
HAL Id: hal-02569939
https://hal.sorbonne-universite.fr/hal-02569939

Submitted on 11 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Combined Treatment with Peptide-Conjugated
Phosphorodiamidate Morpholino Oligomer-PPMO and
AAV-U7 Rescues the Severe DMD Phenotype in Mice
Anne Forand, Antoine Muchir, Nathalie Mougenot, Caroline Sévoz-Couche,

Cécile Peccate, Mégane Lemaitre, Charlotte Izabelle, Matthew Wood,
Stéphanie Lorain, France Pietri-Rouxel

To cite this version:
Anne Forand, Antoine Muchir, Nathalie Mougenot, Caroline Sévoz-Couche, Cécile Peccate, et al..
Combined Treatment with Peptide-Conjugated Phosphorodiamidate Morpholino Oligomer-PPMO
and AAV-U7 Rescues the Severe DMD Phenotype in Mice. Molecular Therapy - Methods and Clinical
Development, 2020, 17, pp.695-708. �10.1016/j.omtm.2020.03.011�. �hal-02569939�

https://hal.sorbonne-universite.fr/hal-02569939
https://hal.archives-ouvertes.fr


Original Article
Combined Treatment with Peptide-Conjugated
Phosphorodiamidate Morpholino Oligomer-PPMO
and AAV-U7 Rescues the Severe DMD Phenotype
in Mice
Anne Forand,1 Antoine Muchir,1 Nathalie Mougenot,2 Caroline Sevoz-Couche,3 Cécile Peccate,1 Mégane Lemaitre,2

Charlotte Izabelle,1 Matthew Wood,4,5 Stéphanie Lorain,1,6 and France Piétri-Rouxel1,6

1Centre de Recherche en Myologie, Sorbonne Université, UMRS974, INSERM, Institut de Myologie-Faculté de Médecine de la Pitié Salpêtrière, 105 boulevard de l’Hôpital,

75013 Paris, France; 2Sorbonne Université, UPMC Paris 06, INSERM UMS28, Phénotypage du petit animal, Faculté de Médecine Pierre et Marie Curie, 91 boulevard de

l’Hôpital, 75013 Paris, France; 3Sorbonne Université, UPMC Univ Paris 06, INSERM UMRS1158, Neurophysiologie Respiratoire Expérimentale et Clinique, Faculté de

Médecine Pierre et Marie Curie, 91 boulevard de l’Hôpital, 75013 Paris, France; 4Department of Paediatrics, University of Oxford, Oxford OX3 9DU, United Kingdom;
5MDUK Oxford Neuromuscular Centre, University of Oxford, Oxford OX3 9DU, United Kingdom
Received 20 February 2020; accepted 12 March 2020;
https://doi.org/10.1016/j.omtm.2020.03.011.
6These authors contributed equally to this work.

Correspondence: France Piétri-Rouxel, PhD, Centre de Recherche en Myologie,
Sorbonne Université, UMRS974, INSERM, Institut de Myologie-Faculté de Mé-
decine de la Pitié Salpêtrière, 105 boulevard de l’Hôpital, 75013 Paris, France.
E-mail: france.pietri-rouxel@upmc.fr
Correspondence: Anne Forand, PhD, Centre de Recherche en Myologie, Sorbonne
Université, UMRS974, INSERM, Institut de Myologie-Faculté de Médecine de la
Pitié Salpêtrière, 105 boulevard de l’Hôpital, 75013 Paris, France.
E-mail: anne.forand@inovarion.com
Duchenne muscular dystrophy (DMD) is a devastating neuro-
muscular disease caused by an absence of the dystrophin pro-
tein, which is essential for muscle fiber integrity. Among the
developed therapeutic strategies for DMD, the exon-skipping
approach corrects the frameshift and partially restores dystro-
phin expression. It could be achieved through the use of anti-
sense sequences, such as peptide-conjugated phosphorodiami-
date morpholino oligomer (PPMO) or the small nuclear
RNA-U7 carried by an adeno-associated virus (AAV) vector.
AAV-based gene therapy approaches have potential for use in
DMD treatment but are subject to a major limitation: loss of
the AAV genome, necessitating readministration of the vector,
which is not currently possible, due to the immunogenicity of
the capsid. The PPMO approach requires repeated administra-
tions and results in only weak cardiac dystrophin expression.
Here, we evaluated a combination of PPMO- and AAV-based
therapy in a mouse model of severe DMD. Striking benefits
of this combined therapy were observed in striated muscles,
with marked improvements in heart and diaphragm structure
and function, with unrivalled extent of survival, opening novel
therapeutic perspectives for patients.

INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked severe neuro-
muscular disorder caused by mutations of the DMD gene,1 leading
to the absence of dystrophin, a protein essential for muscle fiber integ-
rity during the contraction process.2 DMD affects 1 in 5,000 male
births and is characterized by progressive degeneration of striated
muscles, causing a loss of ambulation, cardiomyopathy, respiratory
failure, and ultimately death.3,4 Several therapeutic approaches for
DMD are currently being investigated.5 The most recently developed
treatment is gene therapy based on CRISPR-Cas9 editing, for which
long-term efficacy has been demonstrated.6,7 However, this approach
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introduces unintended changes to the genome and transcripts,7 and
therapeutic interventions require improvement, as shown by a study
of gene editing via homology-directed repair in the dog model of
DMD.8

The antisense oligonucleotide (AO)-mediated, exon-skipping strat-
egy aims to force pre-mRNA splicing to remove the mutated exon,
restoring the in-frame sequence of the transcript and leading to the
expression of a shorter but functional dystrophin.9 The AOs origi-
nally used were degraded by endonucleases and/or exonucleases
and therefore, had a limited therapeutic effect.10 In the phosphorodia-
midate morpholino backbone (PMO), a third generation of AOs, a
nonribose-based modification, prevents degradation by nucleases,
but the nonionic structure of these compounds reduces their nuclear
uptake.11 Furthermore, limitations to the use of PMOs in DMD treat-
ment were highlighted in several animal-based studies reporting poor
cellular uptake, rapid clearance from the bloodstream, an inability to
cross the blood-brain barrier,12 and weak effects on the diaphragm
and heart.13 In the latest generation of AOs, short cell-penetrating
peptides have been conjugated to PMO (PPMOs) to increase their
ability to penetrate into cells.14,15 PPMOs, like all of the other AOs
produced to date, have the enormous advantage of not being immu-
nogenic, but they must be administered regularly to sustain
Clinical Development Vol. 17 June 2020 ª 2020 The Authors. 695
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therapeutic benefits in skeletal muscles, and they have been reported
to have only weak effects on dystrophin restoration in the heart.16

Exon skipping can also be mediated by antisense sequences inserted
into the small nuclear RNA-U7 and carried by an AAV (adeno-asso-
ciated virus) vector, AAV-U7. This gene-therapy strategy ensures the
continuous production of antisense RNA in dystrophin-deficient mu-
rine models9,17 and in dystrophin-deficient Golden Retriever
muscular dystrophy (GRMD) dogs.18–20 In all dystrophic models, a
one-shot treatment with AAV-U7 was sufficient to achieve the resto-
ration of significant levels of dystrophin, associated with an improve-
ment of the muscle force.9,17,19,20

Another therapeutic approach for DMD using AAV vectors aims to
transfer a shortened cDNA into the cells to mediate the production
of a microdystrophin. This strategy has been shown to be effective
in a large-animal model of DMD (GRMD) in which intravenous
(i.v.) delivery without immunosuppression led to a significant sus-
tained increase in microdystrophin levels in skeletal muscles and im-
provements in dystrophic symptoms over a period of more than 2
years.21 Three clinical trials of the AAV-based delivery of micrody-
strophins (ClinicalTrials.gov: NCT03368742, Solid Biosciences;
NCT03375164, Sarepta Therapeutics; and NCT03362502, Pfizer)
are currently underway, and the preliminary data suggest that gene
therapy is a powerful means of addressing the unmet needs in
DMD and the major limitations on the use of this approach. Chief
among these limitations is pre-existing anti-capsid immunity, which
is an exclusion criterion for AAV gene therapy.22,23 In other cases in
which such immunity develops after treatment, it prevents the read-
ministration of the vector. This is a crucial limitation, as it restricts the
sustainability of therapeutic benefit in a context of growth in patients
with muscular dystrophy. However, despite the reported efficacy of
single injection of AAV-U7 in animal models of DMD,17,19,20 losses
of the viral genome and of therapeutic benefit over time have been
observed in treated muscles.24

One way of getting around these shortcomings is to combine multiple
therapies to maximize efficacy through additive effects of the various
approaches. Strategies of this type have proven successful for cultured
cells and in clinical practice for other indications.25,26 A previous
study on DMD showed that intramuscular pretreatment with PPMOs
targeting dystrophin improved AAV vector maintenance, resulting in
10-fold higher levels of dystrophin protein in the skeletal muscle of
mdx mice.27 Here, we evaluated the benefits of combined treatment
over the entire musculature, including vital organs, such as the heart
and diaphragm, following the systemic administration of a combina-
Figure 1. Combined PPMO + AAV-U7 Treatment Induces Efficient Exon Skippi

(A) Schematic diagram of the treatments administered to the dKO mice: PPMO, AAV-U

Quantification of exon 23 skipping in heart, diaphragm, and tibialis anterior (TA) from

represents one mouse. The data shown are means ± SEM for 10 mice per group. The

immunoblots showing dystrophin levels in the heart, diaphragm, and TA from 22-week

results shown are mean ± SEM for 10 mice per group. The significance of difference

b-sarcoglycan labeling in the heart, diaphragm (Dia), and TA of 22-week-old WT and tr
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tion of PPMO and AAV-U7 in dystrophin-utrophin double-
knockout mice (dKO), which have a severe dystrophic phenotype.
Unlike mdx mice, which have histological signs of muscular dystro-
phy but few signs of muscle weakness and a relatively normal lifespan,
dKO mice develop severe and progressive muscle wasting, leading to
heart and diaphragm dysfunction and premature death, mirroring the
symptoms of patients with DMD.28

The systemic injection of high doses of AAV-U7 (1 + E13 viral ge-
nomes) into dKOmice at the age of 3 weeks has been shown to improve
survival.17 For evaluation of the benefits of combination with PPMO
pretreatment, a suboptimal dose of AAV-U7 was delivered intrave-
nously. Early exon-skipping treatment, administered at an age when
the phenotype is mild or absent, has been shown to prevent DMD pro-
gression.29 We therefore chose to treat mice, at birth, with the dose of
PPMO used in a previous study.30 We also performed three repeated
injections of PPMO to prevent a waning of the therapeutic effect during
the growth of the animal between birth and the age of 3 weeks. The
route of administration seems to be important for targeting specific tis-
sues.31 We therefore injected PPMO into the animals both intrave-
nously and intraperitoneally (i.p.). Indeed, i.p. injections of PPMO
have been shown to induce exon skipping in the diaphragm and skel-
etal muscles, whereas i.v. injection targets the cardiac and skeletal mus-
cles.32–34 Taking all of these previous findings into account, we de-
signed this study to determine whether combined treatments have
therapeutic potential (Figure 1A). Our findings highlight the major
benefits of this combined treatment in the striated muscles and for
heart and diaphragm structure and function and demonstrate an un-
precedented increase in survival, paving the way for the development
of this approach for use in DMD treatment.

RESULTS
Combined PPMO + AAV-U7 Treatment Is Highly Effective for

Inducing Exon Skipping and Restoring Dystrophin Expression

dKO mice received intravenous injections of PPMO during the
neonatal period and AAV-U7 at the age of 3 weeks. They were
compared with dKOmice receiving only one of these treatments (Fig-
ure 1A). The efficacy of PPMO + AAV-U7 treatment was first evalu-
ated by quantifying exon skipping. PPMO + AAV-U7-treated mice
had higher rates of exon skipping in the heart and diaphragm than
mice receiving single treatments, from the age of 22 weeks onward
(Figure 1B), and no skipping was observed in untreated wild-type
(WT) mice (not shown). These higher rates of exon skipping were
correlated with the restoration of dystrophin production in the heart
of PPMO + AAV-U7- and AAV-U7-treated mice and in the dia-
phragm of PPMO + AAV-U7- and PPMO-treated mice (Figure 1C).
ng and Dystrophin Protein Restoration in the Heart and Diaphragm

7, and PPMO + AAV-U7. IV, intravenous; IP, intraperitoneal; D, day; W, week. (B)

22-week-old dKO mice treated with AAV-U7 or with PPMO + AAV-U7. Each dot

significance of differences was determined by one-way ANOVA. (C) Representative

-old treated and wild-type (WT) mice; a-actinin is shown as a loading control. The

s was determined by one-way ANOVA. (D) Micrographs showing dystrophin and

eated dKO mice. Scale bars, 100 mm.
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Figure 2. The Combined Approach Extends Survival in dKO Mice

(A) Survival for untreated and treated dKO mice. The survival curves are significantly different, p < 0.0001, Mantel-Cox log-rank test. (B) Gross morphology of 22-week-old

dKOmice treated with PPMO, AAV-U7, or PPMO + AAV-U7. Comparison of body weight between mice from the different groups during the course of the disease. The data

shown are asmeans ± SEM (n = 10 per group), and significance was determined by one-way ANOVA. Significant differences relative to theWT are indicated. (C and D) Ratios

of heart or diaphragm (C) or skeletal (D) muscle weight to body weight for 22-week-old WT and treated dKO mice. The data shown are mean ± SEM for 10 mice per group.

Significance was determined by one-way ANOVA.
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In skeletal muscles, levels of exon skipping and dystrophin produc-
tion were similar for PPMO + AAV-U7- and AAV-U7-treated
mice but higher in these mice than in PPMO-treated mice (Figures
1B and 1C and S1A and S1B). Furthermore, for all treatments, the
restoration of dystrophin expression and its correct localization re-
sulted in a stabilization of the glycoprotein complex at the plasma
membrane, as shown by coimmunostaining dystrophin and b-sarco-
glycan (Figure 1D).
698 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
Combined Treatment Significantly Extends Survival in dKOMice

Untreated dKO mice died prematurely (median survival of 7 weeks),
whereas lifespan was prolonged in all treated mice. The combined
treatment resulted in significantly longer survival than either
PPMO or AAV-U7 treatment alone (median survival rates of 53,
45, and 15.5 weeks, respectively; Figure 2A). Furthermore, the mice
treated with both PPMO and AAV-U7 had a healthier appearance
than those treated with either PPMO or AAV alone (Figure 2B).
020
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The combined treatment restored weight gain to normal levels in both
males and females (Figure 2B). It also normalized the ratios of dia-
phragm and heart weights to body weight (Figure 2C). However,
the diaphragm-to-body weight ratio was lower in AAV-U7-treated
mice, and the heart-to-body weight ratio was higher in PPMO-treated
dKO mice (Figure 2C), suggesting that these treatments had different
tissue-specific effects. The ratio of skeletal muscle weight to body
weight was heterogeneous in the treated mice (Figure 2D), consistent
with the observed dystrophin expression (Figures 1C and S1B).

Combined Treatment Protects dKO Muscles against Fibrosis

and Inflammation

Fibrosis is a hallmark of DMD.3We therefore analyzed collagen levels
by staining muscle cross-sections with sirius red (Figure 3A) and as-
sessing collagen 1 (Col1a2) gene expression (Figure S2). Fibrosis levels
were lower in all striated muscles from 22-week-old mice treated with
PPMO + AAV-U7 than in dKO controls (Figures 3A and S2). We
then evaluated inflammation, a secondary consequence of damage
to muscle fibers,35 by analyzing hematoxylin and eosin-stained
cross-sections (Figure 3A) and quantifying macrophage-specific
(F4/80) and B lymphocyte-specific (cluster of differentiation [CD]
45) transcripts (Figure S2). Lower levels of infiltration (Figure 3A)
and slightly lower levels of F4/80 and CD45 expression were observed
in the diaphragm and tibialis anterior (TA) of dystrophic mice treated
with PPMO + AAV-U7 than in those of dKO controls (Figure S2).
Another secondary pathological process superimposed on the
chronic proinflammatory state is the segmental degeneration and
regeneration of myofibers, leading to an increase in the proportion
of small fibers and a higher percentage of centrally located nuclei.36

An analysis of the distribution of fiber size revealed a partial restora-
tion of muscle fiber size (Figure 3C) associated with a decrease in the
percentage of centrally nucleated fibers (Figure 3D) in the diaphragm
and TA of mice treated with PPMO + AAV-U7.

Combined Treatment Protects Both Cardiac and Respiratory

Functions

The left-ventricular end-diastolic diameter was smaller, and frac-
tional shortening was greater in AAV-U7- and PPMO + AAV-U7-
treated mice than in untreated dKO mice, reaching values similar
to those in WT mice (Table 1). PPMO treatment alone did not
improve cardiac dilation and contractile function. The levels of
expression of the Myh7 and Nppa genes, encoding the myosin heavy
chain and atrial natriuretic precursor, respectively, were low in the
hearts of AAV-U7- and PPMO + AAV-U7-treated mice (Figure 4A).
These genes have been shown to be upregulated in cardiomyopa-
thy.37–39 Duchenne patients develop cardiac conduction defects
Figure 3. The Combined Approach Protects dKO Muscles from Fibrosis and In

(A) Representative micrographs of hematoxylin-eosin- and sirius red-stained sections of

Fibrosis calculated as a percentage of the total area with ImageJ software, from sirius re

least six mice per group, and significance was determined by one-way ANOVA. (C and D

with MuscleJ software after laminin fluorescence staining for the diaphragm (top panel

group, and significance was determined by one-way ANOVA (*p < 0.05, **p < 0.01, ***p

treated mice).
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(e.g., prolonged QRS interval), indicative of a risk of atrio-ventricular
block.40 We therefore monitored cardiac electrical activity in the mice
by electrocardiography (ECG). None of the 9-week-old dKO mice
subjected to the various treatments had a prolonged QRS interval (Ta-
ble 1). QRS duration increased over time in PPMO-treated mice (Ta-
ble S1). Prolonged QRS intervals have been correlated with connexin
43 (Cx43) remodeling in the heart of mdx and dKO mice, and in the
hearts of DMDpatients.41We hypothesized that restoring Cx43 levels
at cell-to-cell junctions ensured correct cardiac conduction in dKO
mice treated with AAV-U7 alone or with PPMO +AAV-U7. Fluores-
cence microscopy analysis revealed the restoration of Cx43 localiza-
tion at intercalated discs in the hearts of dKO mice treated with
PPMO + AAV-U7, resulting in a distribution similar to that in WT
animals (Figure 4B).

The 9-week-old untreated dKO mice had minute ventilation (VE)
values similar to those of mdx andWT animals (Figure 4C). However,
respiratory frequency (fR) was higher and was, at this stage, compen-
sated by a low tidal volume (VT) (Figure 4C), confirming previous re-
ports.42 At 22 weeks, the VE of dKO mice treated with PPMO or
PPMO + AAV-U7 was similar to that in WT mice. The AAV-U7-
treated mice had a higher VE due to their higher fR, which was not
compensated by VT modulation at this time point. The beneficial ef-
fect of PPMO + AAV-U7 persisted for at least 40 weeks (Figure 4C).
These effects were correlated with higher levels of dystrophin and a
reversal of fibrosis, together with a decrease in the expression of in-
flammatory markers in the diaphragm, as observed for the PPMO
and PPMO + AAV-U7 treatments relative to AAV-U7 treatment at
22 weeks.

We then investigated the benefits of the various treatments for skeletal
muscle function. Specific maximal force and force drop were evalu-
ated by measuring TAmuscle contraction in situ in response to nerve
stimulation (Figure 4D). Specific maximal force in the TA was greater
in mice treated with PPMO + AAV-U7 than in those receiving single
treatments (Figure 4D). Force drop, corresponding to susceptibility to
contraction-induced injury, was smaller for all treated dKOmice than
for mdxmice but remained significantly greater than that in wild-type
mice (Figure 4D).

Long-Term Effects of the Combined PPMO + AAV-U7 Treatment

All of the treated dKO died during the study (Figure 2A). We there-
fore assessed the long-term maintenance of the therapeutic effect.
Between 22 and 40 weeks, a loss of the AAV genome was observed
in all striated muscles, although levels remained higher in the hearts
of PPMO + AAV-U7-treated dKO mice (Figures 5A and S3A). No
flammation

heart, diaphragm, and TA from the indicated groups of mice. Scale bars, 100 mm. (B)

d-stained sections from 22-week-old mice. The data shown are means ± SEM of at

) Fiber size distribution (C) and percentage of centrally nucleated fibers (D) calculated

) and TA (bottom panel). The data shown are mean ± SEM for at least 10 mice per

< 0.001 relative to WT mice; $p < 0.05, $$p < 0.01, $$$p < 0.001 relative to other
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Table 1. Cardiac Function Parameters

WT 9W mdx 9W dKO 9W PPMO 9W AAV-U7 9W
PPMO + AAV-U7
9W

Time (ms) 97 ±0.4 114.4 ±4.9 136.2 ±7.4*** 109.2 ±1.8$$$ 108 ±1.5$$$ 100.4 ±1.4$$$

Heart rate (bpm) 618.5 ±2.9 529.1 ±21.3** 468.1 ±14.1*** 553.2 ±8.4***,$$$ 558 ±7.9**,$$$ 599.8 ±8.0$$$,##

FS (%) 46 ±0.4 44.2 ±0.4 39.8 ±1.7* 38.7 ±1.2** 45.1 ±0.5$,### 43.6 ±0.8#

LVDd/body weight (cm/g) 0.017 ±0.0004 0.013 ±0.0005# 0.021 ±0.0002*** 0.016 ±0.0003$$$ 0.017 ±0.0005$$$ 0.016 ±0.0004$$$

HR (bpm) 748.7 ±5.5 576.4 ±34.5*** 536.7 ±24.3*** 667.8 ±12.0**,$$$ 627.1 ±12.4***,$$ 698.9 ±9.9$$$

RR (ms) 80.2 ±0.6 106.7 ±7.0** 119.4 ±7.3*** 90.9 ±1.8*,$$$ 97.5 ±2.1$$$ 86.3 ±1.3$$$

PR (ms) 34.3 ±0.5 35.9 ±1.8 32.4 ±1.8 33.7 ±0.6 33.5 ±0.5 33.0 ±0.7

QRS (ms) 10.3 ±0.1 12.6 ±1.8 18.1 ±1.1*** 12.0 ±0.2$$$ 11.7 ±0.3$$$ 11.5 ±0.2$$$

Parameters measured by echocardiography and on electrocardiograms in 9-week-old mice. The data shown are mean ± SEM for at least 10 mice (except for mdx mice; n = 5 for
echocardiography and n = 4 for ECG). Significance was determined by one-way ANOVA with correction for multiple testing. bpm, beats per minute; HR, heart rate.
*p < 0.05, **p < 0.01, ***p < 0.001 versus WT mice.
$p < 0.05, $$p < 0.01, $$$p < 0.001 versus untreated dKO mice.
#p < 0.05, ##p < 0.01, ###p < 0.001 versus PPMO-treated dKO mice.
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exon skipping was observed in untreated WT mice (not shown).
These findings are consistent with the levels of dystrophin protein
measured, which remained stable until 52 weeks in the hearts of
dKO mice receiving the combined treatment (Figures 5B–5D),
ensuring an absence of cardiac manifestations of the disease (Table
S1). Despite the very low AAV genome content (Figure 5A) and
very low levels of dystrophin protein (Figure 5B) in the diaphragm,
respiratory function remained normal 40 weeks after PPMO +
AAV-U7 treatment (Figure 4C). From 45 weeks onward, dystrophin
levels decreased significantly (Figures 5D and S3B) and changes in
the histological features (Figure 5E) of the diaphragm and skeletal
muscle were observed in dKO mice treated with PPMO alone.
Finally, 52 weeks post-treatment, only dKO mice that had received
the PPMO + AAV-U7 combination remained alive, with dystrophin
protein levels in the heart of about 20% of those in WT mice with
normal cardiac histology findings (Figures 5D and 5E). Neverthe-
less, a very weak dystrophin signal was detected in the diaphragm
of treated mice (Figure 5D). Accordingly, histological analyses of
the diaphragm revealed major inflammation and fibrosis in
PPMO + AAV-U7-treated mice (Figure 5E), suggesting that these
mice would probably have died from respiratory failure at about
52 weeks post-treatment.

DISCUSSION
We found that the combined PPMO + AAV-U7 treatment was more
effective at improving health and extending the lifespan of dKO mice
than single treatments. These observed benefits can be explained by
considering the results obtained with single PPMO or AAV-U7
treatments.

PPMO was first administered to newborns by i.v. injection (Fig-
ure 1A) and would certainly have been diluted during tissue growth,
as demonstrated by the low rates of dystrophin rescue observed in
the hearts of 3-week-old-treated mice (data not shown). However,
PPMO was then readministered by the i.p. route, explaining the
Molecul
strong restoration of dystrophin levels in the diaphragm (data not
shown). In the single AAV-U7 approach, dystrophin levels were
effectively restored in the heart but not in the diaphragm; the life-
span of these mice was extended by more than 25 weeks, whereas
survival for more than 45 weeks was reported for AAV-U7-treated
dKO mice in a previous study.30 This difference may be accounted
for by the differences in AAV dose used. We deliberately used a
dose of AAV known to be suboptimal to create the best possible
experimental conditions for evaluating the benefits of the combined
approach.

An analysis of the benefits of treatment in 22-week-old mice showed
that AAV-U7 alone was the least effective treatment over time.
Indeed, survival was 89% for mice treated with PPMO alone, but
only 32% for mice treated with AAV alone (Figure 1B). Nevertheless,
the surviving mice had similar rates of exon skipping in the dia-
phragm, regardless of the type of single treatment they had received
(Figure 1B). Dystrophin protein levels were also similar for the two
single treatments (Figure 3C). However, histological sections revealed
significantly lower levels of fibrosis in the diaphragm in mice treated
with PPMO alone than in those treated with AAV alone (Figure 3B).
Moreover, diaphragm function was impaired in the AAV group,
whereas it was similar to that in the WT in the PPMO group. Thus,
despite similar rates of exon skipping and protein levels in the dia-
phragm in the mice of the AAV and PPMO groups, histological
and functional results were better for the PPMO group than for the
AAV group. These differences may reflect differences in the time
course of treatment. Indeed, dystrophin expression was restored
earlier in the PPMO group (injections on day [D] 1 , D8, and D14)
than in the AAV group, in which the treatment was administered
at 3 weeks of age (Figure 1A). The timing of dystrophin protein resto-
ration is crucial for the prevention of disease progression. These find-
ings confirm a previous report of the prevention of DMD progression
by an early exon-skipping therapy, administered at an age at which
the phenotype was absent or mild.29
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 701
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Figure 4. The Combined Approach Restores Normal Cardiac and Respiratory Functions and Improves Skeletal Muscle Function

(A) RT-quantitative real-time PCR analysis ofMyh7 andNppa expression in the hearts of 9-week-old WT, mdx, and untreated dKOmice and 22-week-old WTmice and dKO

mice treated with PPMO, AAV-U7, or PPMO + AAV-U7. The data shown are mean ± SEM for at least 10 mice per group, and significance was determined by one-way

ANOVA. (B) Micrographs showing connexin 43 and desmoplakin labeling in the heart for 9-week-old WT and dKO mice. 40,6-Diamidino-2-phenylindole (DAPI) counter-

staining (blue) of the nuclei. Arrows indicate the lateralization of connexin 43. Scale bars, 10 mm. The colocalization of connexin 43 and desmoplakin was quantified for the

(legend continued on next page)
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An evaluation of cardiac function revealed a smaller left-ventricular
end-diastolic diameter and greater fractional shortening in AAV-
U7-treated mice than in untreated dKO mice. The values obtained
were similar to those for WT mice (Table 1). By contrast, PPMO
treatment alone had no beneficial effect on cardiac dilation and con-
tractile function. Overall, these data show that at 22 weeks of age, mice
treated with AAV-U7 alone have poor respiratory function and
normal cardiac function, whereas mice treated with PPMO alone
have normal diaphragm function and abnormal cardiac parameters.

The benefits of the PPMO pretreatment can also be evaluated by
comparing the AAV-U7 and PPMO + AAV-7 groups. These two
groups had similar viral genome levels at 22 weeks post-treatment (Fig-
ure S3) but significantly different phenotypes (Figure 3A). We suggest
that this difference may be the result of PPMO pretreatment in the
PPMO + AAV-U7 group, resulting in early dystrophin production,
decreasing inflammation in the target tissues, as previously described.43

This would result in more appropriate conditions for vector trafficking
or vector genome (vg) processing, as reported in the liver.44

Only mice treated with PPMO alone or with the PPMO + AAV-U7
combination were still alive at 40 weeks, again suggesting that the
preservation of diaphragm function is important for the survival of
the treated mice. Nevertheless, histological analyses at this time point
revealed dystrophic features of the diaphragm in the PPMO group,
probably due to PPMO clearance of a loss of dystrophin protein pro-
duction. Nevertheless, the cause of death in these mice was cardiac
dysfunction, as revealed by echocardiography and ECG parameters
(Table S1).

The combination of PPMO and AAV-U7 treatments therefore seems
to combine the benefits of these two individual approaches in a com-
plementary manner, resulting in the rescue of respiratory function by
PPMO and of cardiac function by AAV-U7 (Figure 6). However, even
though the combined treatment significantly decreased both the car-
diac and respiratory dysfunctions that prove fatal in DMD patients,
our data strongly suggested that the PPMO + AAV-U7-treated
dKO mice would be likely to die after about 1 year from respiratory
failure, due to loss of the therapeutic effects of PPMO. Additional pre-
clinical optimizations are therefore required for this therapeutic
approach. We propose the upgrading of the treatment protocol for
the PPMO + AAV-U7 combination, with the addition of regular re-
administrations of PPMO, made possible by the lack of immunoge-
nicity of this treatment.

Genomic editing is one of the most promising new strategies devel-
oped to date for DMD.7,8,45 However, CRISPR, even with optimized
various groups of mice at the age indicated. Significance was determined by one-way AN

(n = 13) mice; 22-week-oldWT (n = 12), PPMO-treated (n = 10), AAV9-U7-treated (n = 10

PPMO + AAV9-U7-treated (n = 4) dKO mice fR, respiratory frequency; VT, tidal volu

determined by one-way ANOVA for 22-week-old mice and with unpaired t tests for 40

induced by 10 lengthening contractions of the TA for 22-week-old WT, mdx, and treate

significance was determined by one-way ANOVA.

Molecul
guide RNAs or nucleases, can nevertheless modify the genome in un-
intended ways. Technical advances in genome editing will therefore
be required before this approach can be developed for clinical use.
For this reason and given the urgent need for more effective therapeu-
tic solutions for Duchenne patients, improvements to existing ap-
proaches are required. The most promising approach currently avail-
able is microdystrophin gene therapy, which can be used in all DMD
patients, regardless of genotype, whereas exon-skipping strategies are
more personalized, depending on the exons to be skipped, but can
restore the production of almost full-length dystrophin molecules,
conferring superior functional benefits. We have already shown
that PPMO pretreatment increases the benefits of AAV-mediated mi-
crodystrophin cDNA transfer into mdx muscles.27 Based on the re-
sults presented here, we can propose a protocol based on the use of
a combination of PPMO and AAV-microdystrophin, with the regular
readministration of PPMO to ensure long-lasting benefits of gene
therapy. This combined strategy therefore constitutes a therapeutic
breakthrough, providing unprecedented benefits for the long-term
treatment of DMD.

METHODS
Vector Production

A three-plasmid (pscAAV-U7Ex23, pXX6, and pAAV9pITRCO2)
transfection protocol was used with. Vector particles were purified
from lysates obtained 48 h after transfection on iodixanol gradients,
and titers were determined by real-time PCR and expressed as vg
per milliliter.

Animal Care

Animals were housed at the Myology Research Center (Paris, France)
under 12 h/12 h light/dark conditions, with ad libitum access to
food and water. The experiments performed were authorized
and approved by the local institutional review board
(2016071210565236).

WT mice were obtained from Janvier Laboratories. We generated
dKO and mdx mice by crossing (Utr+/�; Dys�/�) mice
(JB10ScSn.Cg-Utrntm1KedDmdmdx/J; Jackson Laboratory, Bar
Harbor, ME, USA). We injected 25 mg/kg PPMO (Pip9b2-PMO con-
jugate46) i.v. into the temporal vein on day 1 and i.p. on day 8. The
dKO mice then received retro-orbital injections (i.v.) of 1E+12 vg
of self complementary scAAV9-U7Ex23 under general anesthesia,
at the age of 3 weeks.We selected aminimum of 20mice (male/female
ratio: 50/50) at random for each treatment group. Ten were killed at
22 weeks (male/female ratio: 50/50) of age for molecular analysis, and
the other 10 were retained for survival analysis. Four of the mice kept
for survival (2 males and 2 females) in the PPMO + AAV group were
OVA. (C) Respiratory parameters for 9-week-old WT (n = 12), mdx (n = 13), and dKO

), and PPMO+AAV9-U7-treated (n = 10) dKOmice; and 40-week-oldWT (n = 6) and

me; VE, minute ventilation. The data shown are means ± SEM. Significance was

-week-old mice. (D) Specific maximal force and force drop resulting from the injury

d dKO mice. The data shown are mean ± SEM for at least 10 mice per group, and
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Figure 6. Schematic Diagram of the Benefits of the

Different Treatments in Striated Muscles
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killed at the age of 40 weeks for molecular analysis. The mice used for
the survival analysis were killed at a humane end point at which their
weight had decreased by more than 10% or as required by ethical
rules. Their muscles were collected, snap frozen in liquid nitrogen-
cooled isopentane, and stored at �80�C.
Quantification of AAV Genome Content

Genomic DNA was extracted from mouse muscles with the Puregene
Blood kit (QIAGEN, Hilden, Germany). AAV genome copy number
and genomic DNA were determined on 100 ng of genomic DNA by
absolute quantitative real-time PCR on a StepOnePlus system
(Applied Biosystems, Foster City, CA, USA) with TaqMan Universal
Master Mix (Applied Biosystems, Foster City, CA, USA). The primers
(forward: 50-CTCCATCACTAGGGGTTCCTTG-30 and reverse:
50-GTAGATAAGTAGCATGGC-30) and probe (50-TAGTTAATGA
TTAACCC-30) were selected for specific amplification of the vector
genome sequence. As a reference sample, we generated 10-fold serial
dilutions (from 107 to 101 copies) of a preparation of the pAAV
plasmid. All genomic DNA samples were analyzed in duplicate.
Exon-Skipping Analysis

Total RNAwas isolated frommousemuscles with NucleoSpin RNA II
(Macherey-Nagel, Hoerdt, France) and reverse transcription (RT)
performed on 20 ng of RNA with Superscript II and random primers
(Life Technologies, Carlsbad, CA, USA). Nonskipped and skipped
dystrophin transcripts were detected by quantitative PCR, as previ-
ously described.17
Western Blot Analysis

Protein extracts were obtained from pooled muscle sections treated
with 125 mM sucrose, 5 mM Tris-HCl, pH 6.4, 6% XT Tricine
Figure 5. Long-Term Combined PPMO + AAV-U7 Treatment

(A) Quantification of the number of vector genomes in the heart, diaphragm, and tibialis anterior (TA) of AAV-U7-

mean ± SEM for 10 mice per group at 22 weeks of age and four mice at 40 weeks of age. Significance was determ

and quantification of dystrophin and a-actinin in striated muscles fromWT (dark blue) and PPMO+AAV-U7-treate

are means ± SEM for 6 WT and 4 PPMO + AAV-treated dKO mice. Significance was determined in unpaired t tes

and a-actinin for the heart, diaphragm, and TA of PPMO +AAV-U7-treated dKOmice at 22 and 40 weeks of age. (

for the heart, diaphragm, and TA of WT (50 weeks old) mice and dKOmice treated with PPMO (about 45 weeks ol

endpoint. (E) Staining with hematoxylin and eosin and sirius red of heart, diaphragm (Dia), and TA sections fromWT

mice at about 50, 45, and 52 weeks of age, respectively.
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Running Buffer (Bio-Rad, Hercules, CA, USA),
10% SDS, 10% glycerol, and 5% b-mercaptoe-
thanol. The samples were purified with the
Pierce Compat-Able Protein Assay Preparation
Reagent Set (Thermo Scientific, Waltham, MA,
USA), and total protein concentration was
determined with the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA,
USA). The samples were denatured by heating at 95�C for 5 min,
and 100 mg of protein was subjected to electrophoresis in a Criterion
XT Tris-acetate precast 3%–8% polyacrylamide gel (Bio-Rad, Hercu-
les, CA, USA). The membrane was probed with monoclonal primary
antibodies directed against dystrophin (NCL-DYS1, 1:50; Leica Bio-
systems, Nanterre, France) and a-actinin (1:1,000; Sigma-Aldrich)
and was then incubated with a goat anti-mouse secondary antibody
(StarBright Blue 700 conjugated; 1:5,000) for imaging with the Chem-
iDocMP Imaging System (Bio-Rad, Hercules, CA, USA). Band inten-
sity was quantified with Image Lab software, with the mean intensity
obtained for the WT taken as 100%.

Immunohistochemistry and Histology

Tissue sections (10 mm thick) were cut and stained with hematoxylin
and eosin for the assessment of overall muscle morphology. Collagen
fibers were detected by sirius red staining. Sections were fixed by in-
cubation for 10 min with 4% formaldehyde and dried. They were then
incubated with a 0.3% solution of sirius red in aqueous saturated
picric acid for 1 h, washed in acidified water (0.5% acetic acid), dehy-
drated, and mounted in VectaMount (Vector Laboratories, Peterbor-
ough, UK). Fibrosis was then quantified in a nonblind manner by
determining the proportion of the total cross-sectional area stained
red with ImageJ software.

We then assessed dystrophin levels on cryosections by incubation
with the Lab Vision Dystrophin (1:500; Thermo Scientific, Waltham,
MA, USA) rabbit polyclonal antibody and b-sarcoglycan expression
by incubation with a monoclonal antibody against this protein
(1:50; Novocastra, Newcastle, UK). The binding of primary anti-
bodies was detected by incubation with an Alexa 488-conjugated
donkey anti-rabbit secondary antibody (1:1,000; Life Technologies,
Carlsbad, CA, USA) and an Alexa 594-conjugated goat anti-mouse
and PPMO + AAV-U7-treated mice. The data shown are

ined by one-way ANOVA. (B) Representative immunoblots

d dKOmice (light blue) at 40 weeks of age. The data shown

ts. (C) Representative cropped immunoblots of dystrophin

D) Representative immunoblots of dystrophin and a-actinin

d) or PPMO + AAV-U7 (about 52 weeks old) at the humane

mice and from PPMO- and PPMO+AAV-U7-treated dKO
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secondary antibody (1:1,000; Life Technologies, Carlsbad, CA, USA).
The monoclonal antibody was used with the M.O.M. kit (Vector Lab-
oratories, Peterborough, UK).

Muscle-Function Assessments

Specific force and force drop (a measure of susceptibility to contrac-
tion-induced injury) were evaluated by measuring the contraction of
the TA muscle in response to nerve stimulation in situ, as previously
described.47 The investigators were blind to treatment allocation
and outcome assessment. Mice were anesthetized with 100 mL/
20 g body weight of a mixture of ketamine (100 mg/mL) and xyla-
zine (20 mg/mL). Body temperature was maintained at 37�C with
radiant heat. The knee and foot were fixed with pins and clamps,
and the distal tendon of the muscle was attached to a lever arm
in a servomotor system (305B, Dual-Mode Lever; Aurora Scientific,
Aurora, Canada) with a silk ligature. The sciatic nerve was proxi-
mally crushed and distally stimulated by a bipolar silver electrode
with supramaximal square wave pulses of 0.1 ms duration (10 V).
We measured the absolute maximal force generated during isomet-
ric tetanic contractions in response to electrical stimulation (150 Hz,
500 ms). Absolute maximal force was determined at L0 (the length
at which maximal tension was obtained during the tetanus). Abso-
lute maximal force was normalized against muscle weight as an es-
timate of specific maximal force (absolute maximal force/muscle
weight).

Susceptibility to contraction-induced injury was estimated by deter-
mining the force drop resulting from lengthening contraction-
induced injury. The sciatic nerve was stimulated for 700 ms (fre-
quency of 125 Hz). A maximal isometric contraction of the TA mus-
cle was initiated during the first 500 ms. Muscle lengthening (10%
L0), at a velocity of 5.5 mm/s (0.85 fiber lengths/s), was then imposed
during the last 200 ms. Nine lengthening contractions of the muscle
were performed, each separated by a 45-s rest period. All contractions
were performed at an initial length L0. The data were recorded with
the Powerlab 8/36 data acquisition system (AD Instruments, Sydney,
Australia). Maximal force was measured for each contraction and ex-
pressed as a percentage of the initial maximal force.

Echocardiography

Mice were lightly anesthetized with 0.2%–0.5% isoflurane in O2 and
placed on a heating pad (37�C). Echocardiography was performed
with a probe emitting ultrasound at a frequency of 9 to 14 MHz
(Vivid7 PRO apparatus; GE Medical System, Buc, France) applied
to the chest wall. Cardiac ventricular dimensions and fractional short-
ening were measured in two-dimensional (2D) mode and M-mode.
The examinations were performed by an echocardiographer blind
to genotype and treatment.

Electrocardiography

Electrocardiograms were recorded for the mice with the nonin-
vasive ecgTUNNEL (Emka Technologies, Paris, France), with
minimal filtering. Waveforms were recorded with Iox software,
and intervals were measured manually with ECG Auto. The in-
706 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
vestigators were blind to treatment allocation and outcome
assessment.

Measurement of Ventilation

Ventilation was measured in a blind manner, by whole-body
flow-through plethysmography. The measurement and reference
chambers were connected to a pneumotachograph (Fleisch
0000) connected to a volume transducer (Gould Z46170). Respi-
ratory signals were relayed to a 1401 interface (1401 Plus; Cam-
bridge Electronic Design [CED], UK) and processed with Spike 2
software (6.14; CED, UK). Both fR and VT were derived from the
ventilatory flow signal. Minute ventilation was calculated as fol-
lows: VE = VT � fR.

Statistical Analysis

All results are expressed as mean values ± SEM. Differences between
groups were assessed by one-way ANOVA with multiple compari-
sons. For two-by-two comparisons, the significance of differences
was assessed in unpaired Student’s t tests. Welch correction was
applied in situations in which the assumption of homogeneous vari-
ances was not confirmed.
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