
RESEARCH ARTICLE

Viltolarsen in Japanese Duchenne muscular dystrophy
patients: A phase 1/2 study
Hirofumi Komaki1 , Yasuhiro Takeshima2, Tsuyoshi Matsumura3, Shiro Ozasa4, Michinori Funato5,
Eri Takeshita6, Yasuyuki Iwata7, Hiroyuki Yajima7, Yoichi Egawa8, Takuya Toramoto8,
Masaya Tajima8 & Shinichi Takeda9

1Translational Medical Center, National Center of Neurology and Psychiatry, Kodaira, Tokyo, Japan
2Department of Pediatrics, Hyogo College of Medicine, Nishinomiya, Hyogo, Japan
3Department of Neurology, National Hospital Organization Osaka Toneyama Medical Center, Toyonaka, Osaka, Japan
4Department of Pediatrics, Kumamoto University Hospital, Kumamoto, Kumamoto, Japan
5Department of Pediatrics, National Hospital Organization Nagara Medical Center, Gifu, Japan
6Department of Child Neurology, National Center of Neurology and Psychiatry, National Center Hospital, Kodaira, Tokyo, Japan
7Department of Rehabilitation, National Center of Neurology and Psychiatry, National Center Hospital, Kodaira, Tokyo, Japan
8Global Clinical Development Department, Nippon Shinyaku Co., Ltd., Kyoto, Kyoto, Japan
9National Center of Neurology and Psychiatry, Kodaira, Tokyo, Japan

Correspondence

Hirofumi Komaki, Translational Medical

Center, National Center of Neurology and

Psychiatry, Kodaira, Tokyo, Japan. Tel:

+81423412711; Fax: +81423462164; E-mail:

komakih@ncnp.go.jp

Funding Information

This study was funded by Nippon Shinyaku

Co., Ltd. Medical writing and editorial

support were provided by Keyra Martinez

Dunn, MD, of Edanz Evidence Generation

and was funded by Nippon Shinyaku Co.,

Ltd. The National Center of Neurology and

Psychiatry and Nippon Shinyaku Co., Ltd are

coinventors of viltolarsen.

Received: 27 May 2020; Revised: 1 October

2020; Accepted: 3 October 2020

Annals of Clinical and Translational

Neurology 2020; 7(12): 2393–2408

doi: 10.1002/acn3.51235

Abstract

Objective: The novel morpholino antisense oligonucleotide viltolarsen targets

exon 53 of the dystrophin gene, and could be an effective treatment for patients

with Duchenne muscular dystrophy (DMD). We investigated viltolarsen’s abil-

ity to induce dystrophin expression and examined its safety in DMD patients.

Methods: In this open-label, multicenter, parallel-group, phase 1/2, exploratory

study, 16 ambulant and nonambulant males aged 5–12 years with DMD

received viltolarsen 40 or 80 mg/kg/week via intravenous infusion for 24 weeks.

Primary endpoints were dystrophin expression and exon 53 skipping levels.

Results: In western blot analysis, mean changes in dystrophin expression (% nor-

mal) from baseline to Weeks 12 and 24 were � 1.21 (P = 0.5136) and 1.46

(P = 0.1636), respectively, in the 40 mg/kg group, and 0.76 (P = 0.2367) and

4.81 (P = 0.0536), respectively, in the 80 mg/kg group. The increase in mean dys-

trophin level at Weeks 12 and 24 was significant in the 80 mg/kg group (2.78%;

P = 0.0364). Patients receiving 80 mg/kg showed a higher mean exon 53 skipping

level (42.4%) than those receiving 40 mg/kg (21.8%). All adverse events were

judged to be mild or moderate in intensity and none led to study discontinuation.

Interpretation: Treatment with viltolarsen 40 or 80 mg/kg elicited an increasing

trend in dystrophin expression and exon 53 skipping levels, and was safe and well

tolerated. The decline in motor function appeared less marked in patients with

higher dystrophin levels; this may warrant further investigation. This study sup-

ports the potential clinical benefit of viltolarsen.

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked,

rapidly progressive, and lethal neuromuscular disease

caused by mutations in the dystrophin gene, which results

in the absence or deficiency of the dystrophin protein.1,2

Dystrophin is a 427- kDa protein with 3685 amino acids

that is localized in the sarcolemma of skeletal muscle

fibers.3 The dystrophin-associated protein complex acts as

a cytoskeletal integrator that is critical for the stability of

the muscle cell membrane; therefore, the absence of dys-

trophin results in cell membrane damage and muscle

degeneration.4,5 The activation of fibroblasts during tissue

repair leads to fibrosis, infiltration of adipocytes, tissue

scarring, and reduced myocyte regeneration.6

The initial symptoms of DMD (e.g., delayed walking,

frequent falls, difficulty running, and climbing stairs) are

generally observed between the ages of one and three

years.7 Continuous muscle fiber degeneration leads to

skeletal muscle wasting and incapacitating weakness, which
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also affects respiratory and cardiac muscles. Eventually,

decreased lower-limb muscle strength and joint contrac-

tures result in the loss of ambulation by eight to 14 years

of age, followed by the need for assisted ventilation and,

subsequently, death during the thirties or earlier.7

The global prevalence of DMD is estimated to be 21.2/

100,000 school-aged boys.8 There is no cure for DMD,

and current therapies focus on alleviating symptoms and

managing complications.9 Current treatment guidelines in

Japan9 recommend steroid therapy, which is the only

available treatment with a proven effect on improving

muscle weakness.10 Therefore, an effective treatment

method that can be used in the early stages of DMD is

strongly desired.

Exon skipping therapy has recently gained attention as

a potential novel treatment for DMD.11,12 Antisense-me-

diated exon skipping results in the skipping of a target

exon to restore the reading frame.13

Viltolarsen is a novel morpholino antisense oligonu-

cleotide designed by the National Center of Neurology and

Psychiatry (NCNP) and Nippon Shinyaku Co., Ltd. to tar-

get exon 53.14 It is expected that viltolarsen will be an effec-

tive treatment for patients with deletions of exons

including, but not limited to, 43–52, 45–52, 47–52, 48–52,
49–52, 50–52 or 52 alone in the dystrophin gene. In a phase

1 investigator-initiated trial,14 intravenous treatment with

viltolarsen (1.25, 5, or 20 mg/kg once weekly, for 12 weeks)

was well tolerated. High exon skipping level and dystrophin

expression were confirmed in one patient in the 20 mg/kg

group. The purpose of this phase 1/2 dose-finding study

was to investigate the efficacy, safety, and pharmacokinetics

of viltolarsen at 40 or 80 mg/kg once a week for 24 weeks

in Japanese patients with DMD.

Methods

Study design

This was an open-label, multicenter, parallel-group, phase

1/2, dose-finding, exploratory study (Fig 1A) conducted

from April 2016 to November 2017 in five centers in

Japan (JAPIC CTI-163291). At the time of registration,

the registration center set four possible combinations of

the administration group (40 mg/kg group, 80 mg/kg

group) and the muscle biopsy period (12 weeks,

24 weeks). DMD patients were allocated as evenly as pos-

sible in terms of ambulant/nonambulant status in each

group. Patients with a deletion amenable to exon 53 skip-

ping were randomly assigned to viltolarsen 40 mg/kg or

80 mg/kg groups. The study treatment started at 40 mg/

kg weekly. Once the safety of viltolarsen 40 mg/kg was

confirmed and was considered appropriate by the safety

monitoring committee, enrollment into the viltolarsen

80 mg/kg group was initiated.

The study was conducted in accordance with the ethi-

cal principles of the Declaration of Helsinki, Pharmaceuti-

cal Affairs Law, Good Clinical Practice, and associated

Japanese regulations. The institutional review board at

each participating center reviewed and approved the study

protocol and associated documents. All patients and/or

their guardians provided written informed consent before

study enrollment.

Outcomes

The primary endpoint was the efficacy of viltolarsen at 40

or 80 mg/kg once-weekly for 24 weeks, as measured by

dystrophin protein expression and exon 53 skipping effi-

ciency in muscle biopsy samples at Weeks 12 and 24. The

secondary endpoints were motor function (changes from

baseline to Week 24 as measured by the 6-Minute Walk

Test [6MWT], Timed Up and Go Test [TUG], Time to

Stand Test [TTSTAND], Time to 10 Meter Run/Walk

Test [TTRW], and quantitative muscle strength testing on

hip flexion/extension, knee joint flexion/extension, and

ankle flexion/extension), safety (vital signs, clinical labora-

tory tests, immunological tests, heart and lung function,

and the occurrence of adverse events [AEs] and adverse

drug reactions [ADRs]), and the pharmacokinetics of vil-

tolarsen (by assessments at Weeks 1 and 24). Addition-

ally, we evaluated the effects of viltolarsen on serum

creatine kinase (CK) levels.

Patients

Eligible patients were ambulant or nonambulant Japanese

males with DMD and were aged ≥ 5 years

and < 18 years. Inclusion criteria for this study were a

genetic deletion amenable to exon 53 skipping based on

the multiplex ligation-dependent probe amplification

method; no DNA polymorphism at exon 53 that pre-

vented duplex formation of viltolarsen; suitable muscle

tissue (anterior tibial muscle or biceps) for efficacy mea-

surement; life expectancy of at least one year after

informed consent; and QTc < 450 ms before administra-

tion (Fridericia’s correction) (if the patient had bundle

branch block, a QTc < 480 ms was allowed). Patients had

to be able to be hospitalized at least from the day of the

Figure 1. Study design and patient disposition. A, The schematic indicates the three study phases (pre-treatment, treatment, and post-

observation) and the timing of the assessments conducted during each phase. B, Patients received viltolarsen 40 mg/kg weekly or viltolarsen

80 mg/kg weekly for 24 weeks. All 16 patients enrolled were included in the analyses.
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initial administration of viltolarsen to the day after the

second administration, and on the days of the third and

fourth administration, to secure their safety.

The main exclusion criteria were participation in clini-

cal studies of read-through therapy, exon skipping ther-

apy, utrophin overexpression therapy, or gene therapy to

restore dystrophin expression; forced vital capacity esti-

mation < 50%; ejection fraction < 40% or fractional

shortening < 25% by echocardiography; severe cardiomy-

opathy; severe hepatic or kidney disorder; positivity for

hepatitis B surface antigen, hepatitis C virus antibody, or

human immunodeficiency virus antibody; immune defi-

ciency or autoimmune disease; severe cognitive defect;

treatment with other investigational drugs within 90 days

of treatment period start; not using acceptable contracep-

tion methods; previous medical history of serious drug

hypersensitivity; or participation in previous clinical stud-

ies of viltolarsen.

Prohibited concomitant drugs included other investiga-

tional drugs as well as phosphodiesterase type 5 inhibi-

tors, idebenone, coenzyme Q10 preparations, resveratrol

preparations, muscle enhancing steroids (oxandrolone),

and adenosine triphosphate disodium salt preparations.

From 90 days before treatment to the end of the postob-

servation period, the use of systemic corticosteroids was

permitted only if their dosage and administration were

not changed, physical therapy or exercise therapy that

could influence the test drug’s efficacy assessment was

permitted if the content and frequency were not changed,

and any surgical procedure that could influence the effi-

cacy assessment of the study drug was prohibited.

Study procedure

During the pre-treatment period of 3–12 weeks, patients

attended three visits and underwent a muscle biopsy and

baseline motor function evaluation at Day � 7. During

the 24-week treatment period (Weeks 1 to 24), patients

received either viltolarsen 40 or 80 mg/kg weekly by

intravenous infusion over 1 hour.

The doses used in the study (40 and 80 mg/kg) were

based on exposure data from the investigator-initiated

trial14 and a nonclinical toxicity study in cynomolgus mon-

keys and mice. In terms of safety, doses were set such that

the expected maximum plasma concentration (Cmax) and

area under the plasma concentration-time curve (AUC0-t)

in humans calculated from linear regression analysis using

pharmacokinetics data from the investigator-initiated trial

did not exceed the Cmax and AUC0-t at the tolerated dose

in monkeys and mice (200 mg/kg and 240 mg/kg). In

terms of efficacy, the dose was set to reach the Cmax and

AUC0-t of one patient in the investigator-initiated clinical

trial who had marked dystrophin protein levels.

The treatment duration was set to 24 weeks because

the 12-week treatment in the previous investigator-initi-

ated clinical trial led to marked increases in dystrophin

protein levels only in one patient and clinical trials of

similar drugs administered for 24 weeks or longer also

demonstrated marked increases in dystrophin protein

levels.15,16

During the one-week postobservation period, patients

attended two follow-up visits. No changes in the dosage

and administration of systemic corticosteroids were per-

mitted within 90 days prior to treatment until the end of

the observation period.

Assessment of outcomes

Dystrophin protein levels were evaluated by western blot-

ting and quantified using double immunofluorescent

staining (immunohistochemistry) to determine dys-

trophin/spectrin intensity ratios and the number of dys-

trophin-positive fibers in muscle biopsy samples collected

before administration and at Week 12 and Week 24.

Muscle tissue biopsy was performed on the tibialis ante-

rior muscles or biceps brachii muscle, according to meth-

ods described previously.14 For dystrophin and exon

skipping evaluations, 50% of patients (n = 4) in each

treatment group underwent a muscle biopsy after

12 weeks of treatment whilst the remaining 50% under-

went a muscle biopsy after 24 weeks of treatment.

Western blot assessment

Dystrophin protein was extracted from 10 9 10 µm fro-

zen muscle tissue biopsies using 125 mM Tris-HCl pH

6.4, 4% w/v SDS, 4 M urea, and protease inhibitors. Pro-

tein concentrations were measured using bicinchoninic

acid. Lysates were denatured (98°C, 3 min), and 12 µg of

total protein were subjected to electrophoresis (150 V,

75 min; NuPAGE Novex 3%–8% tris-acetate gel; Thermo

Fisher Scientific). Separated proteins were transferred

onto a polyvinylidene fluoride membrane using a semidry

blotting system (4 mA/cm2, 30 min). The primary anti-

body was ab15277 dystrophin rabbit polyclonal antibody

(Abcam, Cambridge, UK) diluted 1:500, and the sec-

ondary antibody was Histofine Simple Stain MAX-PO

(Multi), diluted 1:100 (Nichirei, Tokyo, Japan). Alpha-ac-

tinin was probed with A7811 a-actinin mouse mono-

clonal antibody (Sigma-Aldrich, MO, USA) diluted

1:10,000. Bands were detected (ECL Prime western blot-

ting system; GE Healthcare) and imaged (LuminoGraph I

chemiluminescent system; Atto, Tokyo, Japan). Calibra-

tion samples were prepared by diluting normal control

(with 100% dystrophin) with negative control (with 0%

dystrophin), and generation of a 5-point calibration curve
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(1%, 2%, 3.3%, 10%, and 33%). The dystrophin percent-

age per sample was calculated based on the calibration

curve using a log-transformed linear regression model.

Assessments were conducted by blinded assessors. The

lower limit of quantitation of the validated method used

in the study was 1%. When a measured value was below

this limit, the value was estimated using standard curve

extrapolation.

Immunofluorescence assessment

We used a modified version of the method reported pre-

viously.14,17 Frozen muscle sections (10 µm) from normal

control and pre- and post-treatment samples were placed

on a microscope slide and probed with NCL-SPEC1 spec-

trin mouse monoclonal antibody (Leica Biosystems, Wet-

zlar, Germany) diluted 1:100 and ab15277 dystrophin

rabbit polyclonal antibody (Abcam, Cambridge, UK)

diluted 1:200, then incubated (1 h, room temperature).

The secondary antibodies were Alexa Fluor 488 F(ab’)2

fragment goat anti-mouse IgG (H + L) (A11017, Life

Technologies) and Alexa Fluor 647 goat anti-rabbit IgG

(H + h) (A21245, Life Technologies), both diluted 1:500

for incubation (30 min, room temperature). After mount-

ing slides in ProLong Gold antifade reagent (P36934,

Invitrogen, Carlsbad, CA, USA), images were obtained on

a TCS-SP5 confocal microscope (Leica Microsystems). All

microscopic fields of patient sections were captured under

the same settings as normal controls to avoid arbitrary

assessment. MetaMorph (Molecular Devices, San Jos�e,

CA, USA) with customized scripts was used for image

processing. Based on the spectrin image, MetaMorph rec-

ognized a sarcolemmal region. Fluorescence signal intensi-

ties of spectrin and dystrophin were quantified, and the

dystrophin/spectrin intensity ratio was calculated from

both image intensities. The number and proportion of

dystrophin-positive fibers were also calculated. Based on

the distribution of the dystrophin/spectrin intensity ratio

of each fiber in the normal control muscle biopsy sec-

tions, muscle fibers with a ratio higher than the first per-

centile were considered to be dystrophin-positive.

RNA assessment

Total RNA was extracted from 2 9 10- mm diameter,

50-µm thick frozen muscle sections using the RNeasy

Micro Kit (Qiagen, Venlo, The Netherlands) and analyzed

by reverse transcription-polymerase chain reaction (RT-

PCR) using a Qiagen OneStep RT-PCR Kit. The RT-PCR

program (GeneAmp PCR System 9700, Thermo Fisher

Scientific) was: RT (50°C, 30 min) and heat denaturation

(95°C, 15 min); 35 cycles of denaturation (94°C, 1 min-

ute), annealing (60°C, 1 minute), extension (72°C, 1

minute); and final extension (72°C, 7 minutes). Reaction

products were electrophoresed on agarose gels (Experion

Automated Electrophoresis Station; Bio-Rad, Hercules,

CA, USA). Bands with and without exon 53 were excised,

purified, and sequenced using a BigDye Terminator v3.1

Cycle Sequencing Kit (Thermo Fisher Scientific). Percent

skipping was calculated as [molarity of skipped band/

(sum of the molarities of the skipped + unskipped

bands)] x 100.

The forward primer was one of the following according

to the individual patient deletion (the number in the pri-

mer name indicates the exon targeted):

44F: 5’-CCTGAGAATTGGGAACATGC-3’

46F: 5’-AACCTGGAAAAGAGCAGCAA-3’

48F: 5’-CCAAGAAGGACCATTTGACG-3’

The reverse primer for RT-PCR was 54/55R, while 54R

was used for sequencing:

54/55R: 5’-TCTCGCTCACTCACCCTTTT-3’

54R: 5’-GTGGACTTTTCTGGTATCAT-3’

Motor function evaluations

The exercise function evaluation procedures (6MWT,

TUG, TTSTAND, and TTRW) were conducted in a stan-

dardized manner by trained clinical evaluators during the

last two visits in the pre-treatment period (with the visit

closest to study drug administration defined as baseline),

then again at Week 12 and at Week 24 after the adminis-

tration of viltolarsen, and at treatment discontinuation.

Authorized physical therapists or doctors who were

trained by a Master Physical therapist performed the

motor function evaluations at each site, following stan-

dardized procedures.

Quantitative muscle strength testing was conducted

using a microFET� (Hogan Industries, Draper, UT,

USA) handheld dynamometer measuring flexion/exten-

sion of the hip, knee joint, and ankle. The maximum

value of either the left or right muscle strength was used

for each target muscle at each time point. Serum CK was

measured at Day � 14 during the preobservation period;

at Weeks 1, 5, 9, 13, 17, and 21 during the treatment per-

iod; at Week 25 during the postobservation period; and

at treatment discontinuation.

Pharmacokinetics

Blood samples for pharmacokinetics were collected at pre-

treatment; 30 minutes after infusion start; end of infu-

sion; and 15 minutes and 1, 2, 4, 8, and 23 hours after

the end of infusion on Day 1 of Week 1 and Week 24

and end of infusion of Week 2. Urine samples were col-

lected from infusion start to 24 hours after the infusion

start on Day 1 and Week 24.
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Pharmacokinetic parameters included plasma vilto-

larsen concentration, Cmax, time to reach Cmax, AUC0–t,

elimination half-life, apparent volume of distribution at

steady state, apparent total body clearance of the drug

from plasma, and urinary excretion rate. Liquid chro-

matography-mass spectrometry/mass spectrometry was

used to measure the concentration of viltolarsen in

plasma and urine.

Safety assessment

AEs and ADRs were recorded using the Preferred Term

according to the Medical Dictionary for Regulatory Activ-

ities/J (ver. 20.1). The incidence of events (number of

events in the safety analysis population) was calculated

for each treatment group.

Statistical methods

Sample size was not calculated statistically. Owing to the

rarity of the disease and study feasibility, we planned to

enroll a total of 16 patients to evaluate the efficacy of vil-

tolarsen using dystrophin expression as an index.

Preplanned analytical populations were the full analysis

set (FAS), the safety analysis set, and the pharmacokinetic

analysis set. The full analysis set included all enrolled

patients who had at least one efficacy evaluation result

and were treated with the study drug without any viola-

tion of the study protocol. The safety analysis set included

all enrolled patients who had at least one safety evaluation

result and received the study drug at least once without

any Good Clinical Practice violation. The pharmacoki-

netic analysis set included all patients who received the

study drug and had enough plasma and/or urine samples

collected and without any protocol violation that would

significantly influence pharmacokinetic parameters.

For primary and secondary endpoints, descriptive

statistics were calculated. For differences before and after

administration, descriptive statistics were calculated for

each treatment group at each time point.

A correlation analysis was performed post hoc, with

Pearson’s correlation coefficient and regression line

assessed with the following parameters: correlation of dys-

trophin expression with plasma drug concentration,

6MWT, TUG, TTSTAND, TTRW at Week 24; exon dele-

tion site and age at baseline; and correlation of exon 53

skipping level with plasma drug concentration, exon dele-

tion site, and age at baseline.

The assessment parameters were compared before and

after study drug administration via an unpaired t-test for

each patient and a paired t-test for each treatment group.

For comparison between treatment groups, unpaired t-

tests and two-way analysis of variance were conducted.

For the motor function evaluation, time (s) was con-

verted to velocity (1/s) for analysis. Missing data owing to

disease progression were handled as 0 for TUG,

TTSTAND, and TTRW at the first visit for each applica-

ble assessment. Pearson’s correlation coefficient was used

for correlation analysis, and logarithmic Cmax and AUC0-t

were used to obtain plasma drug concentrations. Changes

from baseline were calculated for dystrophin, exon 53

skipping level, 6MWT, TUG, TTSTAND, and TTRW. Sta-

tistical tests were two-sided with a 95% confidence inter-

val (CI), and the significance level was set at 5%. SAS�
software version 9.4 (SAS Institute Inc., Cary, NC, USA)

was used to conduct statistical analyses.

Results

Patients

Patients received viltolarsen 40 mg/kg weekly (n = 8) or

viltolarsen 80 mg/kg weekly (n = 8) for 24 weeks

(Fig. 1B). All 16 patients enrolled were included in the

FAS, safety, and pharmacokinetic analysis populations.

The main patient characteristics and clinical features in

both dose groups are shown in Table 1. Overall, patients’

mean age was 8.4 � 2.0 years, 81.3% were ambulant, and

87.5% had previously received steroid treatment. The

most common dystrophin mutations were deletions of

exons 45–52 in 37.5%, 48–52 in 18.8%, and 52 alone in

18.8%. In general, both dose groups were numerically

similar in terms of baseline characteristics.

Two patients in the 40 mg/kg group had treatment

interruptions: one because of an AE (influenza) and the

other because of an ADR (eczema). However, each of

these patients missed only a single dose; therefore, treat-

ment compliance was considered to be high over the

course of the study.

Efficacy

Primary efficacy endpoint

From the western blot analysis, the changes in dystrophin

expression from baseline to Weeks 12 and 24, expressed as

a mean percentage of normal control tissue (standard devi-

ation), were � 1.21 (3.26), P = 0.5136 and 1.46 (1.59),

P = 0.1636 in the 40 mg/kg group, and 0.76 (1.02),

P = 0.2367 and 4.81 (3.11) P = 0.0536 in the 80 mg/kg

group, respectively (Fig. 2A). Fourteen out of 16 patients

showed a dystrophin level increase (Table 2). For one

patient (Patient 04) in the 40 mg/kg group, the baseline

dystrophin level was 6.39%. Subsequent remeasurement

using a different muscle block showed the baseline dys-

trophin level to be 0.51%. The initial band detected was of

a lower molecular weight than expected and was
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considered nonspecific. Overall, the dystrophin expression

level tended to increase depending on the dose and treat-

ment duration. In particular, three of four patients in the

80 mg/kg group who underwent muscle biopsy at 24 weeks

showed large increases in dystrophin expression from base-

line (7.85%, 6.42%, and 4.30%). When the changes in dys-

trophin level from baseline to Weeks 12 and 24 were

combined, the increase in the 80 mg/kg group was statisti-

cally significant (2.78% � 3.05; P = 0.0364).

Figure 2B shows western blot images from Patients 03,

13, and 16. At baseline, there were no visible bands indi-

cating the presence of dystrophin for any patient. How-

ever, after 24 weeks of once-weekly 80 mg/kg viltolarsen

treatment, clear bands for dystrophin appeared for both

patients 13 and 16. When measured by immunohisto-

chemistry, the presence of dystrophin was captured by

imaging in several patient samples but was numerically

detectable only in patient 13. The muscle biopsy in this

patient, who received viltolarsen 80 mg/kg, showed an

increase in dystrophin staining in the sarcolemma at

Week 24 compared with baseline (Fig. 3). Overall, the

increase in the number of dystrophin-positive fibers was

not significant in either dose group.

Table 2 and Table 3 show the exon skipping levels

measured by RT-PCR. After 12 weeks and 24 weeks of

treatment, the exon 53 skipping level increased for all

patients, although the increases varied according to the

dose and duration of treatment. Overall, patients

Table 1. Patients’ characteristics. In general, both dose groups were numerically similar in terms of baseline characteristics.

Viltolarsen

40 mg/kg

(n = 8)

80 mg/kg

(n = 8)

Total

(n = 16)

Age (years), mean� SD 8.4 � 1.9 8.4 � 2.3 8.4 � 2.0

Range 5–11 5–12 5–12

Height (cm), mean � SD 119.7 � 14.5 120.8 � 10.9 120.3 � 12.4

Range 98.0–140.7 100.3–134 98.0–140.7

Weight (kg), mean � SD 26.8 � 10.1 29.8 � 11.3 28.3 � 10.5

Range 16.0–41.7 16.0–52.1 16.0–52.1

Body mass index (kg/m2), mean � SD 18.0 � 2.8 19.9 � 5.0 19.0 � 4.0

Range 15.6–23.6 15.3–30.2 15.3–30.2

Mutation (deleted exon), n (%)

43–52 0 0 0

45–52 3 (37.5) 3 (37.5) 6 (37.5)

47–52 0 0 0

48–52 2 (25.0) 1 (12.5) 3 (18.8)

49–52 2 (25.0) 0 2 (12.5)

50–52 1 (12.5) 1 (12.5) 2 (12.5)

52 0 3 (37.5) 3 (18.8)

Steroid treatment, n (%)

Yes 7 (87.5) 7 (87.5) 14 (87.5)

No 1 (12.5) 1 (12.5) 2 (12.5)

Independent ambulation, n (%)

Ambulant 6 (75.0) 7 (87.5) 13 (81.3)

Nonambulant 2 (25.0) 1 (12.5) 3 (18.8)

SD = standard deviation.

Figure 2. Dystrophin protein level by western blot (mean � SD). A, Changes from baseline to 12 or 24 weeks. The figure shows the difference

in the amount of dystrophin protein from baseline to 12 or 24 weeks (red circle: value for each case, bar: average value) � standard deviation,

and the table below the figure shows the amount of dystrophin protein before administration of viltolarsen (baseline) and the mean value

(standard deviation) of the measured values of dystrophin protein at 12 and 24 weeks. “% of normal” = Data from Duchenne muscular

dystrophy patients/data from healthy people, with % of normal calculated at baseline and after administration. The y-axis indicates the changes

(% normal 0 to Week 12 and % normal 0 to Week 24). After treatment, mean data include each of the four patients who had a biopsy

performed, and dystrophin protein levels were evaluated at Week 12 and Week 24 in each group. Therefore, the mean change includes changes

from baseline to Week 12 and Week 24. B, Western Blot images of patients 03, 13, and 16 after once-weekly treatment with 80 mg/kg

viltolarsen. The image depicts the data from one of the triplicate experiments conducted for this measurement. At baseline, there were no visible

bands indicating the presence of dystrophin for these patients. However, after 24 weeks of treatment, clear bands for dystrophin appeared for

both patients 13 and 16. SD, standard deviation.

C
o
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receiving viltolarsen 80 mg/kg doses showed a higher

mean exon 53 skipping level (42.4%) compared with

those receiving 40 mg/kg (21.8%) (Table 3). Similarly,

those receiving either dose showed a higher mean exon

53 skipping level after 24 weeks of treatment (38.8%)

compared with that after 12 weeks of treatment (25.3%).

Secondary efficacy endpoints

Performance in all motor function tests declined over

time (Fig. 4A). The decline was somewhat smaller at

Week 24-26 among patients receiving viltolarsen 80 mg/

kg in relation to the 6MWT and TTRW tests. The corre-

lation coefficients between dystrophin quantity and pre-

vention of motor function decline, measured by

TTSTAND and TTRW, were 0.64 and 0.92, respectively,

showing a stronger correlation for TTRW (Fig. 4B). In

the quantitative muscle tests, all items improved in the

viltolarsen 80 mg/kg group after 24 weeks of treatment

(Fig. 5). At 24 weeks, the mean change in serum CK was

916.8 U/L (2573.4 U/L) in the 40 mg/kg group

and � 417.5 U/L (4006.4 U/L) in the 80 mg/kg group.

Table 2. Dystrophin and exon 53 skipping quantification results in each patient.

Dose Patient No. Visit

Dystrophin protein level (%)1 Exon 53 skipping level (%)2

Mean � SD

Difference

Mean � SD

Difference

Mean

Unpaired

t-test Mean

Unpaired

t-test

40 mg/kg 01 1

12–13

0.41 � 0.09

1.17 � 0.23

0.76 P = 0.0177 0.87 � 0.14

8.57 � 0.93

7.69 P = 0.0041

02 1

12–13

0.22 � 0.10

0.36 � 0.13

0.14 P = 0.2201 1.94 � 0.09

27.36 � 4.40

25.42 P = 0.0098

03 1

12–13

0.21 � 0.04

0.58 � 0.03

0.37 P = 0.0005 1.15 � 1.00

15.65 � 4.15

14.50 P = 0.0213

04 1

12–13

6.39 � 1.59

0.31 � 0.05

�6.08 P = 0.0220 0.00

14.63 � 3.18

14.63 P = 0.0153

05 1

24–26

0.68 � 0.22

3.91 � 0.83

3.23 P = 0.0163 1.04 � 0.36

24.70 � 0.46

23.66 P < 0.0001

06 1

24–26

0.37 � 0.09

0.59 � 0.07

0.23 P = 0.0258 2.08 � 0.14

28.85 � 0.85

26.76 P = 0.0002

07 1

24–26

0.40 � 0.11

0.41 � 0.07

0.01 P = 0.8607 2.62 � 1.77

46.04 � 1.88

43.41 P < 0.0001

08 1

24–26

0.39 � 0.04

2.75 � 0.20

2.36 P = 0.0017 1.21 � 0.45

19.25 � 0.94

18.04 P = 0.0001

80 mg/kg 09 1

12–13

0.55 � 0.23

0.35 � 0.07

�0.20 P = 0.2656 2.62 � 0.97

33.44 � 2.51

30.81 P = 0.0007

10 1

12–13

0.40 � 0.06

2.60 � 1.86

2.20 P = 0.1774 5.25 � 4.18

52.30 � 2.59

47.05 P = 0.0003

11 1

12–13

0.38 � 0.12

1.02 � 0.09

0.63 P = 0.0022 2.41 � 0.30

29.97 � 2.34

27.56 P = 0.0021

12 1

12–13

0.36 � 0.04

0.75 � 0.03

0.39 P = 0.0003 1.86 � 0.65

36.81 � 1.40

34.94 P < 0.0001

13 1

24–26

0.23 � 0.04

8.08 � 0.70

7.85 P = 0.0026 1.09 � 0.30

62.46 � 1.16

61.36 P < 0.0001

14 1

24–26

0.63 � 0.04

7.05 � 1.97

6.42 P = 0.0300 4.09 � 0.77

53.14 � 2.73

49.05 P = 0.0005

15 1

24–26

0.36 � 0.08

1.05 � 0.04

0.69 P = 0.0011 3.31 � 0.56

52.28 � 0.50

48.96 P < 0.0001

16 1

24–26

0.35 � 0.06

4.65 � 0.43

4.30 P = 0.0029 2.01 � 0.87

41.42 � 2.50

39.41 P = 0.0005

SD, standard deviation.
1Triplicate measurements were made for each item.
2Skipping level (%; as the mean of triplicate measurements) was calculated as [molarity of skipped band/(sum of the molarities of the skipped +

unskipped bands)] x 100.
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Pharmacokinetics

Figure 6 shows that viltolarsen Cmax and AUC0-t increased

in a dose-dependent manner. Pharmacokinetic parameters

showed that viltolarsen was primarily and immediately

excreted in urine and that excretion within 24 h after its

administration was similar between the 40 and 80 mg/kg

groups.

The correlation coefficients for the change in dys-

trophin expression levels with Cmax and AUC0-t were 0.03

Figure 3. Immunofluorescence images of muscle biopsy samples from patient 13. The muscle biopsy in this patient, who received viltolarsen

80 mg/kg, showed an increase in dystrophin staining in the sarcolemma at Week 24 compared with baseline. HE, hematoxylin and eosin.
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and 0.205, respectively, and those for the relationship

between exon 53 skipping level and Cmax and AUC0-t

were 0.494 and 0.675, respectively.

Safety

Mean treatment duration was 161.8 days in both groups,

and the overall incidences of AEs and ADRs were 87.5%

(14/16 patients) and 56.3% (9/16 patients), respectively.

The incidences of AEs in the 40 and 80 mg/kg groups

were both 87.5% (7/8 patients) and did not increase

dose-dependently. Incidences of ADRs in the 40 and

80 mg/kg groups were 37.5% (3/8 patients) and 75.0%

(6/8 patients), respectively.

Table 4 summarizes the treatment-emergent AEs occur-

ring in two or more patients during the study. The most

common treatment-emergent AEs were contusion in the

40 mg/kg group and nasopharyngitis and upper respira-

tory tract infection (URTI) in the 80 mg/kg group. No

AEs led to treatment discontinuation, and all AEs were

judged to be mild or moderate. One case of URTI in the

80 mg/kg group was considered serious (required prolon-

gation of hospitalization); however, it was not judged to

be treatment-related.

ADRs occurring in two or more patients included two

cases each (one patient each in the 40 and 80 mg/kg

groups) of increased brain natriuretic peptide and

increased interleukin, and two cases each (all in the

80 mg/kg group) of fever, increased beta-N-acetyl-D-glu-

cosaminidase, decreased ejection fraction, and urticaria.

No safety concerns were raised according to the results

of clinical laboratory tests, anti-dystrophin or anti-vilto-

larsen antibody levels, 12-lead electrocardiogram, or lung

function tests.

Discussion

After 24 weeks of treatment with viltolarsen 40 or 80 mg/kg

once-weekly, 14 out of 16 patients with DMD with similar

baseline characteristics showed a dystrophin level increase

by western blot analysis. Exon 53 skipping was detected in

all patients. Furthermore, dystrophin and exon skipping

levels were shown to increase with increasing dose and

duration of treatment. Motor function showed a tendency

to decrease over time, although these decreases, measured

with the TTSTAND and TTRW tests, were less pro-

nounced in the higher dosage group, while dystrophin

levels tended to be higher in the 80 mg/kg group. Addi-

tionally, the correlation coefficient for the dystrophin

expression level was high in TTRW and TTSTAND.

The most commonly reported AEs were nasopharyngitis

and upper respiratory tract infection (25.0% each), and

contusion and beta-N-acetyl-D-glucosaminidase increased

(18.8% each). No AEs led to discontinuation, and all AEs

were judged to be mild or moderate, including one case of

serious upper respiratory tract infection that was consid-

ered unrelated to viltolarsen. These findings are consistent

with the safety results reported in the viltolarsen phase 1

trial where patients received lower doses (1.25, 5, or

20 mg/kg/weekly) for 12 weeks.14 Anemia and renal and

urinary disorders, observed in the previous phase 1 study,14

were not observed in this study. In the phase 1 study, ane-

mia may have resulted from a high blood collection vol-

ume, and in this study, the absence of anemia may be a

result of the smaller blood collection volumes. Regarding

renal events, urinary protein was not detected in this study.

Coomassie brilliant blue was used in this study to measure

urinary protein in 24-hour pooled urine as it does not

cross-react with viltolarsen, unlike pyrogallol red, which

was shown to cross-react with viltolarsen in the previous

phase 1 trial. Overall, no new safety concerns were raised

regardless of the viltolarsen dose received.

Our findings are consistent with those of a previous

phase 2 study conducted in the US and Canada.18 Similar

to our study, patients treated with viltolarsen 40 and

80 mg/kg per week showed increased drug-induced dys-

trophin production and improvements in timed function

tests from baseline (TTSTAND, TTRW, and 6MWT); the

safety profile was consistent with this study’s findings.

Immunohistochemistry analysis of muscle biopsies

showed that dystrophin protein was visible in several

patient tissue samples. However, background staining of

nonmuscle cell regions meant that we could not detect

the change from baseline in dystrophin/spectrin fluores-

cence intensity ratio or the number of dystrophin-positive

fibers in most patients.

Viltolarsen treatment has the potential to increase dys-

trophin expression levels in the long term. In a study of

the exon 51 skipping drug eteplirsen, the dystrophin level

increased by 0.16% and 0.44% before and after 48 weeks

of treatment, respectively.19 Moreover, in a study of the

exon 53 skipping drug golodirsen, a significant increase in

Table 3. Exon 53 skipping level by reverse transcription-polymerase

chain reaction.

Dose

Biopsy week

12 24 Total

Exon 53 skipping level,

mean (%)

40 mg/kg 15.6

(n = 4)

28.0

(n = 4)

21.8

(n = 8)

80 mg/kg 35.1

(n = 4)

49.7

(n = 4)

42.4

(n = 8)

Total 25.3

(n = 8)

38.8

(n = 8)

32.1

(n = 16)

Skipping level (%) was calculated as [molarity of the skipped band/

(sum of the skipped + unskipped bands)] x 100.
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Figure 4. Motor function tests. A, Mean (standard deviation) change from baseline to 24 weeks. Performance in all motor function tests (6-

minute walk test [6MWT], timed up and go [TUG], time to stand [TTSTAND], and time to 10-meter run/walk [TTRW]) declined over time. B,

Correlation between dystrophin protein quantity (western blot analysis) and motor function (at 24 weeks). For each motor function test, a

regression line was drawn when the correlation coefficient met a significance level of 5% (one-sided).
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normal dystrophin to 1.019% at Week 48 from a baseline

value of 0.095% (P < 0.001) was quantified using a vali-

dated western blot method.15 In our study, the dose of

antisense oligonucleotide used was higher than that used

in the eteplirsen and golodirsen studies. In addition, our

treatment duration was relatively short, and the

Figure 5. Mean � standard deviation changes in quantitative muscle tests of the knee (A), hip (B), and ankle (C).
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conditions of dystrophin measurement differed. However,

despite these differences, it is worth noting that higher

dystrophin expression levels were demonstrated in our

study. Previous reports on the diagnosis of DMD and

Becker muscular dystrophy show correlations between

clinical data and dystrophin levels. It has been reported

that most patients with intermediate dystrophy have >3%
dystrophin,20,21 with lower levels of dystrophin associated

with milder dystrophinopathy phenotypes.22 Furthermore,

there is evidence of a link between the different genetic

mutations and dystrophin levels.23,24 For example, muta-

tions amenable to exon 44 skipping may be associated

with dystrophin levels of 0.2%–7.0% of normal,25 while

wheelchair dependence occurs later in DMD patients with

such mutations.26 Therefore, the observed dystrophin

level increase in this study (>3% of normal) may have a

beneficial effect on motor function in DMD patients;

however, longer-term studies with more patients are

Figure 6. Viltolarsen concentration change in plasma and pharmacokinetic parameters at Week 24. Viltolarsen Cmax and AUC0-t increased in a

dose-dependent manner. The table shows viltolarsen pharmacokinetic parameters. Data are expressed as mean (standard deviation), except for

urinary excretion rate. Cmax = maximum concentration; AUC0–t = area under the plasma concentration-time curve from time zero to time of last

measurable concentration; t1/2 = elimination half-life; CL = apparent total body clearance of the drug from plasma; Vdss = apparent volume of

distribution at steady state.
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needed to confirm improvement and maintenance of

motor function in DMD patients.

In contrast to our expectation, an improvement of

motor function was not clearly shown; a possible reason

is that, while dystrophin expression may change over a

few months, a longer evaluation period is necessary to

confirm improvements in motor function.27 Furthermore,

the heterogeneous population, which included nonambu-

lant patients, and the lack of appropriate control groups,

meant we could not evaluate this accurately.

The main limitations of the study were the small sam-

ple size, owing to the rarity of the disease; short treatment

duration, particularly for such a slowly progressing dis-

ease; and the open-label design. It is likely that the small

sample size contributed to the lack of significant changes

in the 40 and 80 mg/kg groups, and no comparisons with

a control group were made. Thus, further studies are

needed to investigate these nonsignificant trends. The

inclusion of both ambulatory and nonambulatory patients

may also have affected the outcomes.

In conclusion, patients treated with viltolarsen 40 and

80 mg/kg tended to have increased dystrophin expression

and exon 53 skipping level, as evidenced in muscle biopsy

samples analyzed by western blot and RT-PCR. Dys-

trophin and exon 53 skipping levels increased with dose

escalation and duration of treatment. The maximum tol-

erated dose has not yet been established in humans, and

it is feasible that a higher dose of viltolarsen could affect

outcomes. The decline in motor function appeared less

marked in patients with higher dystrophin levels, and this

may warrant further investigation. Viltolarsen was consid-

ered safe and well tolerated. DMD may be improved, and

progression suppressed, following the expression of dys-

trophin protein by the administration of viltolarsen.

However, further study is needed, involving a double-

blind comparative study using a placebo group as a con-

trol, or assessing long-term efficacy by extrapolating data

from a comparative control such as that provided by nat-

ural history, possibly with motor function evaluation as

the main outcome.
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Table 4. Adverse events (AEs) occurring in two or more patients. The

most common were nasopharyngitis, upper respiratory tract infection,

contusion, and beta-N-acetyl-D-glucosaminidase increased. No AEs led

to treatment discontinuation and all AEs were judged to be mild or

moderate.

Treatment-emergent

adverse event, n (%)

Viltolarsen

40 mg/kg

n = 8

80 mg/kg

n = 8

Total

n = 16

Nasopharyngitis 1 (12.5) 3 (37.5) 4 (4.25)

Upper respiratory tract infection 1 (12.5) 3 (37.5) 4 (25.0)

Contusion 3 (37.5) 0 3 (18.8)

Beta-N-acetyl-D-glucosaminidase

increased

1 (12.5) 2 (25.0) 3 (18.8)

Pyrexia 0 2 (25.0) 2 (12.5)

Influenza 2 (25.0) 0 2 (12.5)

Brain natriuretic peptide

increased

1 (12.5) 1 (12.5) 2 (12.5)

Interleukin level increased 1 (12.5) 1 (12.5) 2 (12.5)

Ejection fraction decreased 0 2 (25.0) 2 (12.5)

Pain in extremity 1 (12.5) 1 (12.5) 2 (12.5)

Eczema 1 (12.5) 1 (12.5) 2 (12.5)

Rash 1 (12.5) 1 (12.5) 2 (12.5)

Urticaria 0 2 (25.0) 2 (12.5)
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