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Abstract. Duchenne muscular dystrophy (DMD) is a devastating, rare disease. While clinically described in the 19" century,
the genetic foundation of DMD was not discovered until more than 100 years later. This genetic understanding opened the
door to the development of genetic treatments for DMD. Over the course of the last 30 years, the research that supports
this development has moved into the realm of clinical trials and regulatory drug approvals. Exon skipping to therapeutically
restore the frame of an out-of-frame dystrophin mutation has taken center stage in drug development for DMD. The research
reviewed here focuses on the clinical development of exon skipping for the treatment of DMD. In addition to the generation
of clinical treatments that are being used for patient care, this research sets the stage for future therapeutic development with
a focus on increasing efficacy while providing safety and addressing the multi-systemic aspects of DMD.

THE DMD GENE AND DYSTROPHIN
PROTEIN STRUCTURE AND FUNCTION

Gene mutations in the 2.24 million base pair DMD
gene on the X chromosome result in biochemi-
cal loss or abnormalities of the dystrophin protein.
The DMD gene has multiple gene promoters driv-
ing expression of different mRNA (and encoded
protein) isoforms (Fig. 1). The ‘full-length’ 14 kb
mRNA using the 3 most proximal 5’ gene promoters
(Dp427B, Dp427M, Dp427P) contains 79 exons and
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encodes a 427 kDa membrane cytoskeletal protein
(dystrophin), that is expressed in all skeletal mus-
cles, smooth muscles (vascular and visceral), heart,
peripheral nerve, and some neurons. The DMD gene
also contains multiple downstream distal promot-
ers encoding shorter mRNA and protein isoforms
(Dp260, Dp140, Dpl116), with the shortest Dp71
(Dystrophin protein, 71 kDa) showing relatively
ubiquitous expression in non-muscle and nerve cells
(Fig. 1) [1].

Dystrophin is a component of the intracellular
membrane cytoskeleton where it interacts with actin
filaments, intermediate filaments, and transmembr-
ane proteins that themselves interact with the extra-
cellular basal lamina. It has been dubbed a ‘broad
membrane integrator’ [2]. The primary biochemical

ISSN 2214-3599 © 2021 — The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).


mailto:ericphoffman@gmail.com
https://creativecommons.org/licenses/by-nc/4.0/

S344 S. Takeda et al. / Exon-Skipping in Duchenne Muscular Dystrophy

Panel A.

000, o0a| 31,500, 000|

@
g
°
°
-
o
°
=
=
@
&
@
o
°
-4
-4
o
-4
=
) 8
a

Aol
-—a. oot
e
Dp116 Dp140 D260 ey | Dpa27pP :::sm
Dp71 Peripheral nerve Brain Retina Purkinje
Widespread Dp427M
Muscle

» - -

L-2626 Q-2625 K-2624 T-2623....occccn..n R-2556 E-2555 |-2554 R-2553, T-2516 A-2515

Panel B.

DMD A52

MRNA out-of-frame

No dystrophin protein
DMD A52
Viltolarsen
mRNA in-frame

Becker-like dystrophin protein

Fig. 1. Schematic of the DMD gene and exon skipping. Panel A: A schematic of the DMD gene from the Genome Browser (genome.ucsc.edu)
at Xp21 with encoded mRNA transcripts is shown. Gene transcription is shown from left to right, with the three gene promoters driving
expression of the full-length 427 kDa dystrophin (Dp427B, Dp427M, Dp427P), as well as down-stream gene promoters driving smaller
molecular weight dystrophin proteins (Dp260, Dp140, Dp116, Dp71). Also shown is an expansion of exons 52, 53, and 54. The amino acids
and encoding triplet codons are provided at the ends of each of these exons. Exon 52 ends in an incomplete codon for isoleucine (I-2554),
requiring the last two bases from exon 53 to complete the codon. In contrast, exon 53 ends with a complete codon for lysine (K-2624),
splicing to exon 54 that starts with a complete codon for glutamine (Q-2625). A gene mutation deleting exon 53 would then be out-of-frame,
as an incomplete codon ending exon 52 would be fused to a complete codon on exon 54, leading to a frame shift in the resulting dystrophin
mRNA. Panel B: This shows the consequence of drug-induced exon skipping by viltolarsen targeted to exon 53. A boys with DMD is shown
as having a deletion mutation of exon 52, and when this patient’s dystrophin mRNA splices together the remaining exons (exon 51 to exon
52), this leads to a frame shift, mRNA out-of-frame, and no dystrophin protein. Viltolarsen binds to exon 53, and blocks its inclusion in the
dystrophin mRNA. The drug-induced splicing of exon 51 to exon 54 results in an in-frame dystrophin mRNA, and Becker-like dystrophin
protein.
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role of dystrophin in skeletal muscle myofibers is
to increase the stability of the plasma membrane,
protecting it from force-related membrane disrup-
tions. In this way, its biochemical role is similar to
the structurally-related spectrin protein in red blood
cells, where spectrin similarly imparts deformability
and stability of plasma membranes (of erythrocytes)
as they pass through small capillaries. While dys-
trophin does not have signaling or enzymatic roles
itself, it binds directly or indirectly to multiple other
proteins that do have signaling or enzymatic roles,
such as neuronal nitric oxide synthase (nNOS).

The DMD gene mutations that inactivate the gene
or mRNA such that little or no dystrophin is produced
(e.g. null mutations) lead to dystrophin deficiency.
However, the location of an inactivating (frame-shift
or nonsense) mutation within the DMD gene can dif-
ferentially affect different isoforms. For example, a
mutation within the first 29 exons of the gene would
be expected to inactivate mRNA and protein from the
full-length brain, muscle, and Purkinje cell gene pro-
moters (Dp427B, Dp427M, Dp427P), but leave the
downstream Dp260 (retina), Dp140 (brain), Dp116
(peripheral nerve) and Dp71 (widespread) dystrophin
proteins intact [Fig. 1]. On the other hand, mutations
in the last 17 exons (3’ end of the gene) would be
expected to lead to deficiency of all dystrophin iso-
forms in all tissues. Clinical findings are consistent
with this, where loss of Dp260 (retina) leads to loss of
night vision and distinctive changes in electroretinog-
raphy findings, and this phenotype correlates with the
location of the DMD gene mutation and predicted
effect on the Dp260 isoform. The retinopathy pheno-
type maps to distal mutations downstream of Dp260
(retina) isoform [3], but there appears to be retinal
sensitivity to ischemia that maps to the full length
Dp427 isoform [4]. Likewise, mutations in the 3’ end
of the gene, removing more dystrophin isoforms, are
correlated with more severe cognitive involvement
and developmental brain abnormalities [5-7].

While the diagnostic term of a ‘muscular dys-
trophy’ is often thought of as a disorder restricted
to skeletal muscle structure and function, increasing
knowledge of DMD suggests that the clinical disor-
der has features of a multi-system disease (syndrome)
with functional defects of vascular smooth muscle,
visceral smooth muscle, heart, and brain/nerve. In
the majority of cases, the skeletal muscle disease
predominates, but abnormalities of other tissues con-
tribute to the overall clinical picture. Use of assisted
ventilation extends patient lifespan; most ventilated
patients succumb to cardiac disease. This is a point to

consider when developing and evaluating therapeutic
approaches to DMD.

BECKER MUSCULAR DYSTROPHY AND
CLINICAL VARIABILITY

The diagnosis of Becker muscular dystrophy
(BMD) was originally reserved for male patients
from X-linked recessive families segregating a mus-
cular dystrophy that was clinically milder than DMD.
With the cloning of the DMD gene, identification of
dystrophin, and advent of molecular diagnostics, the
diagnosis of BMD became synonymous with present
but abnormal dystrophin protein in skeletal muscle
biopsies [8, 9]. It soon became apparent in prac-
tice that a genetic characteristic of most cases of
BMD, an in-frame deletion in the dystrophin gene,
was not always concordant with a milder ‘Becker-
like’ phenotype. This discordance impacts the design
of human clinical trials focused on BMD thera-
peutics.

While all BMD patients show present but bioch-
emically abnormal dystrophin in muscle, the gene
mutations causing the abnormal dystrophin are highly
variable, and the precise biochemical perturbations
of the dystrophin protein similarly highly variable.
The most common gene mutations in BMD are two
in-frame deletions (A45-47 [30%]; A45-48 [20%])
[10]. The ‘reading frame rule’ defined by the out-
of-frame (inactivating) DMD gene mutations in the
severe DMD, and the in-frame (residual function)
DMD gene mutations in BMD is correlated with pro-
tein findings in about 75% of cases; there are many
exceptions to this rule. The exceptions follow some
patterns. Gene mutations in the 5° (beginning) of
the gene can be out-of-frame (DMD) but show dys-
trophin protein on muscle biopsy and a milder clinical
picture, both features that are consistent with the diag-
nosis of BMD. This is often due to use of alternative
AUG initiator codons in mRNAs (downstream of the
authentic AUG), and escape of nonsense mediated
decay (cellular degradation of out-of-frame mRNAs).
Out-of-frame exon 44 or 45 skippable mutations
can show low levels of residual dystrophin due to
endogenous (naturally occurring) alternative splic-
ing creating low levels of in-frame transcripts, with
about half of patients showing a milder phenotype
[11]. Splice site mutations are ‘leaky’ in that they
are often non-null (some normal dystrophin) [12].
Efforts to predict the clinical outcomes of different
in-frame deletions based on systematic analyses of
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large DNA/phenotype databases find considerable
heterogeneity in observed phenotypes [13].

Very low levels of normal dystrophin can be asso-
ciated with a clinical picture that can be milder than
typical DMD [15]. That said, low levels of both
normal and Becker-like dystrophins can also be asso-
ciated with a typical DMD phenotype. Other factors
over and above gene mutation type and dystrophin
protein content of muscle contribute to variation in
clinical phenotypes of both DMD and BMD, includ-
ing genetic modifiers [14] and socioeconomic status
[15]. Natural history studies of BMD patient cohorts
have shown marked clinical variability, even between
those with the same in-frame mutation, ranging from
just slightly milder than DMD to asymptomatic
[13, 16, 17]. Importantly, muscle MRI findings of
the degree of fatty replacement of skeletal muscles
appear more correlated with clinical symptoms than
either dystrophin protein content or gene mutation
[18, 20]. The fact that MRI imaging of fatty replace-
ment is so well-correlated with patient functional
ability likely reflects the importance of the variable
inflammation and fibrosis pathways downstream of
the primary gene and protein defect, and the vari-
ability of different muscle groups in terms of moving
into the fatty replacement phase associated with func-
tional disability.

Overall, the expectations of therapies directed
towards low levels of dystrophin should acknowl-
edge that all approaches aim to rescue or deliver
dystrophin protein that is biochemically abnormal,
and, therefore, partially functional (exon-skipping,
gene therapy, CRISPR DNA editing). Success at
achieving any level (low or high) of partially function
dystrophin protein will almost certainly be associ-
ated with marked clinical variability from patient to
patient, and within a patient from muscle to muscle.

THERAPEUTIC APPROACH OF
CONVERTING DUCHENNE TO BECKER
MUSCULAR DYSTROPHY

Therapeutic approaches that aim to restore par-
tially functional muscle dystrophin in patients with
DMD focus on one of three approaches: 1. gene deliv-
ery using viral vectors; 2. stop codon read-through; 3.
converting out-of-frame mutations to in-frame muta-
tions (exon skipping; multiple approaches).

For gene delivery using viral vectors, the limited
carrying capacity of the most suitable viral vectors
based on the adeno-associated virus (AAV) requires

use of a highly modified smaller molecular weight
versions of dystrophin called micro-dystrophins
(~150 kDa compared to normal 427 kDa dystrophin).
The micro-dystrophins are semi-functional proteins
that have removed over half the normal dystrophin
amino acid sequence. The biochemically abnormal
dystrophin delivered with gene therapy is, in part,
similar to ‘Becker-like’ dystrophins that occur nat-
urally in patients with BMD or are induced by
exon-skipping as a treatment for patients with DMD.
Of note, the AAV-driven dystrophins are much
smaller than those seen in Becker muscular dystrophy
patients. Pre-clinical data in the mdx mouse [19-21]
and CXMD dog [22-24] demonstrated functional
benefit of AAV-delivered de novo micro-dystrophin.
Preliminary results from a human clinical trial of
AAV gene therapy have shown high level expres-
sion of micro-dystrophin in DMD patient muscle
[25], with improvements in MRI fat fraction find-
ings through 24 months post-treatment [26]. A key
question with gene therapy in DMD is persistence
of effect, as re-delivery is anticipated to be signif-
icantly limited by antibody responses against the
second administration of the viral delivery vehi-
cle, and degeneration/regeneration cycles of DMD
muscle. Also, many DMD boys have pre-existing
immunity to certain serotypes of AAV that are used
for gene delivery, and this currently excludes these
patients from receiving gene therapy [27]. Immuno-
suppressant strategies to address this limitation of
gene therapy are being developed [28].

For stop codon read-through, about 10-15% of
boys with DMD have an amino-acid codon mutated
to a premature stop codon, and enabling the ribo-
some to insert an amino acid at the premature stop
codon, rather than terminating dystrophin protein
translation, may lead to de novo dystrophin. A small
molecule drug, ataluren, has been developed as a stop
codon read-through drug, and has shown variable
improvement in 6-minute walk times [29]. Drug-
responsive increases in dystrophin in patient muscle
has not yet been demonstrated, and a recent report
showed 30% of boys with DMD with a stop codon to
show residual dystrophin in muscle without ataluren
treatment [15]. Ataluren has been approved by the
EMA since 2014.

Exon skipping, the conversion of out-of-frame to
in-frame deletions, can be achieved by exon skip-
ping (with oligonucleotides or U7 snRNPs expressing
an antisense sequence) or by exon deletions (with
genome editing). The majority of clinical studies of
drug-induced de novo dystrophin in muscle have been
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Fig. 2. Lead candidate selection for exon 53 exon skipping.
Panel A: Shown is a schematic of the 38 oligonucleotides
tested for strength in blocking exon 53 splicing, and the
experimental approach leading to lead compound selection (NS-
065/NCNP-01; viltolarsen). Panel B: Dose-response analyses
shows NS-065/NCNP-01 (viltolarsen) to achieve ~70% exon skip-
ping efficiency in cell cultures. From Watanabe et al. 2018 [62].

with exon-skipping; the removal of an additional
DMD gene exon neighboring a patient’s deletion
mutation, to convert an out-of-frame DMD muta-
tion to an in-frame BMD mutation (Fig. 1, 2). For
exon-skipping, there are three different experimental
approaches: oligonucleotide, DNA editing (CRISPR)
and U7 snRNP-mediated splice blocking. CRISPR
DNA editing approaches, while not yet in clinical tri-
als in DMD, seek to modify the myofiber genomic
DNA to convert a DMD out-of-frame to a BMD-like
in-frame deletion. CRISPR relies on delivery of the
DNA editing machinery using viral vectors. A second
approach to accomplish exon-skipping is U7 snRNP-
mediated blocking of splicing, similar in mechanism
of action to oligonucleotide approaches. AAV vectors
have been used to deliver modified U7 snRNP genes
where the normal antisense part that hybridizes to
histone RNA is replaced with an antisense sequence
targeting (in this case) a dystrophin exon. This does
not target mRNA, but pre-mRNA (like exon skipping

with oligonucleotides). A single clinical trial of
AAV-mediated RNA editing (scAAV9.U7.ACCA,;
NCT04240314) is underway for exon 2 duplications
[30]. The 3" approach to accomplishing exon-
skipping is using oligonucleotide drugs to bind to
the pre-mRNA (prior to splicing) to modulate RNA
splicing. These oligonucleotide approaches have used
multiple chemistries for the drug, with variable
success, and this is discussed further in the remainder
of this text.

To explain exon skipping in more detail, oligonu-
cleotide drugs bind to the dystrophin pre-mRNA
(prior to splicing) and block the inclusion of an exon
neighboring the patient’s gene deletion (Figs. 1, 2).
The 79 exons of the DMD gene often begin and end
with blunt ends, where amino acids encoded by the
exons are fully encoded by a triplet codon residing
within the exon. For example, as shown in Fig. 1 (note
gene is oriented right to left, so the bottom strand is
read as encoded RNA), the end of exon 53 encodes the
AAG codon for a lysine at position 2,624 (K-2624)
in the dystrophin amino acid sequence and this exon
53 is spliced to the blunt end of exon 54 which itself
encoded a complete codon for the following glutamic
acid residue (Q-2625). However, other exons encode
incomplete amino acid codons at their termini: the
end of exon 52 encodes the first “C” nucleotide
of isoleucine (I-2554 in red font), and requires the
next 2 thymidine bases of exon 53 to complete the
codon (C-TT in DNA, or CUU in RNA) (Fig. 1).
Deletion mutations where remaining exons share the
same reading frame are ‘in-frame’, and when spliced
together lead to a relatively stable mRNA encoding
partly functional dystrophin lacking amino acids cor-
responding to the deleted exons. On the other hand,
remaining exons that do not share the same reading
frame are ‘out-of-frame’, and when the remaining
exons are spliced together into mRNA, a translational
frame-shift is encountered by the ribosome, lead-
ing to a halt in dystrophin protein translation. Most
mRNA transcripts with premature stop codons trig-
ger a nonsense-mediated decay (NMD) mechanism
that targets these out-of-frame mRNAs for degrada-
tion. With the DMD gene, it appears that premature
stop codons may also lead to epigenomic changes in
the gene, reducing mRNA expression as well [31].

An example for the viltolarsen drug targeting exon
53 of the dystrophin mRNA is diagrammed (Fig. 2). If
the oligonucleotide drug hits its RNA target, the drug
blocks the inclusion of the exon to which the drug is
bound in the dystrophin RNA, bringing the transcript
back into frame — effectively converting the DMD
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gene mutation to a BMD-like gene mutation at the
level of the mRNA.

For oligonucleotide-based exon skipping, pre-cli-
nical studies in the mdx mouse model were carried
out first using intramuscular injection of 2’-O-met-
hyl phosphorothioate (20MePS) oligonucleotides
[32], and soon after using systemic delivery of
both 20MePs and phosphorodiamidate morpholino
oligomer (PMO) chemistries [33, 34]. Key to success
of oligonucleotide approaches is achieving adequate
drug concentrations within the myofiber, so that drug
can hit its pre-mRNA target in the myofiber nucleus
(prior to pre-mRNA splicing) and block the splic-
ing of the targeted exon. Measurements of myofiber
delivery of oligonucleotide drugs have been done
using three different methods: in vitro cell trans-
fections, in vivo direct intramuscular injections, and
in vivo systemic delivery (intravenous or subcuta-
neous). Different oligonucleotide chemistries show
distinct effectiveness of myofiber delivery by these
three methods, and thus show different potency in
driving exon skipping depending on the assay sys-
tem. Morpholino chemistry (PMO) are uncharged
molecules, and are difficult to transfect into cells in
vitro, show little or no delivery to normal myofibers
by systemic delivery, but in dystrophic muscle show
high level delivery and high potency in driving exon
skipping [35-37]. The effective delivery of PMOs
to dystrophic muscle seems to be mediated, at least
in part, by myoblasts and macrophages as an inter-
mediate to dystrophin-deficient myofibers [40]. On
the other hand, 20MePS chemistries are negatively
charged, transfect well into cells in vitro, and can
be delivered by intramuscular injection, but have not
yet been shown to drive dystrophin production in
patient muscle in clinical trials. Direct injection into
muscle tissue destabilizes myofiber membranes near
the injection site and leads to bulk delivery of any
DNA or RNA payload to either normal or dystrophic
muscle. Most cell types cannot recover from such
overt breaches of their plasma membranes, but the
enormous syncytial myofibers can recover and then
retain the nucleic acids delivered by this ‘brute force’
approach.

To date, the highest levels of dystrophin rescue
by shown by systemic delivery to skeletal muscle in
mouse, dog, and human studies have been with the
morpholino chemistry. A key advantage of the mor-
pholino chemistry is that it has shown a good safety
profile at very high systemic doses; up to 3.0 grams/kg
in mice [38], 200 mg/kg in dogs [39], and 80 mg/kg
in DMD boys [40, 41].

CLINICAL TRIALS OF
OLIGONUCLEOTIDE-INDUCED EXON
SKIPPING

Exon-skipping clinical trials in DMD have been
carried out with two different chemistries; 20MePS
(drisaperson), morpholino (viltolarsen, eteplirsen,
golodirsen, casimersen). In addition, a locked chiral-
ity, stereopure ASO (suvodirsen) has been tested in
a clinical trial, but not yet published. Here, we focus
on clinical studies using 20mePS and morpholino
(PMO) chemistries for oligonucleotide drugs.

20MePS (drisapersen)

The earliest exon skipping clinical trials for DMD
began in 2006 and were designed to test the 20MePS
chemistry targeting exon 51 skipping (alternatively
named PRO-051, GSK2402968, drisapersen) as an
addition to corticosteroid standard of care treatment.
In an initial open label study, 0.8 mg drisapersen was
injected into the tibialis anterior muscle of 4 boys
with DMD. Assessment of muscle dystrophin 28 days
later showed evidence of drug-related de novo dys-
trophin expression by muscle biopsy at the injection
site [42]. This promising intramuscular injection pilot
study was followed by an open label, dose-finding
trial of 12 DMD boys given 5 weekly subcutaneous
injections, with 3 boys at each of 4 doses (0.5, 2.0, 4.0,
6.0 mg/kg), followed by a 12-week extension with all
12 boys treated with 6.0 mg/kg/wk. There was a sug-
gestion of improvement in 6-minute walk distance,
and some evidence of dystrophin mRNA splicing
and dystrophin in muscle biopsies, although both
appeared to be at very low levels that were difficult to
distinguish from pre-treatment samples [43]. These
same 12 boys were followed in a long-term exten-
sion study of weekly drisaperson for ~3.4 years (all
participants also continued corticosteroid treatment).
When compared to matched, steroid-treated, natural
history controls, there was a suggestion of prolon-
gation of ambulation compared to external controls
[44].

These exploratory and dose-finding trials of dris-
apersen were then followed by two double-blind
Phase II placebo-controlled studies. The first Phase
IT study (NCTO01153932) enrolled 53 steroid-treated
participants with DMD (7.7 & 1.5 yrs) into 3 arms;
placebo, intermittent drispersen, and continuous
(once weekly) drispersen [45] (Table 1). The treat-
ment period was 48 wks, however the primary
outcome was at study midpoint (25 wks; change
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in 6-minute walk test drisapersen continuous vs
placebo). The continuous 6 mg/kg/wk drisapersen
group showed an improvement of ~30 meters,
whereas the placebo group showed a slight decline of
~5 meter (A35 meters; p=0.014). Both groups then
showed an overall decline in meters walked over the
subsequent 23 wk treatment period while the 35 meter
difference was maintained (p=0.051). Dystrophin
studies of muscle biopsy were carried out, however
quantitative measures of dystrophin by immunoblot
were not reported.

A second placebo-controlled Phase II study
(NCTO01462292) of subcutaneous drisapersen admin-
istration was carried out in 51 participants with DMD
randomized to 3 arms (drisapersen 3 mg/kg/wk,
6 mg/kg/wk or placebo) [46] (Table 1). For the
primary outcome, 6-minute walk distance, the dris-
apersen 3.0 mg/kg/wk and placebo groups showed a
small decline from baseline to 24 weeks, whereas
the drisapersen group 6.0 mg/kg/wk showed a small
improvement which did not achieve statistical signif-
icance.

The Phase 3, randomized, double-blind, placebo-
controlled clinical trial, carried out from 2010-2013
at 44 sites in 19 countries, enrolled 186 boys with
DMD randomized 2:1 to drisapersen vs. placebo,
with a 48-wk treatment period (NCTO01254019)
[47]. Recruited participants were older than 5 years
at entry (mean [SD] age 8.1 £2.4 yrs), and were
treated with corticosteroids for over 3 months at the
time of first study drug administration. At the end of
the treatment period, there was no significant clin-
ical improvement relative to placebo. A post-hoc sub-
group analysis of less severe participants at entry
(ability to rise from floor, and 6-minute walk 300—
400 meters), suggested a 35 meter reduction in
decline in drisapersen group relative to placebo (p=
0.039) [50]. Approval from the FDA in the USA
was sought, but the regulatory agency noted the
lack of robust evidence of efficacy, and the safety
concerns of extensive injection site reactions that
continued after drug cessation [48] [https://www.
fdanews.com/ext/resources/files/11-15/11-20-FDA-
DMD-Briefing.pdf?1520841005], and the program
was terminated.

Phosphorodiamidate morpholino (PMO)
(eteplirsen, golodirsen, viltolarsen, casimersen)

Clinical trials of the phosphorodiamidate mor-
pholino oligonucleotide (PMO) chemistries began
with a study of intramuscular injection of an exon-51

oligonucleotide (AVI-4658; eteplirsen) into a small
foot muscle (extensor digitorum brevis; EDB) in 7
boys with DMD [49]. Injections were 0.09 mg (n =2)
or 0.9 mg (n=>5) of the morpholino oligonucleotide,
with muscle biopsy 3-4 weeks after the single injec-
tion. Strong evidence of drug-related increase in both
altered mRNA (skipped exon 51) and de novo dys-
trophin production were seen at the higher dose. As
noted above, intramuscular injections are a robust
delivery method for nucleic acids to myofibers that
may be a factor unique to muscle tissue.

An open-label dose-finding study of intravenously
administered eteplirsen was carried out in 19 partici-
pants with DMD (mean age 8.7 yrs) [50]. Doses tested
were 0.5, 1.0, 2.0, 4,0, 10.0, and 20.0 mg/kg/wk,
over a 12-week treatment period, with 2 to 4 partic-
ipants per dose group (Table 1). A dose-responsive
increase in dystrophin in muscle biopsies was seen
with the highest dose group of 4 participants show-
ing a mean of 4% levels by Western blot (range 0 —
7.7% increase from baseline). The authors carried out
motor function assessments and did not see evidence
of dose-related functional improvement, although the
short treatment period and small number of subjects
limited interpretation of these findings. Further analy-
sis of the biopsies from this study showed restoration
of the dystrophin-associated proteins in myofibers,
consistent with the degree of dystrophin restoration
[51]. An extension study was not done beyond the
12-week treatment.

A placebo-controlled dose-finding study for
eteplirsen was carried out in 12 participants with
DMD (mean age 8.8 years), with 4 participants ran-
domized to placebo, 30 mg/kg/wk, or 50 mg/kg/wk
for a 24-week treatment period [52] (Table 1). The
primary outcome was dystrophin-positive myofibers
measured by immunohistochemistry (after 12 weeks
treatment for 4 patients who received 50 mg/kg
and 2 patients who received placebo). A drug-
related increase in dystrophin-positive myofibers
was seen, but this result did not appear to be
dose-responsive (30 mg/kg/wk 23.0% [range 15.9 to
29.0%]; 50 mg/kg/wk 0.8% [-9.3 to 7.4%]), although
the time of treatment at the time of biopsy dif-
fered for the two groups (24 weeks for 30 mg/kg/wk;
12 weeks for 50 mg/kg/wk). There also appeared
to be variability in measures of dystrophin positive
myofibers, as the placebo biopsies showed apprecia-
ble variation from baseline to post-treatment (+4.5%,
-5.8%, —6.5%, —8.5%). Quantitative immunoblot
data were not reported. Analysis of 6-minute walk
data showed an overall decline in all groups over
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Table 1
Summary of clinical trials of systemic oligonucleotide delivery for exon-skipping
Publication (clini- Trial dates Drug; dose Delivery # participants Treatment Dystrophin 6-minute walk
caltrials.gov) groups (Age £SD) period (immunoblot) change vs
placebo
2’-0-methyl oligonucleotide
Voit et al. 2014 2010-2012 drisapersen; Subcutaneous 53 (7.74 1.5 yrs)! 25 wks Not quantitated 25 wks:
(NCTO01153932) placebo, 49 wks? +35m
6.0 mg/kg/wk (p=0.014) 49
(weekly; wks:
intermittent) +35m
(p=0.051)
McDonald et al. 2011-2013 drisapersen; Subcutaneous 51 (7.6 £2.7 yrs) 24 wks ND +27 m (ns)
2018 placebo, 3.0,
(NCT01462292) 6.0 mg/kg/wk
Goemens et al. 2010-2013 drisapersen; Subcutaneous 186 (8.1 =2.4 yrs) 48 wks ND +10 m (ns)
2017 placebo,
(NCTO01254019) 6.0 mg/kg/wk
phosphorodiamidate morpholino oligonucleotide
Cirak et al. 2011 2008-2010 eteplirsen; Intravenous 19 (8.7 yrs) 12 wks ~4% (20.0 mg/kg; ns
(NCT00844597) 0.5, 1.0, 2.0, 4,0, n=4)
10.0, and
20.0 mg/kg/wk
Mendell et al. 2011-2012 eteplirsen; Intravenous 12 (8.8 £1.2 yrs) 24 wks 24 wks: ND? -103 m
2013 placebo, 30, 3.5 yrs: 0.9%* (30 mg/kg)
(NCTO01396239) 50 mg/kg/wk +25m
(50 mg/kg)
Frank et al. 2020 2015-2019 golodirsen; Intravenous 12 Group 1 24 wks 1% NR
(NCT02310906) placebo, dose 8.6£2.1 yrs)5
escalation (4, 10, 13 Group 2
20, 30 mg/kg/wk (8.5£2.5yrs)
sequentially for 2
weeks each)
Komaki et al. 2018 2013-2014 viltolarsen, 1.25, 5, or Intravenous 10 (11.0£3.0 yrs) 12 wks 2% (20 mg/kg)6 NR
(NCTO02081625) 20 mg/kg/wk
Clemens et al. 2016-2017 viltolarsen, 40, Intravenous 16 (7.4 £ 1.8 yrs) 24 wks 5.7% (40 mg/kg) +289m (+94.2m
2020 80 mg/kg/wk 5.9% vs. external
(NCTO02740972) (80 mg/kg) control)
Komaki et al. 2016-2017 viltolarsen, 40, Intravenous 16 (8.4 £2.0 yrs) 24 wks 1.5% (40 mg/kg) —25m (both
2020 (JAPIC 80 mg/kg/wk 4.8% doses)

CTI-163291)

(80 mg/kg)

!Placebo group was younger (6.9 % 1.2 yrs). 2The treatment period was 49 weeks, but the primary outcome was change in 6-minute walk test at 24 weeks vs. placebo. 3Immunoblot of a single
post-treatment biopsy at 48 wks treatment was shown, but quantitations were not reported. *Participants were enrolled in an extension study, and re-biopsies after 3.5 years of treatment (Charleston
et al. 2018). >Placebo group was mean 1.5 years younger. °Of the 4 subjects in the 20 mg/kg/wk group, one showed 8% levels of dystrophin, whereas the other 3 showed undectable dystrophin.
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the 24-week period, with the greatest decline in the
30 mg/kg/day group (-103 m vs. placebo). Subjects
were enrolled in an extension study, and additional
biopsies taken after 3.5 years of treatment in 11 of
the participants, and this showed a mean of 0.9%
post-treatment dystrophin levels [53]. This data was
submitted to FDA for accelerated approval based
on the surrogate biomarker of drug-related increase
in dystrophin in patient muscle. The approval was
granted (30 mg/kg/wk), but with considerable contro-
versy within the FDA [54], and biomedical research
community [55-57]. There are also concerns that
the eteplirsen drug was not optimized for exon skip-
ping (e.g. not potent), with alternative morpholino
sequences showing over 10-fold greater potency in
driving drug-induced exon skipping [58]. Eteplirsen
was not approved by the European Medicines Agency
(EMA) despite two attempts [59].

Golodirsen is a PMO directed against exon 53
and was first tested in a 24-week placebo-controlled,
dose-escalation study of 12 participants with DMD
(4 placebo; 8 golodirsen [all escalating from 4 to
30mg/kg/wk] over the 24-week treatment period)
[60] (Table 1). Participants were then enrolled into
a long-term extension study (all at 30 mg/kg/wk),
and an additional 13 participants with DMD who
entered the 30 mg/kg/wk golodirsen treatment arm
directly. The 25 golodirsen-treated participants had
skeletal muscle biopsies taken at 48-weeks post-
treatment. Dystrophin immunoblot analysis showed a
mean of drug-related increase of 1% dystrophin. The
6-minute walk test was assessed after 2.7 years of
treatment, where FDA noted “Performance on the 6-
minute walk test and pulmonary function tests, with
at least 144 weeks of follow-up, showed a decline
from baseline; however, these results are not inter-
pretable in the absence of a control group” [61].
Golodirsen (30 mg/kg/wk) was approved by FDA
based on the surrogate biomarker of drug-related dys-
trophin expression.

Viltolarsen is a PMO directed against exon 53,
similar to golodirsen, and directed against a target
sequence on exon 53 that partially overlaps. The
approach to the optimization of exon 53 skipping
potency for lead compound selection for viltolarsen,
as well as the pre-clinical development program,
has been fully described [62]. In the initial stage of
screening, 38 overlapping 25 nucleotide 20MePS
oligonucleotides were tested for potency (dose-
response) in a cell culture system (Fig. 2). This
defined a region between nucleotide positions 31 and
65 on the exon 53 sequence that was most effective in

blocking the inclusion of exon 53 (exon skipping). In
the second stage, a series of 25 PMO oligonucleotides
of varying length (15-25 nucleotides) was designed
covering the position 31-65 region. This identi-
fied a 21 nucleotide PMO, named NS-065/NCNP-01
(viltolarsen), located between positions 36 and 56
that was most potent at blocking inclusion of exon
53. The effectiveness of viltolarsen was further
confirmed using DMD patient-derived myogenic
cells, with transfection of the cells facilitated by
Endo-Porter transfection. Evidence for both effi-
cient drug targeting of the pre-mRNA, as well as
dose-responsive de novo dystrophin protein from the
DMD patient-derived cells was seen after 3 days at a
concentration of 10 mmol/L. Viltolarsen-responsive
pre-mRNA exon skipping and dystrophin protein
rescue was found to be dependent on drug concentra-
tion, time of drug exposure, and repeated treatment.
Highest levels achieved were 80% normal levels of
dystrophin rescued in patient cells.

The first human clinical study of viltolarsen was a
Phase 1 dose-ranging study conducted in Japan and
enrolled 10 boys with DMD (6 to 16 yrs). Study par-
ticipants were treated with viltolarsen at intravenous
doses of 1.25, 5, or 20 mg/kg/wk for 12 weeks [63]
(Table 1). Six of the participants were treated with
corticosteroids prior to and during the study, and
four were not treated with corticosteroids. Seven of
the 10 were non-ambulant at the initiation of treat-
ment. Dose-responsive increases in exon skipping
by RT-PCR assays of biopsy mRNA, and increased
dystrophin protein production were observed. By
immunoblotting, one of the four participants treated
with 20 mg/kg/wk, who was also the participant with
the greatest absolute dose of viltolarsen based on
his body weight, showed 8% of a normal dystrophin
level in the post-treatment muscle biopsy, and others
showed evidence of dystrophin-positive myofibers by
immunostaining.

Given the good safety profile of the PMO chem-
istry, the results of the Phase 1 study that had a
maximum tested dose of 20 mg/kg/wk that showed
a dose-dependent increase in muscle truncated dys-
trophin production and previous studies in mice and
dogs that suggested that higher doses might be needed
to drive stronger dystrophin expression, two parallel
Phase II clinical trials were carried out in Japan and
the US using higher doses of 40 and 80 mg/kg/wk
[43, 64]. The US study was carried out by the
Cooperative International Neuromuscular Research
Group (CINRG), and randomized 16 steroid-treated
participants with DMD to placebo [4 weeks safety
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only], 40 and 80 mg/kg/wk. After 4 weeks treat-
ment period, the participants receiving placebo were
randomized to viltolarsen for the remainder of the
24-week treatment period. The primary outcome
was increase in dystrophin by immunoblot from
baseline to 24-weeks, with secondary outcomes of
dystrophin immunostaining, RT-PCR of dystrophin
mRNA, and mass spectrometry quantitation of dys-
trophin (orthogonal approach [65]). All biopsy
analyses were done blinded. Mean drug-related
increase in dystrophin for the 40 mg/kg/wk group
was 5.7% [range 3.2-10.3] of normal, and for the
80 mg/kg/wk group 5.9% [range 1.1-14.4] of nor-
mal, and the dystrophin protein rescue corresponded
to observed exon-skipping in dystrophin mRNA
(Table 1) (Fig. 3). The immunostaining, RT-PCR
and mass spectrometry methods showed significant
dose-response, with approximately a 2-fold increased
rescue in the 80 mg/kg/wk group compared to the
40 mg/kg/wk group (Table 2). Functional outcome
measures were studied with assessments at baseline,
12-weeks and 24-weeks (tests of 6-minute walk, 10-
meter run/walk, time to climb 4 stairs, time to stand
from supine). All outcome measures showed mean
improvement from baseline after 24-weeks treat-
ment, and all were significant when compared to a
matched, steroid-treated natural history comparator
group from the CINRG DNHS study [66, 67].

A harmonized parallel study carried out in Japan
recruited 16 participants with DMD randomized to 2
groups (40 mg/kg/wk; 80 mg/kg/wk) [64]. All sub-
jects had a pre-treatment muscle biopsy, then 8
had a post-treatment biopsy after a 12-week treat-
ment period, and the remaining 8 after a 24-week
treatment period. A dose-related increase in dys-
trophin mRNA exon skipping was observed, as well
as dose-related increase in dystrophin expression by
both immunoblot and immunostaining (Table 1). The
drug-related increase in dystrophin by immunoblot

Patient 10 pretreatment Patient 10 posttreatment
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Fig. 3. Example of an RNA blot showing viltolarsen-induced exon
skipping in DMD participant muscle. From Clemens et al. 2020
[40].

in the 80 mg/kg/wk group in the Japan trial (mean
4.8% normal) was similar to the findings with the
same dose and treatment period in the US trial (mean
5.9% normal). Motor outcomes measures declined in
both dose groups in the Japan study, in contrast to
the US study, although the participants were older in
the Japan study (mean 8.4 yrs) compared to US study
(mean 7.4 yrs). Viltolarsen was granted accelerated
approval based on dystrophin findings in both the US
and Japan [64].

A PMO directed against exon 45 (casimersen) was
approved by FDA in 2021. At the time of writing,
there are no publications or FDA materials yet avail-
able to review the clinical trials that served as the
basis for the approval.

LESSONS LEARNED AND NEXT STEPS

From the clinical findings to date, oligonucleotide
drugs based on the 20MePS chemistry appear to
lack a sufficient therapeutic index to drive adequate
levels of dystrophin without dose-limiting toxicities.
Interestingly, nusinersen (Spinraza) approved for

Orthogonal studies of dystrophin rescue by viltolarsen. From Clemens et al. 2020 [40]

Samples Dystrophin Western blot Mass Spectrometry ~ Dystrophin IF Analysis RNA RT-PCR
Participant Cohort Normalized Normalized to % Dystrophin % Dystrophin- % Skipped mRNA
myosin heavy to alpha- positive (molarity
chain actinin fibers [nmol/L])
Mean + SD Mean + SD Mean Mean + SD Mean + SD
40 mg/kg Pre 03+0.1 0.240.2 0.5 1.5+1.0 0.0+0.0
Post 57+24 54428 2.1 143478 17.4+72
80 mg/kg Pre 0.6+0.8 0.4+0.7 0.6 1.8+24 0.0+0.0
Post 59+45 37+24 42 34.8+204 43.9+16.7
Overall Pre 0.4+0.6 03+0.5 0.6 1.7+1.8 0.0+0.0
Post 58+34 45+2.6 3.1 24.5+18.3 30.6+18.5
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intrathecal administration for treatment of spinal
muscular atrophy is based on 20MOE, a chemistry
similar to 20MePS, but has not run into the dose-
limiting toxicities that drisapersen did. This high-
lights the relevance of site of administration and
frequency of dosing, with apparent impacts on both
efficacy and safety. The intrathecal dosing of nusin-
ersen likely provides a more targeted delivery to
motor neurons, compared to the subcutaneous deliv-
ery of drispersen to skeletal muscle. The local del-
ivery of nusinersen is done at a dose of 12 mg every 4
months, whereas drisapersen was dosed systemically
at 6 mg/kg weekly; this likely leads to a much higher
effective dose for motor neurons with a longer per-
sistence of drug.

Oligonucleotide drugs for DMD based on the
PMO chemistry (eteplirsen, golodirsen, viltolarsen,
casimersen) show a broader therapeutic index, with-
out the dose-limiting toxicities seen with other
oligonucleotide chemistries. The morpholino back-
bone is not metabolized, and does not seem to
trigger the innate immunity reactions triggered by the
20MePS chemistries, which appears to contribute to
greater safety of the PMO chemistry at higher doses
(80 mg/kg/wk viltolarsen, compared to 6 mg/kg/wk
drisapersen). That said, it is clear that only a very
small fraction of the PMO drugs delivered by intra-
venous infusion reach the myofiber nucleus. Also,
the mechanisms that have been defined for PMO
delivery to skeletal muscle (intramuscular injection;
systemic delivery via macrophages, myoblasts, and
unstable myofiber membranes) are unlikely to pro-
vide dystrophin restoration for other cell types. Thus,
the PMO technology may be a dystrophic muscle-
specific chemistry. Multiple efforts are underway to
achieve better delivery of oligonucleotides to muscle,
including conjugates and muscle homing peptides.

In reviewing the experience with exon skipping to
date, what are the lessons learned? First, it seems
that the oligonucleotide delivery to myofibers in vivo
remains a key variable that is relatively poorly under-
stood. It is critical to understand this mechanism in
order to optimize treatment (drug doses; frequency of
dosing; mode of delivery). While studies of low lev-
els of normal dystrophin (normal in molecular weight
and biochemical composition) in some patients sug-
gest that very low levels may have clinical benefit
[15], the abnormal dystrophin (Becker-like in bio-
chemical composition) is only partially functional.
Thus, very low amounts of de novo dystrophin from
therapeutic approaches (all biochemically abnormal)
are expected to show less clinical benefit than the

same amounts of biochemically normal dystrophin.
Thus, published studies of clinical correlates of low
levels of normal dystrophin are likely not relevant to
similarly low levels of therapeutic dystrophin [68].
Thus, it is clear that exon skipping approaches will
show more compelling evidence of clinical benefit
if higher levels of drug-induced dystrophin can be
obtained. Much higher levels of dystrophin have been
induced by oligonucleotide approaches in mice and
dog models of DMD, but these have utilized much
higher doses of drug than are currently utilized in
human studies (up to 10-fold higher). Efforts to opti-
mize dosing regimens may be best studied in animal
models, given the many variables to be explored [69].

Most patients with DMD show little or no dys-
trophin, and de novo expression of dystrophin may
invoke cell-mediated immunity, as seen in murine
dystrophin exon skipping studies [70], and with AAV
viral gene delivery of dystrophin in the dog model of
DMD [71]. Thus, efforts to monitor anti-dystrophin
antibodies, prevent the onset of cell-mediated immu-
nity, and mitigate possible clinical relevance of
anti-dystrophin antibodies will be important going
forward. Studies have shown that amniotic delivery of
micro-dystrophin to CXMD dog fetuses may induce
immune tolerance enabling later re-delivery of micro-
dystrophin by AAV vectors [72].

As noted elsewhere in this review, all therapeutic
efforts to restore dystrophin in DMD patient muscle
involves semi-functional, biochemically abnormal
types of dystrophin, not the full-length normal pro-
tein. We cannot expect the delivery of semi-functional
dystrophin to ‘cure’ skeletal muscle to normal mus-
cle tissue; success is defined as a Becker-type muscle
and phenotype. As such, the dystrophic milieu of
skeletal muscle will continue, even as high level pro-
duction of de novo dystrophin become increasingly
successful. The dystrophic milieu has been shown to
lead to short-lived AAV-derived therapeutic mRNAs
[73], and the pro-inflammatory state in Becker mus-
cle leads to induction of microRNAs that bind to
the dystrophin mRNA and inhibit dystrophin protein
translation [74, 75]. It is likely that polypharmacy
approaches will be needed to retain and stabilize
Becker-like dystrophins at multiple levels.

Finally, it is increasingly clear that the skeletal
muscle phenotype of a patient with DMD changes
as a function of age, with early activation of innate
immunity soon after birth, but later connective tis-
sue replacement of specific muscles at different ages
that drives functional disability [76, 77]. Expressing
de novo dystrophin in connective tissue is unlikely
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to lead to any functional benefit, and some muscle
groups in a boy with DMD already show connective
tissue replacement even at young ages, depending on
the muscle group. Thus, earlier treatment at younger
ages is expected to show more clinical benefit over
the disease course, assuming that the molecular path-
ways leading to connective tissue replacement can
be slowed or stopped. Increased understanding of the
transition from early successful muscle regeneration
at young ages, to later unsuccessful regeneration and
connective tissue replacement is critical [78].

In ending this overview, the authors wish to high-
light the critical and ongoing contributions of Dr.
Terence Partridge. Terry had major roles in the stud-
ies of systemic delivery to PMO drugs to the mdx
mouse model [35, 36], showed that macrophages
and myoblasts mediate delivery of PMO drugs
to dystrophin-deficient myofibers [40], collaborated
with the authors on the proof-of-concept systemic
delivery studies of PMOs in the dog model [42], and
noted that anti-dystrophin antibodies that may occur
with drug-induced de novo dystrophin in mouse mod-
els [73]. Terry’s broad contributions and fundamental
insights across the development of viltolarsen and
other exon skipping drugs reflect his seminal contri-
butions to translational muscle research, as well as
his endearing and highly collaborative nature.
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