers unique to the transgene (se-
quences available upon request). Genomic DNA from untreated Bl6
and diluent-injected Dup2 mouse tissues served as experimental con-
trols. Each sample was run in triplicate. Acceptance criteria for an
assay included a standard curve with an R2 R0.9900 or higher, effi-
ciency between 91.4% and 99.7% or a slope between �3.33 and
�3.55, and undetermined values in the nontemplate control
reactions.

Absolute vector copies in a reaction were determined based on the
transgene specific standard curve and normalized to the total
genomic DNA in a given reaction measured by nanodrop spectro-
photometer. The amount of vc/dg was calculated based on the
assumption of average mouse diploid genome weighing 6 pg
(166.67 genomes per nanogram).38 Samples with the positive pres-
ence of transgene had values exceeding the lowest detectable point
linical Development Vol. 31 December 2023 7
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on the standard curve, 0.006 vc/dg. The samples that did not pass
the threshold by the end of the 40 cycles were reported as undeter-
mined and those below 0.006 vc/dg were considered below the
LLOQ and reported as negative. If one of the three replicates in
the assay was determined as having a specific copy number, then
this sample was reported as the mean with no standard deviation.
If two of the three replicates were determined, then the mean and
standard deviation for this sample was calculated from the two rep-
licates that generated a value. If all three replicates failed to generate
a value, then the mean was reported as undetermined with no stan-
dard deviation provided.

IF staining and microscope image analysis

IF staining, imaging, and image analysis were performed as previously
described.17,39 Briefly, 10-mm frozen muscle sections were air dried,
permeabilized in buffer containing 1� PBS with 0.1% Triton X-100
and 10% normal goat serum (NGS) (Invitrogen, Waltham, MA, cat-
alog no. 100000C), and then incubated in blocking buffer containing
1� PBS with 0.1% Tween 20 (PBST) and 10% NGS. Sections were
then co-stained in a mixture of rabbit monoclonal anti-dystrophin
C-terminal antibody (1:400) (Abcam, Cambridge, UK, catalog no.
ab218198) and rat anti-laminin antibody (1:400) (R&D Systems,
Minneapolis, MN, catalog no. MAB4656) for 2 h at room tempera-
ture. Slides were washed 4 times for 5 min in 1� PBST; then, they
were incubated in a mixture of the appropriate secondary antibodies:
donkey anti-rat Alexa Fluor 488 (The Jackson Laboratory, catalog no.
712-546-153) or goat anti-rabbit Alexa Fluor 568 (Invitrogen, catalog
no. A-21069) (1:500) for 1 h and washed again 3 times for 5min. Cov-
erslips were mounted with Prolong Gold with DAPI (Invitrogen, cat-
alog no. P36931).

Whole-section images of TA, Dia, and heart were collected on a
fully motorized Nikon Ti2-E inverted microscope with Plan Apo-
chromat Lambda objectives (both Nikon, Tokyo, Japan) and a Ha-
mamatsu (Shizuoka, Japan) ORCA Fusion camera within 24 h of
the completion of staining. TA and Dia sections were imaged using
10� magnification at a resolution of 0.64 mm/pixel, and hearts were
imaged using 20� magnification at a resolution of 0.32 mm/pixel.

The quantification of muscle dystrophin immunofluorescence was
performed in Nikon NIS-Elements AR software using the General
Analysis 3 software module and a custom analysis workflow opti-
mized for mouse tissue, as previously described.17,39 Muscle fibers
with a R50% dystrophin-positive perimeter were considered overall
positive and used to calculate the PDPFs for each tissue section. Dys-
trophin intensity in muscle sections was analyzed by measuring
the mean intensity of all of the pixels in the dystrophin channel
within a 5-mm-wide boundary region at the sarcolemma around
each muscle fiber.

Heart tissues were analyzed as four-square regions of interest (ROIs)
sampled from the transverse myocyte regions of each heart section,
with each ROI measuring 0.5 � 0.5 mm. The same workflow was
used to quantify dystrophin-positive myocytes and myocyte dystro-
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
phin intensity in heart ROIs as the skeletal muscle analysis described
above, with the exception of a 3-mm sarcolemmal boundary. Cardiac
myocytes touching the edges of the ROI field were excluded from
analysis. Quantification results from the 3 ROIs for each heart were
averaged to produce a single result for dystrophin-positive myocytes
and myocyte dystrophin intensities for each heart.

Muscle morphometric analysis

Morphometric parameters of muscle fiber size (as equivalent diam-
eter) and the percentage of centralized nuclei were quantified as a
part of the dystrophin analysis pathway. In TA and Dia tissues, mus-
cle fibers showing at least one DAPI nucleus overlapping with the
interior region of the fiber that was eroded in from the laminin-pos-
itive sarcolemma by 5 mm were identified as CNFs. Each fiber with
one or more DAPI-stained central nucleus was considered overall
to be a CNF. All of the representative images were selected to appro-
priately reflect the center of the distribution of the group rather than
any extreme values or outliers.

Histochemical staining

H&E Y staining was performed on whole sections of cryosectioned
tissue. Tissue was sectioned at 10 mm and allowed to acclimate before
a 6-min incubation in hematoxylin (Thermo Fisher, catalog no.
7211L). Slides were then rinsed in dH2O and dipped in bluing reagent
(Thermo Fisher, catalog no. 7301). Slides were dipped in eosin Y
(Thermo Fisher, catalog no. 7111L) and staining proceeded as fol-
lows: 30% ethanol (EtOH), 3 � 95% EtOH, 3 � 100% EtOH, 2� xy-
lenes (Thermo Fisher, catalog no. X3F). Coverslips were affixed using
cytoseal 60 (Thermo Fisher, catalog no. 23–244256). Slides were
imaged using a motorized Nikon Ti2-E microscope with a 10�
Plan Apochromat Lambda objective and with a Nikon DS-Ri-2 color
camera at a resolution of 0.72 mm/pixel.

Western blotting

Protein was extracted using a lysis buffer containing 4 M urea,
125 mM Tris-HCl, pH 6.8, 4% SDS, and protein inhibitor cocktail
(Sigma Aldrich, St. Louis, MO, catalog no. 11836170001). Briefly,
150 mL of lysis buffer was added to 10 sections of 20-mm thick tissue.
Tissue was lysed using a metal bead and disrupted for 2 min at 30 Hz
(TissueLyser II, Qiagen) followed by a 30-min incubation at room
temperature before a second lysis step (1 min at 30 Hz, TissueLyser
II, Qiagen). The lysate was centrifuged at 14,000 � g for 20 min
and the supernatant was collected for analysis. The protein concen-
tration was quantified using the BioRad DC assay kit (BioRad, catalog
no. 5000112) following the manufacturer’s protocol. A calibration
curve was made by combining lysates from Bl6 mice (n = 8) and dys-
trophin-null age-matched Dup2Del18-41 mice (n = 4). These
Dup2Del18-41 mice were received due to spontaneous mutation in
the Dup2 colony and showed a complete absence of dystrophin pro-
tein. The supernatant was mixed with a 4� Laemmli sample buffer
and heated for 5 min at 95�C. Total protein at 22.5 mg was run on
a precast 3%–8% Tris-Acetate NuPage gel (Invitrogen, catalog no.
EA0378BOX) for 1 h at 80 V followed by 2 h at 120 V. Protein was
transferred from gels to a 0.45-mmpolyvinylidene fluoride membrane
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(BioRad, catalog no. 1620260) at a constant 55-mA current overnight
at 4�C. HiMark prestained protein standard (Invitrogen, catalog no.
LC5699) and/or Precision Plus Protein Dual Color Standards
(BioRad, catalog no. 1610394) were used to determine the size of pro-
teins of interest during separation and transfer. Membranes were
probed with a rabbit monoclonal anti-dystrophin C-terminal anti-
body (Abcam, catalog no. ab154168) at 1:1000 dilution in 5% nonfat
dry milk in PBST buffer for 2 h. Blots were then washed for 5� 5 min
with PBST. Membranes were exposed to the secondary antibody, goat
anti-rabbit horseradish peroxidase (1:5000) for 1 h at room tempera-
ture, followed by 5� 5-min washes with PBST and a 1� 5-min wash
with PBS. Membranes were incubated with 2 mL of enhanced chem-
iluminescence reagent (Thermo Scientific, catalog no. 34580) before
visualization on a Chemidoc MP Imaging System (BioRad). Dystro-
phin signals were quantified by densitometric analysis using Image
Lab software (BioRad, version 6.0.0, build 25). A linear regression
curve fit to the calibration curve on each gel was calculated using
the 0%–80% WT dystrophin points, and individual samples were
quantified against that curve and presented as percentage of WT dys-
trophin expression. The acceptance criterion for a given blot was
defined as R2 R0.90; for all of the blots included in the analysis,
the actual R2 values were R0.96.
Statistical analysis

Statistical analyses were performed using GraphPad Prism (Boston,
MA, version 9.0). All of the results are presented as mean value ±

SEM with individual points. Experiments with a single independent
variable were analyzed using one-way ANOVA with the Sidak’s mul-
tiple comparisons test or unpaired t test if involving only one compar-
ison. The statistical analysis of ECC-induced force loss was completed
using two-way ANOVA followed by Sidak’s post hoc analysis for
multiple comparisons. All of the statistical methods are identified in
the legends for the corresponding figures. Significance was deter-
mined based on a = 0.05.
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