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ABSTRACT

Introduction: It is established that the exon-skipping approach can restore dystrophin in Duchenne
muscular dystrophy (DMD) patients. However, dystrophin restoration levels are low, and the field is
evolving to provide solutions for improved exon skipping. DMD is a neuromuscular disorder associated
with chronic muscle tissue loss attributed to the lack of dystrophin, which causes muscle inflammation,
fibrosis formation, and impaired regeneration. Currently, four antisense oligonucleotides (AONs) based
on phosphorodiamidate morpholino oligomer (PMO) chemistry are approved by US Food and Drug
Administration for exon skipping therapy of eligible DMD patients.

Areas covered: This review describes a preclinical and clinical experience with approved and newly
developed AONs for DMD, outlines efforts that have been done to enhance AON efficiency, reviews
challenges of clinical trials, and summarizes the current state of the exon skipping approach in the DMD
field.

Expert opinion: The exon skipping approach for DMD is under development, and several chemical
modifications with improved properties are under (pre)-clinical investigation. Despite existing advan-
tages of these modifications, their safety and effectiveness have to be examined in clinical trials, which
are planned or ongoing. Furthermore, we propose clinical settings using natural history controls to
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facilitate studying the functional effect of the therapy.

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked inherited
muscle disorder, caused by an absence of a functional dystro-
phin protein. Dystrophin is a crucial protein for the mainte-
nance of muscle fiber stability. It links the intracellular actin
cytoskeleton and extracellular matrix through N-terminal and
C-terminal domains, respectively, thus forming the dystrophin
protein complex (DPC). The DPC functions as a structural com-
plex to mechanically stabilize the muscle membrane, and as
a signaling complex. Due to the absence of dystrophin, the
DPC cannot properly form. Consequently, muscle fibers of
DMD patients are susceptible to damage during contraction,
leading to chronic inflammation, impaired regeneration, and
fibrosis formation [1]. DMD is primarily diagnosed in early
childhood when clinical signs and symptoms such as muscle
weakness, clumsiness, and difficulties with climbing and walk-
ing occur. Further testing for serum creatine kinase level,
which is increased in DMD patients, and testing for DMD
gene mutations confirm a suspected diagnosis of DMD. The
disease progresses over the lifespan gradually leading at first
to skeletal muscle dysfunction and loss of ambulation, next to
the loss of arm function, dysfunction of respiratory and cardiac
muscles, and death usually in the 3™ to 4™ decade [21.

The dystrophin protein is encoded by the DMD gene, which
is the largest gene in the human genome. A broad range of
DMD gene mutations is associated with either DMD or Becker
muscular dystrophy (BMD), which is a milder version of DMD,

with a later age of onset and a slower disease progression. In
BMD, mutations maintain the messenger RNA (mRNA) reading
frame of the dystrophin transcripts and allow the production
of internally deleted semi-functional dystrophin. By contrast,
in DMD, mutations cause disruption of the reading frame or
introduce a premature stop codon that prematurely truncates
translation of the functional dystrophin, resulting in nonfunc-
tional proteins.

There is an unmet medical need for DMD as treatment
is only symptomatic to slow down disease progression by
reducing muscle inflammation with glucocorticoids. In an
effort to develop a targeted therapy, academia and indus-
try are focusing on approaches to restore functional dys-
trophin. Exon skipping is the most promising and
advanced approach for the restoration of dystrophin pro-
duction. Recently, the US Food and Drug Administration
(FDA) has granted accelerated approval for four exon skip-
ping drugs, albeit based on low levels of dystrophin
restoration [3-6].

The exon skipping therapy is based on the ability of anti-
sense oligonucleotides (AONs) to specifically target an exon
during the pre-mRNA splicing process so that it is not included
in the mRNA. This will induce restoration of the dystrophin
transcript reading frame, allowing the production of internally
deleted dystrophins similar to those expressed by BMD
patients (Figure 1) [7].

AONs are short single-stranded RNA and DNA analogs that
are chemically modified to provide them with druglike

CONTACT Annemieke Aartsma-Rus @ a.m.aartsma-rus@lumc.nl @ Department of Human Genetics, Leiden University Medical Center, Leiden, The Netherlands

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


http://orcid.org/0000-0003-1565-654X
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14712598.2023.2169070&domain=pdf&date_stamp=2023-02-17

134 e G. FILONOVA AND A. AARTSMA-RUS

Article highlights

e Duchenne muscular dystrophy (DMD) is a severe heritable muscle
disorder caused by mutations in the DMD gene.

o FDA granted accelerated approval to four exon skipping compounds
for DMD therapy.

o Functional effect of the approved exon skipping therapies has to be
established.

o Application of natural history (NH) controls was suggested to assist in
an evaluation of the functional effect.

o Additional chemical modifications of AONs showing enhanced oligo-
nucleotides properties are being investigated in preclinical and clin-
ical studies.

properties. Various chemical modifications have been evalu-
ated for DMD exon skipping in preclinical and clinical trials [8].
The chemistries that have been most advanced in clinical
development are the 2'-O-methyl phosphorothioate
(20MePS) and phosphorodiamidate morpholino oligomers
(PMOs). The 20MePS AON clinical development was stopped
after a phase 3 clinical trial failed to meet the primary end-
point and the FDA denied approval. Currently, 4 PMO AONs
have been approved by FDA. However, these PMOs were
shown to induce the restoration of low levels of dystrophin,
and their clinical benefits are still to be established. Further
clinical trials of approved AONs are currently ongoing, aiming
to demonstrate the functional effect of exon skipping therapy
on DMD patients. Moreover, additional AONs with novel che-
mical modifications are in or close to clinical trials based on
promising results in preclinical studies.

In this scientific review, we summarize ongoing studies of
exon skipping AONs, with a focus on those that aim to
improve the efficiency and applicability of AONs for DMD,
and that are in, or close to evaluation in clinical trials. We
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will outline efforts and challenges in ongoing research and
discuss future directions in the development and clinical
implementation of the exon skipping approach for DMD
patients.

2. AON modifications assessed in clinical trials

Both 20MePS and PMO backbone modifications have been
shown to be able to induce exon skipping and dystrophin
restoration in DMD animal models and patients. 20MePS is
a negatively charged oligonucleotide in which an O-methyl
modification replaces oxygen at the 2’ position of the ribose,
while for the phosphorothioate backbone (PS) sulfur replaces
the oxygen normally present in a phosphodiester linkage (PO).
Due to the O-methyl chemistry, 20MePS AONs have an
enhanced affinity to target transcripts and are able to inhibit
its translation by steric blockade of the ribosome, whereas the
PS backbone increases AONs resistance to nucleases, thus
improving AON stability [9]. Moreover, the PS backbone
enhances AONs bioavailability, due to high-affinity binding
to serum proteins causing reduced renal clearance of AONs
[10,11]. PMO is an uncharged oligonucleotide, where the
ribose is replaced by a morpholine moiety, while the PO
linkage is replaced by a phosphorodiamidate linkage. The
PMO chemistry improves the AONs resistance to nucleases
and proteases and increases tissue concentrations as the
uncharged character imposes low affinity to cellular compo-
nents [12]. The effectiveness of 20MePS and PMO AON treat-
ment in DMD was tested in preclinical studies in muscle cell
lines, mouse, and dog disease models (requiring skipping of 2
exons), as well as non-human primates. Both 20MePS and
PMO AONs were shown to be taken up more efficiently by
dystrophic muscles than healthy muscles. Furthermore, both
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Figure 1. Representation of the DMD gene transcript splicing and dystrophin protein translation at different conditions. (A) In a healthy condition, functional
dystrophin is translated from the mRNA with the correct reading frame. (B) In Duchenne muscular dystrophy, an out-of-frame exon 48-50 deletion results in splicing
of exon 47 to 51 and translation of a prematurely truncated nonfunctional dystrophin. (C) In Becker muscular dystrophy, an in-frame exon 48-51 deletion results in
splicing of exon 47 to 52 and translating of an internally truncated semi-functional dystrophin. (D) The exon skipping approach applied for an out-of-frame exon 48—
50 deletion uses antisense oligonucleotides (AONs) that target exon 51 and hide it from the splicing machinery. This results in exon 51 exclusion, thus restoring the
reading frame and allowing translation of a semi-functional BMD-like dystrophin. Created with BioRender.com.



were able to rescue dystrophin expression, were stable and
safe, and had favorable pharmacokinetics [13-17].

2.1. 20MePS

2.1.1. Drisapersen and suvodirsen

Drisapersen was the first 20MePS-modified AONs tested for
DMD in clinical trials (Table 1) and was developed to skip exon
51. The first clinical trial was by conducted by Prosensa
Therapeutics to study drisapersen in four DMD patients, who
received a local injection dose of 0.8 mg [18]. In a follow-up
dose-finding study (0.5, 2.0, 4.0, and 6.0 mg/kg) drisapersen
was delivered systemically by subcutaneous injection in 12
patients. This demonstrated that drisapersen is well tolerated
but can cause some adverse effects such as injection site
reactions and proteinuria [19]. A phase 2 placebo-controlled
trial tested two regimens of drisapersen administration where
18 DMD patients received continuous subcutaneous injections
of 6 mg/kg dose and 17 patients received intermittent injec-
tions [20] (https://clinicaltrials.gov/ct2/show/NCT01153932). In
parallel phase 2 trials, two doses of 3 and 6 mg/kg were tested
in a placebo-controlled trial in which 35 DMD patients
received subcutaneous injections for 24 weeks [21] (https://
clinicaltrials.gov/ct2/show/NCT01462292). A phase 3 placebo-
controlled study of drisapersen tested subcutaneous weekly
injections of 6 mg/kg in 125 patients vs 61 placebo-treated
patients in order to show a statistically significant effect of
drisapersen treatment on disease progression [22] (https://
clinicaltrials.gov/ct2/show/NCT01254019). Overall, these stu-
dies demonstrated that drisapersen is well tolerated but
causes injection-site irritation, subclinical proteinuria in all
patients, and thrombocytopenia in a few patients. Even
though in both phase 2 clinical trials, 6 mg/kg drisapersen
treatment improved the distance walked during the 6-min
walk test (6MWT) compared to placebo, the phase 3 trial did
not demonstrate a significant difference in this test. Post-hoc
analysis revealed that the DMD patients in the phase 3 trials
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had more advanced disease and that a treatment effect could
be discerned in the subset of participants who met the inclu-
sion criteria for the phase 2 trials. However, faced with this
evidence, FDA did not approve drisapersen, also in light of the
side effects observed. The marketing authorization application
to the European Medicines Agency (EMA) was withdrawn
before the committee for human medicinal products gave an
opinion, and the clinical development of drisapersen and
other 20MePS AONs for exon 44, 45, 53 were stopped as the
sponsor (BioMarin) deemed the 20MePS AONs to have an
insufficient efficacy and safety profile [23,24]

Suvordirsen is a stereopure 20MePS and 2'fluoro(2’ F)-
modified AONs developed by Wave Life Sciences for DMD
patients with mutations amenable to exon 51 skipping.
Normally, PS modified 20-mer oligonucleotides will have 19
PS bonds that all have a chiral center in either an Sp or an Rp
stereochemical configuration, giving 2'® of stereochemical
variations to 20-mer AONs that all have slightly different phar-
macological properties. Suvodirsen was developed to have
a defined chirality in each 19 PS linkage and induced more
effective exon skipping in cultured cells. In a phase 1 dose-
escalating clinical trial, it was established that suvodirsen is
safe and well-tolerated (https://clinicaltrials.gov/ct2/show/
NCT03508947). However, in an extension study, weekly doses
of 3.5 and 5 mg/kg of suvodirsen for 12 or 22 weeks failed to
induce dystrophin protein production, and Wave Life Sciences
terminated suvodirsen development [25] (https://clinicaltrials.
gov/ct2/show/NCT03907072).

2.1.2. PN backbone chemistry modification

Wave Life Sciences in collaboration with Matthew Wood’s
research group continues to investigate the effectiveness of
the stereopure PS backbone. They synthesized and tested
chimeric stereopure AONs with various 20Me and 2’ F mod-
ification patterns. For the splice modulation approach for
spinal muscular atrophy, it was shown that 2’ F-modified
AONs forming a duplex with target pre-mRNA recruit

Table 1. Overview of exon skipping therapeutics under development for DMD therapy.

Chemical modification Exon Company Trial phase

2'0MePS
Drisapersen 2'0MePS 51  Prosensa Therapeutics, GSK, and BioMarin Development terminated
Suvodirsen 2'0MePS, 51  Wave Life Sciences Development terminated

2 2'F PS chimera, stereopure
WVE-531 2'0MePS, stereopure, 53  Wave Life Sciences Clinical trials are ongoing

PN backbone
Renadirsen 2'0MePS, 45  Daiichi Sankyo Clinical trials are ongoing

ENA
PMO
Eteplirsen PMO 51  Sarepta Therapeutics FDA approved; confirmatory clinical trials are ongoing
Golodirsen PMO 53 Sarepta Therapeutics FDA approved; confirmatory clinical trials are ongoing
Casimersen PMO 45  Sarepta Therapeutics FDA approved; confirmatory clinical trials are ongoing
Viltolarsen PMO 53 NS Pharma FDA approved; confirmatory clinical trials are ongoing
PMO NS-089/ NCNP-  PMO 44 NS Pharma Clinical trials are ongoing

02

SRP-5051 PMO, peptide 51  Sarepta Therapeutics Clinical trials are ongoing
PGN-EDO51 PMO, peptide 51  PepGen Clinical trials are ongoing
ENTR-601-44 PMO, 44 Entrada Therapeutics Clinical trials planned

cyclic peptide
DYNE-251 PMO, Fab 51  Dyne Therapeutics Clinical trials are ongoing
AOC 1044 PMO, mAB 44 Avidity Biosciences Clinical trials planned
AAV U7snRNA
scAAV9.U7.ACCA AAV U7snRNA 2 Nationwide Children’s Hospital Clinical trials are ongoing
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interleukin enhancer-binding factors 2 and 3 (ILF2/3 pro-
teins) and enhance alternative splicing of target transcripts
[26]. Previously 2’ F technology was shown to enhance the
effectiveness of AONs in DMD exon skipping in vitro, while
AONs in vivo tolerability depended on the position of the
2’ F modification [27,28]. In addition to the 2’ F chemistry,
the impact of phosphoryl guanidine (PN) linkages on the
effectiveness of AONs with stereopure PS backbone was
tested. Compared to PS linkages, neutral PN linkages reduce
the overall charge of an oligonucleotide and are more resis-
tant to the nuclease degradation [29]. Experiments showed
that oligonucleotides comprising defined 20Me and 2’ F
patterns were well tolerated and more efficient compared
to AONs with 20Me modification only. While the focus of
Wave Life Sciences is on their stereopure technology, it is
likely that the increased efficiency they see in vitro and
in vivo is also or primarily due to the 2’ F and PN modifica-
tions. AONs with PN linkages in clinically relevant doses
increased dystrophin protein production in the diaphragm
and heart and improved survival and respiratory functions in
mdx/utrophin double knockout (dKO) mice with severe phe-
notype. In addition, exon skipping activity was improved in
AONs with PN and stereopure PS compared to PN and
stereorandom PS, suggesting that controlling stereochemis-
try allows to improve AONs effectiveness [29]. In
September 2021 Wave Life Sciences initiated phase 1b/2a
clinical trial of a stereopure oligonucleotide with PN back-
bone chemistry modification for exon 53 skipping (WVE-531)
(https://clinicaltrials.gov/ct2/show/NCT04906460). The trial
will evaluate the safety and tolerability of four escalating
doses of WVE-531 [30].

2.1.3 20MePS/ENA

Another chemically modified nucleic acid that was shown to be
effective for exon skipping therapy is the 2'-O, 4’-C-ethylene-
bridged nucleic acid (ENA). The ethylene linkage between 2-O
and 4'-C of ribose imparts a high binding affinity for (pre-)mRNA
and high nuclease resistance [31]. As ENAs have a very high
binding affinity, they are used in a chimeric fashion, usually in
combination with 2’OMe. This allows improved target binding
compared to 2’0OMe modification only, while preventing self-
structuring and/or impaired mismatch discrimination of a fully
modified ENA AON. In the preclinical study, 2’OMe and ENA-
modified chimera oligonucleotides in combination with PO back-
bone were shown to induce exon skipping in vitro and to be
tolerated by mdx mice [32], while in another study ENA chimera
on a PS backbone were shown to induce exon skipping in the
diaphragm, cardiac and skeletal muscles and to be more active
than 20MePS and PMO modified AONs with the same target [33].
Renadirsen is a 20Me and ENA chimera on a PS backbone (2’
OMePS/ENA) developed by Daiichi Sankyo (Table 1). In the first
safety clinical trial of subcutaneous administration, renadirsen was
well tolerated and induced the production of exon 45 skipped
mRNA in all DMD patients, while expression of restored dystrophin
was observed in several patients [34] (https://clinicaltrials.gov/ct2/
show/NCT02667483). Since renadirsen was safe for patients and
skipped exon 45 in all patients, in 2021 Daiichi Sankyo continued

the investigation and initiated a phase 2 extension study (https://
clinicaltrials.gov/ct2/show/NCT04433234).

2.2. PMO

2.2.1. Eteplirsen

Eteplirsen, the first PMO AONs tested in clinical trials (Table 1),
was developed by Sarepta Therapeutics to target exon 51. The
first clinical study of eteplirsen was performed in seven 10-
17 years old DMD boys where local injections of 0.09 or 0.9 mg
doses to the extensor digitorum brevis muscle were tested.
The dose of 0.9 mg/kg induced local exon 51 skipping and
expression of restored dystrophin [35] (https://clinicaltrials.
gov/ct2/show/NCT00159250). In the next open-label clinical
trial, six escalating doses (0.5, 1.0, 2.0, 4.0, 10.0, and 20.0 mg/
kg) intravenously (IV) injected weekly for 12 weeks, into DMD
boys aged 5-15 years. Treatment was well tolerated and
induced dystrophin expression in seven out of 19 participants
[36] (https://clinicaltrials.gov/ct2/show/NCT00844597). The
next placebo-controlled double-blind clinical study was con-
ducted on 12 DMD boys who were 7-13 years old. The study
tested the ability of higher doses (30 and 50 mg/kg) not only
to induce the production of dystrophin in fibers but also to
improve the distance walked on the 6MWT (https://clinical
trials.gov/ct2/show/NCT01396239). After 25 weeks, placebo-
treated patients were assigned to PMO treatment cohorts,
and all participants continued participation in an open-label
clinical trial for an additional 4 years (https://clinicaltrials.gov/
ct2/show/NCT01540409). Matched natural history (NH)
patients amenable to exon 51 skipping were used for compar-
ison of functional effects. The percentage of dystrophin-
positive fibers was increased [37,38] and improvement in the
distance walked on the 6MWT was observed after 144 weeks
of eteplirsen treatment compared to NH [39]. Based on the
ability of eteplirsen to induce functional dystrophin produc-
tion in treated participants, FDA granted accelerated approval
to eteplirsen for exon skipping therapy of DMD patients in
September 2016. However, since the clinical effect of eteplir-
sen on walking distance was demonstrated in a small group of
patients without a placebo group, FDA concluded that the
functional effect of eteplirsen cannot be confirmed yet, and
required to conduct additional clinical trials to verify the clin-
ical benefit of eteplirsen [40].

Additional clinical trials of eteplirsen have been focusing on
endpoints that could confirm the clinical benefits of eteplirsen
treatment on DMD boys aged 7-16 years. In the first trial, 30
DMD patients not amenable to exon 51 skipping were
enrolled as an untreated control group (https://clinicaltrials.
gov/ct2/show/NCT02255552). However, half of the control
group discontinued the trial mostly to be involved in other
clinical trials. Moreover, since mutations of DMD patients from
the untreated control group did not match to mutations of the
exon 51 skippable group, these groups are not clinically equal,
e.g., the untreated group contained also exon 44 skippable
patients known to have a slower disease progression [41].
These factors impede group comparison and receiving
a statistically significant result. Therefore, external NH patients
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and patients from the phase 2 clinical study of eteplirsen were
chosen as a comparator for analysis. The level of dystrophin
proteins measured by western blot (WB) increased by 0.516%
after 96 weeks of eteplirsen treatment. Analysis of the 6MWT
data demonstrated that patients from eteplirsen-treated
cohorts walked 67.3 m less from the baseline, while NH
patients walked 133.8 m less suggesting a beneficial func-
tional effect of eteplirsen [42].

Previous trials investigated the effect of eteplirsen on DMD
boys in a middle to late ambulatory stage aged from 7 years.
Two clinical trials have been initiated to further investigate
eteplirsen in younger DMD boys that could reveal the effi-
ciency and safety of exon skipping therapy started in earlier
stages of DMD. Results of the eteplirsen effect on DMD boys in
the early ambulatory stage aged from 4 to 6 years reported
that 4 out of 26 patients of the eteplirsen group had serious
adverse events (not attributable to eteplirsen treatment) and
no death has been reported (https://clinicaltrials.gov/ct2/
show/NCT02420379). Dystrophin protein levels measured by
WB in muscle biopsies have been quantified in 14 patients
after 48 weeks of therapy and in 11 patients after 96 weeks.
The WB analysis showed an average increase of 0.102% and
0.312%, respectively.

In another dose-escalating study (2, 4, 10, 20, and 30 mg/
kg) of eteplirsen young participants were divided into two
cohorts: cohort 1 are boys aged 24-48 months and cohort 2
are boys aged 6-24 months (https://clinicaltrials.gov/ct2/
show/NCT03218995). Adverse events were reported in all
patients, while a severe adverse event of bronchiolitis was
observed in 1 patient, which was thought not to be drug
related. As eteplirsen therapy was well tolerated by the
young patients, participants who successfully completed the
trial have been enrolled in the next safety clinical trial. The
study is currently ongoing and focuses on the effect of long-
term therapy of eteplirsen administered from a very young
age (https://clinicaltrials.gov/ct2/show/NCT03985878).

DMD boys are currently being recruited in the clinical trial
of high doses of eteplirsen. In this trial, participants will be
administered 100 or 200 mg/kg weekly IV doses, and the
incidence of adverse events and functional effects of therapy
will be investigated (https://clinicaltrials.gov/ct2/show/
NCT03992430).

2.2.2 Golodirsen, viltolarsen, and casimersen

In addition to eteplirsen, Sarepta Therapeutics and NS Pharma
have also conducted clinical studies of other PMO-modified
AONs developed to target other exons.

Sarepta Therapeutics developed AONs targeting exons 53
and 45 named golodirsen and casimersen, respectively. The
first clinical trial of golodirsen has been initiated in 2014,
where the primary endpoint was the safety of IV infusions of
four escalating doses (4, 10, 20, and 30 mg/kg). As the com-
pound was well tolerated, the study of golodirsen efficiency
has been continued. In the second part of the clinical trial,
primary endpoints were the expression of dystrophin and the
6MWT (https://clinicaltrials.gov/ct2/show/NCT02310906). An
increase of 0.924% of dystrophin from baseline was observed
after 48 weeks of golodirsen treatment, and participants
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walked 99 m less in 144 weeks than at baseline versus to
181.4 m in NH controls [43,44]. Golodirsen received acceler-
ated approval from the FDA in 2019 based on dystrophin
restoration [4]. Two other clinical trials are currently ongoing
to confirm the safety and functional effects of golodirsen in
a placebo-controlled (https://clinicaltrials.gov/ct2/show/
NCT02500381) and an NH-controlled setting.

The first clinical trial of casimersen was initiated in 2015
where safety was studied as a primary endpoint (https://clin
icaltrials.gov/ct2/show/NCT02530905). Four escalating doses
(4, 10, 20, and 30 mg/kg) were well tolerated. In the follow-
up placebo-controlled clinical trial (https://clinicaltrials.gov/
ct2/show/NCT02500381), the mean change of dystrophin of
0.81% was reported 48 weeks after casimersen therapy initia-
tion [45]. Based on the safety efficacy data, in 2021 the FDA
granted accelerated approval to casimersen and required
Sarepta Therapeutics to provide verification of the clinical
benefits. A placebo-controlled trial to measure the functional
effect of casimersen on the 6MWT is ongoing. Regarding
safety, while kidney toxicity has been observed in an animal
study, it has not been observed in human trials. Nevertheless,
the FDA requires monitoring of kidney function [6].

Viltolarsen has been developed by NS Pharma for the
treatment of DMD patients who are amenable to exon 53
skipping. It targets the same mRNA sequence as golodirsen
but is four nucleotides shorter. The first dose-finding clinical
trial has been initiated in 2013 where three escalating doses
tested on 10 DMD patients were well tolerated [46] (https://
clinicaltrials.gov/ct2/show/NCT02081625). In a phase 2 dose-
finding clinical study, safety and dystrophin production were
tested for 16 participants who received 40 and 80 mg/kg
doses of IV infusion after 24 weeks (https://clinicaltrials.gov/
ct2/show/NCT02740972). No serious adverse events were
observed and mean increases from baseline of 5.7% and
5.9% of dystrophin have been induced in 40 and 80 mg/kg
dose cohorts, respectively [47]. Viltolarsen received acceler-
ated approval based on its safety data and dystrophin-
restoring potential in Japan and the USA [5,48]. The FDA
requires NS Pharma to confirm the clinical benefits of viltolar-
sen and several clinical trials are currently ongoing to assess
this (https://clinicaltrials.gov/ct2/show/NCT04060199; https://
clinicaltrials.gov/ct2/show/NCT04687020, https://clinicaltrials.
gov/ct2/show/NCT04768062, https://clinicaltrials.gov/ct2/
show/NCT04956289). The effect of long-lasting (2 years) vilto-
larsen administration in 16 patients treated in an open-label
study following a dose-finding trial demonstrated that long-
term treatment is well tolerated and induces stabilization of
muscle function when patients are compared to a natural
history cohort (https://clinicaltrials.gov/ct2/show/
NCT03167255) [49].

2.2.3 Exon 44 skipping

To expand the applicability of exon skipping therapy, NS Pharma
has initiated an exploratory clinical trial of PMO NS-089/NCNP-02
for exon 44 skipping in Japan in 2019. In the study, the PMO
infusion of 1.62, 10, 40, and 80 mg/kg in 6 DMD boys for 24 weeks
was well tolerated (https://clinicaltrials.gov/ct2/show/
NCT04129294). Dystrophin levels increased by 10.27% of the
normal level in the 40 mg/kg dose cohort and by 15.79% of the
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normal in the dose 80 mg/kg cohort as was announced in press
release [50]. Based on the results, NS Pharma initiated an exten-
sion study (https:/clinicaltrials.gov/ct2/show/NCT05135663). In
addition, NS Pharma has more PMOs compounds for exons 50,
51, 45, and 55 skipping in preclinical studies [51].

3. Modifications for improvement of PMO efficiency

PMOs have been approved based on their potential to induce
dystrophin restoration and their good tolerability. However,
the level of restored dystrophin is low and the clinical benefits
of PMOs therapy have not yet been confirmed. The main
reason for the low efficiency is likely the poor uptake of the
PMO by muscles and the absence of PMO uptake in the heart
at doses used in clinical applications. Current efforts focus on
improving the delivery of PMO by muscles, as this will increase
exon skipping and dystrophin restoration levels and thus is
anticipated to result in larger therapeutic effects.

3.1. Cell-penetrating peptides

One way to improve the overall PMO delivery to tissues is to
conjugate them to positively charged cell-penetrating pep-
tides (CCPs). CCPs are chains of 5-30 amino acids that can
be internalized by cells without interaction with receptors
through energy-independent direct penetration of the plasma
membrane or energy-dependent endocytosis. CPPs are often
rich in positively charged amino acids (arginine and lysine)
and lead to an increased delivery in all tissues. Various CPPs
have been investigated, including short CPPs, and PMO inter-
nalization peptides (Pips), which comprise arginine-rich
domains flanking a hydrophobic core. Systemically delivered
peptide conjugated PMOs (PPMOs) were shown to have
enhanced uptake both by skeletal and heart muscle in vivo
and induce exon skipping and dystrophin restoration at
a lower dose than unconjugated PMOs [52,53].

In parallel with confirmatory studies for eteplirsen, Sarepta
Therapeutics also developed a PPMO targeting exon 51 called
SRP-5051 (vesleteplirsen), containing a CCP coupled to eteplir-
sen. The first phase 1 clinical trial (Table 1) of SRP-5051 tested
the safety and tolerability of five single doses (https://clinical
trials.gov/ct2/show/NCT03375255). In the further two-part
clinical trial, four escalating doses (4, 10, 20, and 30 mg/kg)
were IV infused every 4 weeks for 12 weeks and tested. Results
were compared to weekly dosing of eteplirsen from the
PROMOVI clinical trial (https://clinicaltrials.gov/ct2/show/
NCT04004065). Measurement of restored dystrophin by WB
revealed a mean increase of 3.06% and 6.55% in 20 and
30 mg/kg cohorts, respectively, while the level of restored
dystrophin was 8 times higher in the 30 mg/kg cohort than
in the eteplirsen cohort. It was hypothesized that long-term
therapy of SRP-5051 can result in greater exon skipping and
dystrophin protein levels, as the patient who received five
infusions of 30 mg/kg doses had the highest exon skipping
and dystrophin protein levels compared to patients who
received 3 infusions of the same dose. A serious drug-related
adverse event (hypomagnesemia) was observed in two
patients [54,55]. The second part of this clinical trial is cur-
rently ongoing aiming to further evaluate the effectiveness

and safety of the 30 mg/kg dose. Notably, this trial has been
put on temporary hold by the FDA after another event of
severe hypomagnesemia, despite prophylactic supplementa-
tion [56].

PepGen announced the initiation of a clinical trial to test
their PPMO called PGN-EDO51 based on the Enhanced
Delivery Oligonucleotide (EDO) platform technology (i.e. the
pip peptides) developed in collaboration with Wood and Gait
research groups [57]. PGN-EDO51 is a PMO coupled to a novel
pip CCP with enhanced properties enable to diminish toxicity
while maintaining increased delivery. The company presented
preclinical data demonstrating 4 times higher exon skipping
capacity after a single dose IV injection in wild type (WT) mice
compared to a PPMO containing more arginine residues. In
addition, the preclinical study demonstrated effective delivery
and exon skipping in the cardiac muscle of non-human pri-
mates [58]. Notably, in these animals, hypomagnesemia was
reported. Based on the results of the preclinical study, PepGen
has initiated a phase 1 clinical trial of ascending doses (1, 5, 10
, and 15 mg/kg) of PGN-EDO51 targeting exon 51 in healthy
volunteer participants [59]. In a press release, PepGen
announced that the highest dose induced mean exon skip-
ping levels of 2%. However, also here two cases of hypomag-
nesemia were observed [60]. Phase 2 clinical trial in DMD
patients is planned to be in 2023.

Further investigation into ways to reduce the toxicity of
arginine-rich peptides resulted in the development of a new
family of cyclic arginine-rich CCPs, Endosomal Escape Vehicles
(EEV). These were found to internalize into cells through
energy-dependent endocytosis and escape from the endo-
somes [61]. Single IV administration of ENTR-601-44, a PMO
targeting exon 44 coupled to an EEV, exon skipping in skeletal
and cardiac muscle in hDMD mice carrying the full-size human
gene and non-human primates [62]. Entrada Therapeutics is
preparing a clinical study with this compound.

3.2. Antibodies

Conjugation of antibodies to PMOs is another way to improve
oligonucleotide delivery to muscle. While peptides increase
PMO delivery in general, antibodies enable the delivery of
oligonucleotides specifically to muscles. The approach is
based on using antibodies targeting receptors, which are
highly expressed on the muscle cell membrane that allow
internalization of the oligonucleotides directly to muscle
cells. Currently, Dyne Therapeutics and Avidity Biosciences
are developing PMOs conjugated to antibody targeting trans-
ferrin receptor 1 (Trf 1), a candidate for the direct delivery of
PMO to muscles. Trf1 is located throughout the surface of the
cell membrane of skeletal, smooth, and cardiac muscles but is
also expressed in the brain.

Dyne Therapeutics developed the FORCE platform, which is
based on an antigen-binding fragment (Fab) coupled to
a PMO through a valine-citrulline linker. For a preclinical
study of the FORCE platform, a single IV dose of FORCE-
M23D comprising Fab linked to a PMO targeting exon 23
was tested in mdx mice. Both exon skipping and restored
dystrophin levels were enhanced after IV administration of
a single dose of FORCE-M23D compared to the M23D PMO
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alone, in a dose-dependent manner. Exon skipping and
expression of restored dystrophin were observed in skeletal
and cardiac muscle for up to 8-12 weeks after IV injection,
suggesting that Fab-based PMOs can be dosed in DMD
patients once a month or less frequently. The functional effect
of FORCE-M23D was demonstrated with lowered serum CK
levels and a small increase in distance traveled in the open
field [63]. The first clinical trial of DYNE-251 based on the
FORCE platform developed by Dyne Therapeutics to target
exon 51 is currently ongoing to test the safety and tolerability
of Fab-based PMO (https://clinicaltrials.gov/ct2/show/
NCT05524883). AON compounds for exons 53, 45, and 44
and other muscular genetic diseases using the FORCE platform
are also under Dyne Therapeutics development.

While Dyne Therapeutics develops a platform using
a fragment of an antibody, Avidity Biosciences designed
Antibody Oligonucleotide Conjugates (AOC) platform based
on the full monoclonal antibody (mAb) specific for TfR1.
Their AOC 1044 targeting exon 44 is currently under IND-
enabling studies in order to receive approval for initiating
clinical trials. The same technology is used by Avidity
Biosciences to develop ASOs targeting exons 51 and 45 skip-
ping and for other genetic muscle diseases such as myotonic
dystrophy [64].

4. Alternative approaches
4.1. AAV9 U7 snRNA gene therapy

Since approved AONs have to be administered repeatedly
(weekly intravenous infusions for currently approved AONs)
in order to maintain steady exon skipping and expression of
restored dystrophin, a technology decreasing the frequency of
drug administration and keeping sufficient exon skipping and
dystrophin restoration would be preferred. Previously, it was
confirmed that adeno-associated viral vectors (AAV) can deli-
ver micro-dystrophin transgenes to skeletal muscles resulting
in durable expression of micro-dystrophin in animal models
and DMD patients [65-67]. Thus, AAV was proposed to deliver
the uridine-rich seven small nuclear RNA (U7 snRNA) gene.
Normally, the U7 snRNA is a part of a small nuclear ribonu-
cleoprotein (snRNP) complex where U7 snRNA targets histone
pre-mRNA and binds proteins that induce pre-mRNA pro-
cesses [68,69].

To allow using U7 snRNA as a tool for exon skipping, the
gene was modified by replacing the histone pre-mRNA
binding sequence with an antisense oligonucleotide
sequence [70,71]. Incorporation of antisense oligonucleotide
sequences into the binding site enables U7 snRNA to target
exons in the DMD gene and modulate their splicing. Thus,
delivering the gene of U7 snRNA using AAV will enable
continuous production of antisense oligonucleotides as
long as the gene is present. The therapeutic potential of
AAV-U7 snRNA technology has been shown in mdx mice,
the golden retriever muscular dystrophy dog model, and
non-human primates (NHP) [72-74]. Notably, high exon
skipping levels were observed in heart muscles due to the
efficiency of AAV delivery to the heart [75].
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In 2020, Nationwide Children’s Hospital initiated a clinical
trial (Table 1) of scAAV9.U7.ACCA for exon 2 skipping (https://
clinicaltrials.gov/ct2/show/NCT04240314). The approach was
developed for patients with an exon 2 duplication in which
skipping of a single exon 2 can lead to restoration of full-
length functional dystrophin, while skipping of both exons can
result in recognition of the internal ribosome entry site located
in exon 5 by the translation machinery and translation of
functional shortened dystrophin [76]. Notably, scAAV9.U7.
ACCA can also be administered by DMD patients with
a mutation in exons 1-5 as also here skipping of exon 2 will
facilitate translation starting at exon 5 [76].

Dystrophin production was tested in a muscle biopsy
4 months after a single dose of peripheral IV injections of
scAAV9.U7.ACCA in 3 DMD boys. The level of full-length dys-
trophin was increased by 70% of the normal level in the
youngest DMD boy (7 months old), while in 89 and
13.7 years old patients full dystrophin was increased by 6%
and 1-2%, respectively [77]. In addition, treatment was well
tolerated except for transient nausea and vomiting and no
serious events have been observed 3 months after injection
[78]. Thus, this result indicates that early DMD therapy could
be more beneficial and more tolerable for patients. In addi-
tion, Astellas Pharma was developing gene therapy programs
with an AAV-based exon skipping approach for exon 2
(AT702), 51 (AT751), and 53 (AT753) but development was
terminated by Astellas [79].

5. Conclusion

DMD is a slowly progressing genetic disorder characterized by
lack of functional dystrophin. Exon skipping therapeutics, aim-
ing to restore dystrophin in DMD muscles, have been
approved by FDA but their clinical benefits are currently
under investigation in clinical trials with placebo-controlled
and NH-controlled settings. Moreover, development of addi-
tional oligonucleotides chemical modifications (i.e. backbone
modifications, conjugated peptides, conjugated antibodies,
and alternative approach based on U7 snRNA tool) are cur-
rently ongoing in preclinical and clinical investigations.

6. Expert opinion

Proof-of-concept that the exon skipping approach can restore
dystrophin production in DMD patients has been provided.
However, there is room for improvement and many different
approaches have been used to optimize exon skipping com-
pounds, since the first approval of eteplirsen in 2016.
Currently, four exon skipping drugs based on the PMO chem-
istry are approved by FDA for DMD patients, and other AONs
modifications are being tested in preclinical and clinical stu-
dies. Improved AON modifications demonstrate more efficient
exon skipping and dystrophin restoration in vitro and in vivo.
While peptide conjugates enhance oligonucleotide uptake by
muscles and the antibody approach imparts more targeted
AONs delivery to muscle cells, the AAV U7 snRNA-based
approach enables continuous production of dystrophin redu-
cing dose frequency.
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Despite the advantages of each of these new techniques,
there is limited expertise with these modifications in humans,
and safety and efficiency need to be carefully studied. Even
though hypomagnesemia observed in DMD patients receiving
SRP-5051 or healthy volunteers receiving PGN-EDO51 was
successfully corrected with magnesium supplementation, the
root cause of the hypomagnesemia needs to be carefully
studied. Hypomagnesemia could be a signal of proximal tubuli
toxicity as reabsorption of magnesium takes relatively more
energy compared to other ions, and magnesium is likely to be
the first to be excreted in case of renal toxicity [80].

Regarding efficacy, while suvodirsen was successfully
tested in preclinical studies, in a clinical trial it was not able
to induce dystrophin restoration. This underlines the need to
develop multiple alternative AONs in parallel, as safety and
efficacy are not guaranteed.

Despite muscle degeneration and motor delay beginning in
early childhood, DMD is diagnosed at the mean age of 4-
5 years [2,81]. Thus, patients receive treatment when motor
functions have already declined, and part of the muscle tissue
is irreversibly replaced with fibrotic or adipose tissue. Early
diagnosis is necessary to start early treatment, in order to
preserve muscle quality and muscle function as much as
possible and have the largest possible impact on slowing
down disease progression. Newborn screening (NBS) was pro-
posed to overcome the diagnostic odyssey and enable early
DMD treatment [82]. NBS of DMD is based on testing dried
blood spots for creatine kinase (CK) activity, which is increased
in DMD already in newborns. Recently, a pilot in NBS has been
successfully completed where more than 36.000 newborn
babies were tested and four babies with DMD or BMD were
detected. In 2022, DMD was nominated for inclusion in the
Recommended Uniform Screening Panel (RISP), a list of dis-
orders that benefit from NBS [83]. However, as so far trials
have been done in older patients, there is no data on optimal
dosing and safety in very young DMD patients. The current
phase 2 clinical trial of eteplirsen is studying the effect of early
treatment and dystrophin restoration in young patients of 2—
5 years old, while a clinical trial of scAAV9.U7.ACCA has
already shown very successful restoration of dystrophin in
a patient of 7 months old. However, long-term clinical benefits
of dystrophin restoration still need to be investigated, and
more studies in young patients are necessary to see whether
dosing is similar in these patients and whether for the scAAV9.
U7.ACCA the dystrophin restoring effect is not diluted when
the patient and his muscle grow.

To increase the chance of being able to pick up a therapeutic
effect in a clinical trial one needs either a very effective drug
with a large response in the primary endpoint, a large cohort of
patients, or a very long trial. DMD progresses slowly and cur-
rently tested therapeutic interventions aim to slowdown disease
progression, ruling out the first criterion. Due to the rarity of the
disease, especially for exon skipping, where subsets of eligible
patients get smaller and smaller with different target exons,
large trials are not an option either. To reduce the cohort sizes,
DMD patients not amenable to specific exon skipping (open-
label untreated control) or external NH patients have been used
as control groups. However, the experience of the untreated

control trial of eteplirsen, where the vast majority of untreated
patients did not complete the study due to being enrolled in
other trials, underlines that this approach is probably not viable
for DMD given that there are so many opportunities for patients
to be enrolled in clinical trials. Using NH reference data is a more
likely alternative, but this requires a detailed understanding of
disease trajectories for the outcome measure used as a primary
endpoint to allow proper matching of trial patients with NH
patients. The collaborative trajectory analysis project (cTAP) is
working on providing this data [84,85]. However, for now reg-
ulators insist on randomized placebo-control trials being neces-
sary for the investigation of drug safety and efficacy, meaning
the only option available is to have longer trials. This raises
ethical questions because the placebo group in a placebo-
controlled DMD receives placebo for a long period (currently
96 weeks) and it is known that patients will irreversibly lose
muscle function during this period [86,871.

We want to stress that because so far there is no confirma-
tory data that the dystrophin levels observed for the approved
PMOs slowdown disease progression, the relation between
low level of dystrophin restoration and functional effects is
unknown. Furthermore, the confirmatory studies are mostly
conducted in ambulant patients, and it is not known whether
the same amounts will slowdown disease progression in arms
and respiratory function in non-ambulant patients. Therefore,
more clinical trials are necessary to receive comprehensive
data about disease progression and motor function after
AON treatment in different stages of the disease.

7. Concluding remarks

Significant progress in the exon skipping approach for DMD has
been made in the last 20 years, which resulted in the approval of
four AONs for DMD therapy, despite many limitations. Various
AON modifications are under ongoing investigation and hold
promise for the improvement of exon skipping compounds due
to enhanced muscle uptake, targeted delivery, and reduction of
dose frequency. In addition, hopefully future adaptations such
as implementation of NBS and allowing the use of NH controls
in clinical trials can benefit in exon skipping field. Looking back,
the exon skipping approach for DMD has made a lot of progress
over the past 25 years, going from proof-of-concept in cultured
cells to approved drugs. Hopefully, in the next 25 years, the exon
skipping approach will be even further developed as a clinically
proven therapy for DMD.
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