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Abstract: Duchenne muscular dystrophy (DMD) is a fatal, X-linked recessive disorder char-
acterized by progressive muscle loss and cardiorespiratory complications. Mutations in the DMD
gene that eliminate the production of dystrophin protein are the underlying causes of DMD.
Viltolarsen is a drug of phosphorodiamidate morpholino oligomer (PMO) chemistry, designed to
skip exon 53 of the DMD gene. It aims to produce truncated but partially functional dystrophin in
DMD patients and restore muscle function. Based on a preclinical study showing the ability of
antisense PMOs targeting the DMD gene to improve muscle function in a large animal model,
viltolarsen was developed by Nippon Shinyaku and the National Center of Neurology and
Psychiatry in Japan. Following clinical trials conducted in Japan, Canada, and the United
States showing significant improvements in muscle function, viltolarsen was approved for
medical use in Japan in March 2020 and the United States in August 2020, respectively.
Viltolarsen is a mutation-specific drug and will work for 8% of the persons with DMD who
carry mutations amenable to exon 53 skipping. This review summarizes the pharmacological
profile of viltolarsen, important clinical trials, and challenges, focusing on the contribution of
Japanese patients and researchers in its development.

Keywords: phosphorodiamidate morpholino oligomer, exon skipping, dystrophin, efficacy,
timeline, safety

Introduction
Duchenne muscular dystrophy (DMD) is a lethal, X-linked recessive disorder with
a prevalence rate of 1 in 3000-6000 boys globally." It is caused due to null
mutations in the DMD gene.”> The DMD gene codes for dystrophin, a rod-shaped
structural protein essential for muscle function.> Dystrophin links the cytoskeleton
of muscle fibres to the extracellular matrix and is essential for the stabilization of
sarcolemma. In the absence of dystrophin, muscle fibres are damaged upon con-
traction and are replaced by fibrotic and adipose tissue.” As a result of severe
muscle damage, patients with DMD start experiencing lower body weakness at the
age of 3-5 years. As the disease is characterized by progressive muscle loss, most
of them lose ambulation during their early teens and die prematurely during their
late twenties, due to cardiorespiratory complications.*>

The DMD gene is the longest human gene with 79 exons.® 60% of patients with
DMD have large deletions in the DMD gene.*’ Other DMD-causing mutations
include exonic duplications, mid-intronic mutations, point mutations, missense
mutations, nonsense mutations, etc.® Due to its long sequence of 2.4 million base
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pairs, the DMD gene is very susceptible to mutations.
Despite being a common genetic disorder, it has been
extremely difficult to design a therapy that will work for
most patients with DMD as mutations among patients are
highly variable. Fortunately, two mutation hotspots, exons
45-55 and exons 2-19, have been identified in the gene
and are potential targets for therapeutics.”'°

Since the first report of DMD in 1868, advanced medi-
cine has achieved a lot in terms of managing the symptoms
of DMD; however, no DMD patient has been cured yet.
Many therapies are under research. Since the 1980s, corti-
costeroids have been prescribed to patients with DMD,
along with drugs that intervene with muscle blood flow,
antioxidants, and growth hormones.'"'* However, long-
term use of corticosteroids can have adverse effects such

as weight gain, cataracts, and late puberty.'* More recently,
therapies to restore the expression of dystrophin are emer-
ging. Genome editing, gene-replacement, exon skipping,
and stop codon read-through approaches are commonly
researched for the treatment of DMD.*'>"!7

Currently, four phosphorodiamidate morpholino oligo-
mer (PMO) drugs, which result in exon skipping, namely
eteplirsen, golodirsen, viltolarsen, and casimersen, have been
approved by the Food and Drug Administration (FDA) for
the treatment of DMD (Table 1).'"®?* However, as these
drugs are mutation-specific, they are only applicable to
approximately 30% of all patients with DMD. In our pre-
vious review paper on viltolarsen, we discussed the pharma-
cokinetics, pharmacodynamics, and safety of the drug.*' This
review paper will recap and update the clinical trials
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Table 1 Current FDA Approved PMO Drugs for the Treatment of DMD

Name Company Target Exon Applicability Year of FDA Approval
Eteplirsen Sarepta Therapeutics Exon 51 14% of all patients with DMD 2016
Golodirsen Sarepta Therapeutics Exon 53 8% of all patients with DMD 2019
Viltolarsen Nippon Shinyaku (NS Pharma) Exon 53 8% of all patients with DMD 2020
Casimersen Sarepta Therapeutics Exon 45 9% of all patients with DMD 2021

discussed previously, focusing on the pharmacological pro-
file of viltolarsen and the contributions of Japanese research-
ers and patients in its development.

Mechanism of Action

PMOs, like viltolarsen, consist of a short single-stranded
DNA analog and a backbone of morpholine ring bonded
by phosphorodiamidate linkages.>* They bind to a target
sequence, by standard nucleic acid base-pairing, on the
out-of-frame dystrophin pre-mRNA and alter splicing,
mRNA.
Consequently, a truncated but functional dystrophin pro-

resulting in an in-frame  dystrophin
tein is produced. Becker muscular dystrophy (BMD),
which is a milder dystrophinopathy, is mostly caused by
in-frame mutations in the DMD gene.”® Therefore, the
form of dystrophin protein that BMD patients can produce
is truncated but it is functional as the progression of BMD
is significantly slower than DMD. BMD patients live a life
with less severe medical complications and are a major

inspiration behind exon skipping therapy.?®

Viltolarsen, a PMO that facilitates exon 53 skipping of
the DMD gene, was developed based on a pre-clinical study
conducted by Yokota et al showing that antisense PMOs for
exon skipping restore muscle function accompanied by dys-
of DMD.*"*’
Theoretically, exon 53 skipping can treat 8% of all patients
with DMD including patients with exons 45-52, 47-52, 48—
52,49-52, 50-52, or exon 52 deletion, among others.?® It is
a 21-nucleotide sequence that binds to exon 53 on the out-of-

trophin restoration in a dog model

frame dystrophin pre-mRNA and hides exon 53 from the
splicing machinery. As a result, exon 53 is skipped, and the
open reading frame is restored. The in-frame mRNA is
translated to produce a truncated but functional form of
dystrophin (Figure 1).

The shortened dystrophin is functional as the most essen-
tial elements of the protein’s structure stay intact.
Dystrophin, a 427 kDa protein, consists of four functional
domains: an actin-binding N-terminal (NT) domain, a central
rod domain with 24 spectrin repeats, a cysteine-rich domain,
and a C-terminal (CT) domain that binds the dystrophin-

Healthy Patient with DMD Patient with DMD after
treatment with
viltolarsen
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Figure | Mechanism of action of viltolarsen. Viltolarsen (purple bar) binds to exon 53. As a result, exon 53 is skipped from the mature mRNA, and a truncated but
functional dystrophin protein is produced. For example, exons 45-52 deletion in the DMD gene causes an out-of-frame null mutation. Viltolarsen can skip exon 53 and
restore the reading frame of the DMD gene, which allows the production of functional dystrophin protein. Adapted from Roshmi, R.R., Yokota, T. Viltolarsen for the
treatment of Duchenne muscular dystrophy. Drugs Today (Barc). 2019, 55(10): 627-639. Copyright © 2019 Clarivate or its licensors. All rights reserved. doi: 10.1358/

dot.2019.55.10.3045038.>'
Abbreviations: DMD, Duchenne muscular dystrophin; mRNA, messenger RNA.
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complex (DAGC) in the

sarcolemma.” Exon 53 skipping compromises some of the

associated  glycoprotein

spectrin repeats in the protein’s central rod domain, like the
in-frame mutations seen in BMD patients, who have less
severe muscle loss over their lifetime. This indicates that
a dystrophin protein with a compromised central domain
can still carry out its function of providing muscle strength.*®
a PMO drug designed by Sarepta
Therapeutics, is also designed to skip exons 53 of the DMD

Golodirsen,

gene.” Tts mechanism of action is similar to viltolarsen and it
applies to the same patient population. No study comparing
the two drugs’ efficacy and safety is available now.

Safety Profile

Viltolarsen can be safely administered intravenously to
children and adults at a recommended dose of 80 mg/kg
of bodyweight weekly.*® It is recommended to monitor
kidney function during the treatment because renal toxicity
was observed in animals treated with viltolarsen.*
However, kidney function was not compromised in any

patient during clinical trials.>'

In a Phase I clinical trial (Table 2) conducted in Japan,
mild treatment-associated adverse drug reactions including
proteinuria, eczema, high diastolic pressure, and low ejec-
tion fraction were observed.> Later, proteinuria was elimi-
nated as an adverse effect because proteins were not
detected in urine spot samples. None of the participants
quit the study due to adverse events or were left with
unsolved adverse events at the end of the study.

In a phase I/Il clinical trial (Table 2) conducted in
Japan, nasopharyngitis and upper respiratory tract infec-
tion (URTI) was commonly observed in participants who
received 80 mg/kg of viltolarsen weekly.>' All adverse
events except one were mild. A severe case of URTI was
reported and the participants had to be hospitalized.
However, it was later determined to be independent of
the treatment. None of the other participants quit the
study due to adverse events. In another Phase II clinical
trial conducted in North America (Table 2), 94% of the
participants suffered mild adverse events.> However, they
were resolved without changing the dose of viltolarsen or
the withdrawal of a participant from the study.

Table 2 Summary of Clinical Trials Discussed in the Review Paper

Clinical Trial | Phase Location Number of | Cohorts Primary Findings References
ID Participants Outcome
NCT02081625 | | Japan 10 1.25 mg/kg or Safety and No adverse effects observed [33]
5 mg/kg or tolerability
20 mgl/kg
JapicCTI- I Japan 16 40 mg/kg or Efficacy No adverse effects observed [31]
163291 80 mg/kg Dose-dependent and time-
dependent increase in
dystrophin expression.
No significant improvements
in motor function tests.
NCT02740972 | |l North 16 40 mg/kg or Safety and No adverse effects observed | [32]
America 80 mg/kg efficacy 100% of the participants
(dystrophin produced truncated
expression in | dystrophin 25 weeks
Western posttreatment.
blot) Significant improvement in
some motor function tests.
NCTO03167255 | Extension | North 16 40 mg/kg or Safety and Ongoing [39]
study America 80 mg/kg efficacy (Time
to stand test)
NCTO04060199 | Il Multinational | 74 Placebo or Efficacy Ongoing [38]
80 mg/kg (Time to
stand test)
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As of now, there is no safety data available on vilto-
larsen for patients with kidney problems, pregnant women,

or lactating mothers.*°

Pharmacokinetics

The maximum concentration in blood plasma (Cmax) and
half-life of viltolarsen were observed to be dose-dependent
in both phase I and phase I/II clinical trials conducted in
Japan (Table 2).*"* In the phase I clinical trial conducted
by Komaki et al, patients with DMD were intravenously
administered 1.25 mg/kg, 5 mg/kg, or 20 mg/kg viltolarsen
weekly. Cmax was achieved in less than an hour for the
5 mg/kg and 20 mg/kg cohorts. Within 24 hours, 70-80%
of the unchanged drug was removed from the body in the
urine. The results were consistent in the phase I/II clinical
trial >'

Efficacy of Viltolarsen

In the phase I clinical trial conducted by Komaki et al,
a dose-dependent increase in exon 53 skipping was
observed.”> One patient NS-07, who received 20 mg/kg
viltolarsen, showed a 47.5% increase (from pre-treatment
0.3% to posttreatment 47.8%) in exon 53 skipping, com-
pared to only 1% increase in the rest of the 20 mg/kg
cohort. NS-07 weighed more than the other participants in
the study, hence the impressive results could be attributed
to the elevated amount of viltolarsen participant NS-07
received. In a Western blot analysis, only participant NS-
07 showed dystrophin expression. The main motive of this
study was to evaluate the safety of viltolarsen. The recom-
mended dosage of viltolarsen is 80 mg/kg which is four
times more than the highest dosage tested in this study.
Hence, the low efficacy can be attributed to the low dosage
of viltolarsen administered.

In the phase I/ clinical trial, a dose-dependent and time-
dependent increase in dystrophin expression was observed.”'
The average exon skipping levels in the 80 mg/kg
cohort (42.4%) were 20.6% higher than that of the 40 mg/
kg cohort (21.8%). Additionally, participants in both cohort
groups showed greater exon skipping levels in week 24
compared to week 12 of treatment. Western blot results
showed an overall 2.78% increase in dystrophin levels in
the 80 mg/kg cohort at the end of the study. Contrary to the
hopeful results seen in the molecular analysis, participants
did not do better in the motor function tests compared to the
baseline. However, the decline in performance was less pro-
nounced in participants who received higher 80 mg/kg vilto-
larsen weekly.

In a phase II clinical trial conducted by Clemens et al,
Western blot results exhibited that 100% of the partici-
pants produced truncated dystrophin after 25 weeks of
treatment.*> On average, 5.7% and 5.9% of normal dystro-
phin levels were restored in the 40 mg/kg and 80 mg/kg
cohorts, respectively. Other methods of measuring effi-
ciency including RT-PCR, mass spectrometry, and immu-
nofluorescence, demonstrated results consistent with the
Western blot data of individual participants. The partici-
pants also showed significant improvements in some
motor function tests including velocity in the time to run/
walk 10 m test, 6-minute walk test (6 MWT), and time to
stand from supine (TTSTAND). For all motor function
assessments, viltolarsen-treated participants were com-
pared to natural history controls from The Cooperative
International Neuromuscular Research- Duchenne Natural
History Study (CINRG-DNHS).** All participants from
this phase II clinical trial are eligible to participate in
a 192-week extended study where the efficacy, safety,
and motor function will be evaluated further (Table 2).

Recent studies show that dystrophin levels as low as
3% can result in a mild BMD phenotype,* hence it is
hopeful even if the therapy results in little dystrophin
production. In the phase II clinical study by Clemens
et al, 88% of the participants showed >3% increase in
dystrophin expression.*?

Timeline to Approval

In 2009, Nippon Shinyaku (NS) and the National Center of
Neurology and Psychiatry in Japan (NCNP) started
a collaboration to develop viltolarsen for patients with
DMD with mutations amenable to exon 53 skipping.*> The
phase I study to determine the safety of the drug was initiated
in June 2013 and continued until September 2014 in
Japan.>*3® Not long after in 2015, viltolarsen received the
SAKIGAKE and Orphan Drug designations from the
Ministry of Health, Labour and Welfare (MHLW) of Japan.
A phase IlI clinical trial (April 2016 to November 2017) and
a phase II clinical trial (December 2016 to April 2018) were
conducted in Japan and North America respectively to deter-
mine the efficacy of viltolarsen.*'**” After evaluating
results from clinical trials, viltolarsen was granted Fast
Track designation, Orphan Drug Status, and Rare Pediatric
disease designation in the USA in 2017. In 2019, NS Pharma
submitted the New Drug Application (NDA) for viltolarsen.
Shortly, on 25th March 2020, viltolarsen was approved in
Japan and on 12th August 2020, it was approved by the FDA
for treating eligible patients with DMD.** Currently, there are
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two ongoing clinical trials to further evaluate the efficacy and
safety of viltolarsen: an extension of the phase II clinical trial
in North America (July 2017 to October 2021) and
RACERS53 (April 2020 to December 2024).>*

Contributions of Japanese Patients

and Researchers

Japanese researchers have made significant contributions to the
field of exon skipping therapy.*' Currently four PMO drugs
have been approved by the FDA for the treatment of DMD,;
these PMO drugs operate by the principles of exon skipping in
the DMD gene, which was first shown by Takeshima et al in
1995.*" A 16-year-old Japanese DMD patient had a 52 bp
deletion within exon 19 of the DMD gene.** cDNA from the
patient did not have exon 19, which led researchers to inves-
tigate an exonic splicing enhancer site. Hence, it was proposed
that antisense oligonucleotides (AOs) can be targeted towards
splicing enhancers to inhibit the splicing of exon 19. Following
up on these findings, the exon skipping strategy was devel-
oped. A 31-year-old Japanese patient harboured a nonsense
mutation in exon 27.** The patient was expected to have DMD;
however, he had a BMD phenotype. Further assessment of the
patient’s cDNA showed that exon 27 was naturally skipped. It
was concluded that in-frame mRNA has the ability to produce
functional dystrophin. In 2009, Yokota et al demonstrated the
first successful PMO-mediated exon skipping accompanied by
bodywide restoration of dystrophin protein in a severe animal
model of DMD, called canine X-linked muscular dystrophy in
Japan (CXMDj), which was established at the NCNP. This
study directly led to the collaboration between Nippon
Shinyaku and the NCNP, and development of viltolarsen.*”

A national registry of Japanese DMD/BMD patients
called Remudy has made a considerable contribution to the
enrollment of DMD patients. Remudy was developed in
collaboration with Translational Research in Europe—
Assessment and Treatment of Neuromuscular Diseases
(TREAT-NMD) in 2009.* DMD/BMD patients’ clinical
and molecular genetics characteristics are reported and
stored at Remudy. Clinical symptoms, diagnostic test results
such as muscle biopsy, genetic test results, and epidemiolo-
gical information of patients can be accessed through
Remudy. These data can help find eligible patients for clin-
ical trials and keep patients informed about upcoming trials.
Only consenting patients with confirmed genetic status are
registered in the database. As genetic testing is not covered
by public health insurance in Japan, Remudy arranges to
sequence their DMD gene free of cost. As of August 2021,

2030 patients with dystrophinopathies have requested to
register with Remudy.**

Conclusion

Viltolarsen is the second exon 53 skipping drug approved
by the FDA. It has shown promising results in clinical
trials, but it is only applicable for 8% of patients with
DMD worldwide. Additionally, a one-year supply of vil-
tolarsen for a child weighing 25 kilogram is expected to be
$587,000, which further makes accessibility difficult for
patients who make an average income.*> This cost is
further expected to increase in the future when the child
grows up, due to increased body weight.

Overall, treatment with viltolarsen resulted in dystrophin
expression in muscle cells in the clinical trial and improve-
ments in motor function tests. However, the number of
participants in the clinical trials was low and the duration
of the study was too short to make robust conclusions about
improvements in muscle function. Two clinical trials are still
running to access the long-term efficacy of viltolarsen. One
of them is RACERS53 which plans to recruit 74 participants
who will receive viltolarsen for a course of 48 weeks and the
efficacy of viltolarsen will be determined by their perfor-
mance in motor function tests (Table 2).>® In addition, vilto-
larsen may not be as efficient in treating the heart because
PMO uptake by cardiac tissue is usually poor.*® It is of
major concern as death from cardiac complications are
common in patients with DMD.

For decades it has been difficult to design therapies that
cater to all patients with DMD due to the variability in muta-
tions among them. So far, 31% of patients with DMD can be
theoretically treated with the PMO drugs approved by the
FDA. The approval of viltolarsen is yet another small victory
for persons with DMD, their families, and researchers.
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