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ABSTRACT

Introduction: Duchenne muscular dystrophy
(DMD) is a geneticmuscle disorder thatmanifests
during early childhood and is ultimately fatal.
Recently approved treatments targeting the

genetic cause of DMD are limited to specific sub-
populations of patients, highlighting the need for
therapies with wider applications. Pharmacologic
inhibitionofmyostatin, an endogenous inhibitor
of muscle growth produced almost exclusively in
skeletal muscle, has been shown to increase
musclemass in several species, includinghumans.
Taldefgrobep alfa is an anti-myostatin recombi-
nant protein engineered to bind to and block
myostatin signaling. Preclinical studies of taldef-
grobep alfa demonstrated significant decreases in
myostatin and increased lower limb volume in
three animal species, including dystrophic mice.
Methods: Thismanuscript reports the cumulative
data from three separate clinical trials of taldef-
grobep alfa in DMD: a phase 1 study in healthy
adult volunteers (NCT02145234), and two ran-
domized, double-blind, placebo-controlled studies
in ambulatory boys with DMD–a phase 1b/2 trial
assessing safety (NCT02515669) and a phase 2/3
trial including the North Star Ambulatory Assess-
ment (NSAA) as the primary endpoint
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(NCT03039686).
Results: In healthy adult volunteers, taldef-
grobep alfa was generally well tolerated and
resulted in a significant increase in thigh muscle
volume. Treatment with taldefgrobep alfa was
associated with robust dose-dependent suppres-
sion of free myostatin. In the phase 1b/2 trial,
myostatin suppression was associated with a
positive effect on lean body mass, though effects
onmuscle mass weremodest. The phase 2/3 trial
found that the effects of treatment did not meet
the primary endpoint pre-specified futility anal-
ysis threshold (change from baseline of C 1.5
points on the NSAA total score).
Conclusions: The futility analysis demonstrated
that taldefgrobep alfa did not result in functional
change for boys with DMD. The program was
subsequently terminated in 2019. Overall, there
were no safety concerns, and no patients were
withdrawn fromtreatment as a result of treatment-
related adverse events or serious adverse events.
Trial Registration: NCT02145234, NCT025156
69, NCT03039686.

PLAIN LANGUAGE SUMMARY

The goal of this program was to develop a
treatment to improve muscle function in

patients with Duchenne muscular dystrophy
(DMD). Muscle weakness in patients with DMD
is progressive, leading to the irreversible loss of
walking ability and eventually death due to
cardiorespiratory failure. One potential way of
improving muscle function is to target a protein
known as myostatin that acts in healthy muscle
to regulate muscle size. Studies in animals have
shown that blocking myostatin can increase
muscle size. Taldefgrobep alfa is a drug designed
to block myostatin and it was shown to induce
muscle growth in animals. A study in healthy
volunteers found that taldefgrobep alfa was able
to increase muscle size in humans and was not
associated with safety concerns. Following this,
a study was conducted in boys with DMD who
were either treated with taldefgrobep alfa or a
placebo. This first study in patients found that
treatment was able to reduce myostatin levels
and had a small effect on muscle size, support-
ing a larger trial in more patients with DMD.
The aim of the larger trial was to test if taldef-
grobep alfa had a meaningful effect on muscle
function in patients with DMD. Results from
this key trial did not meet the targeted
improvement in function and a decision was
made to end the trial and halt the use of
taldefgrobep alfa as a potential treatment for
DMD. No patients stopped treatment with
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Germany

J. Dukart
Institute of Systems Neuroscience, Medical Faculty,
Heinrich Heine University Düsseldorf, Düsseldorf,
Germany

A. Bansal � V. Cosson � R. Dreghici � M. Guridi �
K. R. Wagner (&)
F. Hoffmann-La Roche Ltd, Basel, Switzerland
e-mail: kathrynraewagner@gmail.com

R. Dreghici
Solid Biosciences Inc., Cambridge, MA, USA

M. Rabbia � K. Yen
Genentech Inc., South San Francisco, CA, USA

H. Staunton
Roche Products Ltd, Welwyn Garden City, UK

G. S. Tirucherai � X. Yuan
Bristol Myers Squibb, Princeton, NJ, USA

K. Yen
Sanofi, Paris, France

K. R. Wagner
The Johns Hopkins School of Medicine, Baltimore,
MD, USA

Neurol Ther



taldefgrobep alfa as a result of adverse safety
effects and no safety concerns were identified.

Keywords: Clinical trial; Duchenne muscular
dystrophy; Taldefgrobep alfa; Neuromuscular
disorder; Myostatin

Key Summary Points

Why carry out this study?

Duchenne muscular dystrophy (DMD) is a
genetic muscle disorder that manifests
during early childhood and is ultimately
fatal

Approved therapies for DMD are only
available for specific populations of
patients and an unmet need remains for
those patients who are not able to receive
available treatments

The aim of the studies was to evaluate the
safety and efficacy of the anti-myostatin
taldefgrobep alfa as a potential treatment
for patients with DMD

What was learned from the study?

The phase 2/3 trial of taldefgrobep alfa in
boys with DMD did not meet the primary
endpoint of a functional change assessed
using the North Star Ambulatory
Assessment and the trial was subsequently
terminated

Although taldefgrobep alfa did not result
in functional improvements in boys with
DMD, there were no safety concerns
identified from the treatment

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an
X-linked, recessive, degenerative neuromuscu-
lar disorder that affects 1 in 3500–5000 male
births worldwide [1–3], and has a pooled global

prevalence of 7.1 cases per 100,000 males and
2.8 cases per 100,000 in the general population
[4]. DMD manifests in the early pre-school years
[1]. Muscle weakness begins in proximal leg and
pelvic muscles, resulting in loss of ambulation
by the ages of 8–14 years. Later, muscle weak-
ness progresses into the axial muscles and upper
extremities, culminating in premature death in
early adulthood due to cardiorespiratory failure
[1].

DMD occurs as a result of an inherited or
spontaneous loss-of-function mutation in the
DMD gene, resulting in a lack of functional
dystrophin protein [5, 6]. Dystrophin is a criti-
cal component of a protein complex that serves
as a structural anchor connecting the muscle
fiber cytoskeleton to the extracellular matrix
through the cell membrane. This structure
provides sarcolemmal strength and stability
during the conformational changes involved in
muscle contraction and relaxation. Absence of
dystrophin destabilizes the complex, resulting
in damage to the cell membrane during muscle
contractions [7]. Damaged muscle is replaced
with fibrous tissue and fatty deposits, leading to
severe and progressive muscle wasting [8].

Current standard of care for DMD includes
corticosteroid use, which allows modest func-
tional improvements at the cost of multiple side
effects [9, 10]. Approved therapeutic treatments
targeting the genetic cause of DMD are cur-
rently limited to use in individuals who carry
either nonsense mutations, present in 10–15%
of boys with DMD [11, 12], specific mutations
that are amenable to antisense oligonucleotide
(ASO)-induced skipping of exons 51 [13, 14], 53
[15, 16], or 45 [17], present in only 13–14%
[13, 14, 18], 8–10% [15, 18], and 8–9%
[14, 17, 18] of boys with DMD, respectively, or
to a restricted age range of patients [19]. Given
the limitations of these treatments, researchers
have sought alternative therapies with wider
applications that could be relevant for the
entire DMD population, irrespective of geno-
type, that could potentially be used as add-on
therapies.

Myostatin is a member of the transforming
growth factor-b superfamily [20]. It is an
endogenous inhibitor of muscle growth with
predominant expression in developing and
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adult skeletal muscle [20–22]. Myostatin is
expressed as a precursor protein that undergoes
processing to generate an N-terminal inhibitory
peptide and a C-terminal peptide, which is
biologically active as a dimer following prote-
olysis of inhibitory peptides [23, 24]. Mature
myostatin acts upon muscle tissue by binding to
the activin type IIB (ActRIIB) receptor [25].
Myostatin binding triggers activin-like kinase-4/
5 (signaling receptor) recruitment and subse-
quent phosphorylation of Smad2 and Smad3,
which dimerize and, in association with Smad4,
inhibit genes responsible for myogenesis [25].
Overexpression of myostatin in skeletal muscle
causes a significant loss of muscle mass in
association with reduced expression of struc-
tural genes and myogenic transcription factors
[26]. Conversely, limiting myostatin has been
shown to increase muscle mass in animals as
diverse as zebrafish to humans [21, 22, 27, 28].
Taken together, these results suggest that anti-
myostatin therapy could be effective for the
treatment of muscle-wasting diseases, such as
DMD.

In the mdx mouse, a preclinical model of
DMD, inhibition or loss of myostatin has been
shown to increase muscle mass and muscle
strength [29–32]. In addition, inhibition of
myostatin has been shown to enhance muscle
regeneration in mouse models of acute and
chronic injury [33], and to reverse fibrosis in
skeletal muscle tissue in mdx mice [34]. This
evidence has led to the development of a variety
of investigational anti-myostatin therapies
designed to promote muscle growth and repair
in muscular dystrophy.

Taldefgrobep alfa (RG6206, RO7239361,
previously BMS-986089) is a fully human anti-
myostatin adnectin recombinant protein that
binds to the C-terminal of mature myostatin
and the ActRIIB–myostatin complex. Taldef-
grobep alfa binding prevents activin-like kinase-
4/5 recruitment, resulting in the inhibition of
downstream phosphorylated Smad2/3 signal-
ing, which blocks myostatin activity.

In preclinical studies, taldefgrobep alfa
inhibited phosphorylation of Smad2/3 in vitro
in a concentration-dependent manner. It also
produced statistically significant decreases in
free myostatin and increases in lower limb

volume across three animal species—severe
combined immunodeficient mice, juvenile rats,
and adolescent cynomolgus monkeys. These
effects were dose- and time-dependent across all
three species, with lower limb muscle volume
increases of approximately 30% observed in
rodents and increases of approximately 5% in
cynomolgus monkeys. The data from these
studies are reported in Sect. 3 of the Supple-
mentary Material. These results supported the
further evaluation of taldefgrobep alfa in clini-
cal trials for DMD.

This manuscript reports the cumulative data
from three separate clinical trials of taldef-
grobep alfa in DMD: a phase 1 study in healthy
adult volunteers, a phase 1b/2 clinical trial in
ambulatory boys with DMD, and a phase 2/3
clinical trial in ambulatory boys with DMD. The
clinical development program for taldefgrobep
alfa was halted in 2019.

METHODS

WN40225: A Placebo-Controlled, Double-
Blind, Single- and Multiple-Ascending-
Dose Study to Evaluate the Safety,
Tolerability, Pharmacokinetics, and
Pharmacodynamics of Taldefgrobep Alfa
in Healthy Adults (NCT02145234)

Study Design
The phase 1 study of taldefgrobep alfa was a
randomized, placebo-controlled, sequential,
combined single ascending dose (SAD) and
multiple ascending dose (MAD) study of sub-
cutaneous (SC) administration of taldefgrobep
alfa in healthy adults. The study was conducted
at a single site at West Coast Clinical Trials
(Langhorne, PA, USA).

Participants
The first participant was enrolled into the study
on June 26, 2014 and the last participant com-
pleted the study on February 4, 2016. Eligible
individuals were aged 18–55 years with no
clinically significant deviation from normal
medical history as determined by physical
examination, electrocardiograms (ECGs), and
laboratory evaluations. A full list of inclusion/
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exclusion criteria can be found in Sect. 4.1 of
the Supplementary Material.

Study Endpoints
The primary objective of this phase 1 study was
to assess the safety and tolerability of a single
dose or multiple SC doses of taldefgrobep alfa in
healthy volunteers. Secondary and exploratory
objectives included assessment of the pharma-
cokinetics (PK), target engagement (free myo-
statin lowering), immunogenicity, and
pharmacodynamics (PD) of taldefgrobep alfa.
Exploratory PD endpoints included magnetic
resonance imaging (MRI), measures of thigh
muscle volume, and dual-energy x-ray absorp-
tiometry (DXA) measures of lean body mass
(LBM). A full list of study objectives can be
found in Sect. 4.2 of the Supplementary
Material.

Randomization and Dosing
Participants were randomized to receive a SAD
(see Sect. 4.3 of the Supplementary Material for
additional methodologic details of the SAD
phase) or MADs (15, 45, 90, or 180 mg) of
taldefgrobep alfa or placebo administered sub-
cutaneously (Fig. 1).

Dosing in the MAD panels occurred only
after the safety and tolerability data through
day 49, and PK and free-myostatin concentra-
tions through day 15 from at least three SAD
panels were reviewed. Safety, PK, and PD data
collected in SAD panels 1–3 were used to
determine dosing and panel size in the MAD
phase (see Sect. 4.3 of the Supplementary
Material for SAD data). Ninety-seven healthy
volunteers were randomized (3:1) to five dou-
ble-blinded dose panels. In four panels, five
doses of taldefgrobep alfa were administered by
SC injection, once-weekly (Q1W) (days 1, 8, 15,
22, and 29; 15, 45, 90, or 180 mg). In a fifth
panel, three 45 mg doses of taldefgrobep alfa
were administered by SC injection every

Fig. 1 Study design of the MAD phase of the healthy
volunteers phase 1 study. Study design of the MAD phase
comprising healthy adult subjects randomized 3:1 to
receive taldefgrobep alfa or placebo administered subcuta-
neously. Dosing for the MAD phase occurred only after

safety and tolerability were reviewed from at least three
SAD panels. MAD multiple ascending dose, Q1W once-
weekly dosing, Q2W once every 2 weeks dosing, SAD
single ascending dose
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2 weeks (Q2W) (days 1, 15, and 29). The sample
size of the cohorts was determined to be suffi-
cient to support assessment of adverse events
(AEs) and a preliminary assessment in percent-
age change in LBM from baseline.

Randomization was conducted according to
a computer-generated randomization
scheme prepared by a randomization coordi-
nator within the Drug Supply Management
Department of BMS Research and Development.
Enrolled individuals, including those not dosed,
were assigned sequential subject numbers.
Those enrolled individuals meeting inclusion
and exclusion criteria were randomized.

All study site investigators, except an
unblinded pharmacist who prepared the doses
of taldefgrobep alfa and placebo, and individu-
als participating in the study were blinded to
the treatment allocation. The sponsor was also
blinded to treatment; however, one member of
the Bioanalytical Sciences section was unblin-
ded to the treatment assignment in order to
minimize unnecessary analysis of samples from
participants in the control group. Additionally,
a single pharmacokineticist and a single bio-
statistician were also unblinded to enable
preparation of preliminary summaries of PK,
PD, and safety data as needed before data were
more generally unblinded. Data from com-
pleted treatment panels were masked until after
documented completion of the corresponding
AE and serious AE (SAE) case report forms, prior
to the formal locking of the study database.

For all dose panels, dose escalation did not
occur until the safety and tolerability for 75% of
participants, through day 30 or day 15 respec-
tively, from the first dose of the preceding dose
panel and all safety and tolerability data from
completed panels, were reviewed.

Participants in all MAD panels were instruc-
ted to maintain their usual level of physical
activity throughout the study. Panels 1–5
included MRI measures of right thigh muscle
volume on days 29 and 57, and DXA measure of
LBM and body fat mass on days 15, 29, and 57.

Procedures
Participants were closely monitored throughout
the study for AEs and SAEs, including all SAEs
that occurred during the screening period and

within 60 days of discontinuation of dosing. All
individuals who received taldefgrobep alfa were
included in safety analyses. Individuals who
received placebo in any panel were pooled into
a single placebo group for analysis. Anti-drug
antibodies (ADAs) were assessed using a vali-
dated ligand binding assay. The immunogenic-
ity analysis population included patients who
received taldefgrobep alfa and had at least one
post-treatment immunogenicity measurement.

PK and PD analyses were conducted on all
participants who received taldefgrobep alfa and
had adequate data available. Quantitative
determination of total taldefgrobep alfa in
human serum was performed using an auto-
mated microfluidic fluorescence immunoassay
performed on the Gyrolab xP workstation [35].
Free myostatin levels in serum were analyzed
using a commercially available enzyme-linked
immunosorbent assay (ELISA) validated at QPS
as a fit-for-purpose biomarker method. Total
myostatin (myostatin drug complex) levels were
assessed using a validated ligand binding assay.

DXA scans were performed at baseline and
days 15, 29, and 57 to measure LBM and fat
mass. MRI scans of right thigh volume were
performed at baseline and days 29 and 57 (MAD
panels) for the measurement of the thigh mus-
cle total volume and volume of SC and intra-
muscular fat. VirtualScopics software (Rockville,
MD, USA) was used for segmentation and
quantification of thigh muscle volume semi-
automatically. Right thigh images were
acquired using a two-dimensional, multi-slice
proton-density-weighted, fast-spin-echo pulse
sequence to cover the entire thigh (knee to hip).
Once boundaries and segments were automati-
cally determined [36] and manually reviewed,
tissue volumes were automatically calculated.
Percentage change from baseline in LBM and
right thigh muscle volume were calculated
using Bayesian dose–response modeling with
minimal-informative prior or prior based on
preclinical data.

Statistical Analyses
Changes in right-thigh muscle volume and
percentage change in LBM were compared with
placebo using a mixed effects model that
included treatment, visit, and treatment by visit
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interaction as fixed effects and measurements
within subjects as repeated measures.

WN40226 (THUNDERJET): A Randomized,
Placebo-Controlled, Double-Blind, Multiple-
Dose Study to Evaluate the Safety, Tolera-
bility, and Pharmacokinetics of Taldefgrobep
Alfa in Ambulatory Boys with DMD
(NCT02515669)

Study Design
The phase 1b/2 study of taldefgrobep alfa was a
multicenter, randomized, placebo-controlled,
double-blind, MAD study that assessed safety,
tolerability, and PK of weekly SC injections of
taldefgrobep alfa in ambulatory boys with
DMD.

Participants
Patients were recruited between December 23,
2015 and September 12, 2016 by principal
investigators from across two sites in Canada
and ten sites in the USA. Eligible patients were
male, aged C 5 to\11 years at randomization
with a confirmed diagnosis of DMD (i.e., onset
of clinical signs or symptoms before 6 years of
age with an elevated serum creatine kinase [CK]
level). All were ambulatory without assistance,
with a 4-stair climb (4SC) time of B 8 s at
screening. Patients must have been receiving
corticosteroids (prednisone, prednisolone, or
deflazacort) for at least 6 months prior to the
start of study drug administration, with no sig-
nificant change in dosage ([0.2 mg/kg) or
dosing regimen for at least 3 months prior to
the start of study treatment, with the expecta-
tion that dosage and dosing regimen would not
change significantly for the duration of the
double-blind phase of the study. Key exclusion
criteria included any injury, planned surgery, or
behavioral or cognitive impairment that may
have affected an individual’s ability to partici-
pate in functional testing. Patients receiving
treatment with ataluren or any investigational
drug (excluding deflazacort), or those who had
received treatment within five half-lives of the
aforementioned treatments prior to the start of
study drug administration, were also excluded.
A full list of inclusion/exclusion criteria can be

found in Sect. 5.1 of the Supplementary
Material.

Randomization and Masking
Patients were randomized 3:1 to receive either
taldefgrobep alfa (three different dosing panels)
or placebo administered weekly. The dose ran-
ges used in this study were determined using
free myostatin data collected at week 5 of the
healthy volunteers study (WN40225). A body
weight-tiered fixed dose strategy was used to
select the three doses for the study panels. Doses
targeted the moderate ([ 50% suppression),
high ([ 85%), and near complete ([ 95%) sup-
pression of serum free myostatin levels for
panels 1, 2, and 3, respectively (Fig. 2). Ran-
domization was conducted following the
screening visit using an automated interactive
web response system. The patients, study site,
and investigators were all blinded to treatment
assignment. Members of the independent data
monitoring committee were periodically
unblinded to study data for safety/efficacy
review and select sponsor personnel (a phar-
macokineticist, biostatistician, and program-
mer) were unblinded after documented
completion and review of case report forms to
allow pre-specified interim analyses to enable
adjustments in subsequent dosing panels and to
select the dose for the subsequent SPITFIRE
study. The BMS Bioanalytical Sciences section
was also unblinded to treatment assignment to
minimize unnecessary analysis of samples from
participants within the control group. Except as
noted above, other members of BMS Research
and Development remained blinded to treat-
ment assignment. Randomization assignment
was released to the study sites by the final study
report generated for the study.

Initial safety data at week 4 supported the
selection of the panel 3 dose for the treatment
of an additional group of trial participants in an
expansion panel.

Procedures
All patients in the placebo group, the treatment
groups, and the expansion panel received blin-
ded treatment for 24 weeks. The initial 24-week
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double-blind period was followed by a 48-week
open-label (OL) phase where all patients
received taldefgrobep alfa at the dose assigned
to their panel (Fig. 2). After the OL phase,
patients could continue treatment in the OL
extension. On November 6, 2019, Roche dis-
continued the taldefgrobep alfa clinical trial
program and the study was halted.

Study Endpoints
The primary endpoint of the study was the
safety and tolerability of taldefgrobep alfa,
including incidence of AEs, SAEs, AEs leading to
discontinuation and death, as well as marked
treatment-emergent abnormalities in clinical
laboratory tests, vital sign measurements, ECGs,
echocardiograms, and physical examinations
across treatment conditions during 24 weeks of
double-blind treatment. Secondary endpoints
included maximum (Cmax) and minimum
(Ctrough) serum concentrations of taldefgrobep
alfa, serum concentration of free myostatin and

drug–myostatin complex, percentage inhibition
of free myostatin at trough, anti-taldefgrobep
alfa antibodies, the change from baseline in
LBM index (LBMI), and MRI measurements of
changes from baseline in right thigh maximal
cross-sectional area (CSAmax) during the
24-week, double-blind treatment period, com-
pared with placebo. Exploratory efficacy end-
points included clinical assessments of motor
function. A full list of study endpoints can be
found in Sect. 5.2 of the Supplementary
Material.

Analyses
PK/PD analyses included individual patient data
from individuals who had dosing information
available and at least one adequately docu-
mented and quantifiable serum taldefgrobep
alfa or myostatin concentration. Quantification
of total taldefgrobep alfa in serum was per-
formed as described in WN40225. Serum sam-
ples were analyzed for free myostatin using a

Fig. 2 Study design overview and dosing strategy of
WN40226 (phase 1b/2 study). The study included four
dosing panels: panels 1–3 and the expansion panel (a).
Patients underwent sentinel dosing, with up to four
patients randomized on a single day in panels 1 and 2.
Once the third patient reached day 8, then the remaining
patients in the panel could be randomized. Panels 2 and 3
(and the expansion) were randomized when a patient had

completed 14 days on the lower dose in the preceding
panel. The dosing strategy for panels 1–3 and the
expansion panel is shown in b. *n numbers per protocol.
�Expansion panel utilizes the same dose as dosing panel 3.
�Panels 2 and 3 (and the expansion) were weight tiered.
Once a patient reached[ 45 kg, the dose was increased to
35 mg (panel 2) or 50 mg (panel 3 and expansion)
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customized Quantikine� ELISA Human GDF-8/
Myostatin chemiluminescent immunoassay kit
(R&D Systems, Minneapolis, MN, USA) and for
total myostatin (free and drug-bound) using a
validated immunocapture-LC–MS/MS assay
(Bristol-Myers Squibb, Princeton, NJ, USA).

The administration of taldefgrobep alfa to six
patients (the smallest number of patients in a
single treatment group) provided an 80%
probability of observing at least one occurrence
of any AE that would occur with 24% incidence
in the population from which the sample is
drawn. For imaging and efficacy endpoints, all
patients who received at least one dose of the
study drug or placebo were included in the
analysis. Owing to the small number of patients
included in each dose panel and the high vari-
ability between individuals, the results across all
doses were pooled. Analyses were conducted on
data available from all patients. To facilitate
interpretation of the MRI data, analyses were
conducted on the combined data from all
muscles measured. Results are described
descriptively.

WN40227 (SPITFIRE): A Randomized,
Double-Blind, Placebo-Controlled Study
to Assess the Efficacy, Safety, and Toler-
ability of Taldefgrobep Alfa in Ambulatory
Boys with DMD (NCT03039686)

Study Design
WN40227 was a multicenter, randomized, pla-
cebo-controlled, double-blind, phase 2/3 study
that assessed efficacy, safety, and tolerability of
two different weekly SC doses of taldefgrobep
alfa in ambulatory boys with DMD.

Participants
Patients were recruited by principal investiga-
tors from hospitals across the USA (17 sites),
Japan (five sites), and France (four sites); Aus-
tralia and Italy (each with three sites); Canada,
the Netherlands, Spain, and UK (each with two
sites); Argentina, Belgium, Germany, and Swe-
den (each with one site). Patients were recruited
between July 6, 2017 and November 1, 2019.
Eligible patients were male, aged C 6 to
\12 years at randomization with a

weight C 15 kg and a confirmed genetic diag-
nosis of DMD. Other inclusion and exclusion
criteria were similar to the WN40226 (THUN-
DERJET) study. A full list of inclusion/exclusion
criteria can be found in Sect. 6.1 of the Supple-
mentary Material.

Randomization and Masking
Enrolled patients were stratified by age (6–7-
year and 8–11-year age groups) and corticos-
teroid regimen (daily vs. intermittent, except
for patients from Japan), and randomized to
receive high-dose taldefgrobep alfa (35/50 mg),
low-dose taldefgrobep alfa (7.5/15 mg), or pla-
cebo (1:1:1 across three treatment groups,
Fig. 3) using an automated computer-generated
interactive web response system. Low- and
high-dose taldefgrobep alfa targeted moderate
(C 70%) and high (90%) levels of suppression of
serum free myostatin levels, respectively, and
were administered according to patient weight.

Employees of the sponsor involved in study
management and data analysis, patients, and all
clinical trial site staff in contact with patients
were masked to treatment assignment until the
announcement of program termination
(November 6, 2019) (Fig. 3).

Procedures
Patients received either taldefgrobep alfa or
placebo weekly for 48 weeks. After completion
of the 48-week double-blind phase, patients
could enter the OL phase in which all patients
received taldefgrobep alfa. Patients who origi-
nally received taldefgrobep alfa continued to
receive the dose to which they were originally
randomized. Patients originally receiving pla-
cebo were randomized to receive high- or low-
dose taldefgrobep alfa on day 1 of the OL phase.
Dose assignment in the OL phase had the
potential to be modified if any safety findings
emerged. Patients entering the OL phase
remained blinded to their original dose assign-
ment. Patients who discontinued study treat-
ment at any time point could enter the 24-week
safety follow-up phase of the study.
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Study Endpoints
The primary endpoint of the study was the
change from baseline in the North Star Ambu-
latory Assessment (NSAA) total score (range
0–34, higher score indicates better function)
[37] at week 48 in taldefgrobep alfa-treated
patients compared with placebo-treated
patients. Secondary endpoints included the
incidence of AEs, SAEs, AEs leading to discon-
tinuation, and laboratory abnormalities, and
the efficacy of taldefgrobep alfa regarding motor
function relative to placebo (e.g., 4SC velocity,
stand from supine velocity, 10-m walk/run
velocity, and 6-min walk distance [6MWD]). A
full list of study endpoints can be found in
Sect. 6.2 of the Supplementary Material.

Statistical Analyses
For the primary endpoint, the desired sample
size of 159 patients (53 patients per arm) pro-
vided 80% power for testing the null hypothesis
of no difference between a dose of taldefgrobep
alfa and placebo in the change from baseline in
the NSAA total score at 48 weeks assuming a
true treatment difference of 2.5 points, a stan-
dard deviation of 4.4 points, and a treatment
discontinuation rate of 5%.

A pre-planned futility analysis was con-
ducted after 30% of patients had completed the
week 48 assessment. Analyses of efficacy end-
points were conducted on all available data
from all patients. The futility analysis compared
the placebo arm with the pooled active dose
using mixed model repeated measures (MMRM)
with treatment, visit, treatment by visit inter-
action, randomization stratification factors (age
group [6–7 vs. 8–11 years], frequency of corti-
costeroid regimen [daily vs. intermittent, except
for patients from Japan]), and baseline value as
continuous covariates. The threshold for the
futility analysis was set at 1.5 points for the
placebo-corrected treatment difference (pooled
taldefgrobep alfa doses minus placebo) in
change from baseline in NSAA total score at
week 48.

WN40226/WN40227 Safety Analyses

Safety data were reported in both the WN40226
and WN40227 studies using the following two
approaches. A safety analysis population for the
double-blind treatment period included all
patients who received at least one dose of study
drug or placebo. For both studies, this safety
analysis population consisted of all randomized

Fig. 3 WN40227 phase 2/3 (SPITFIRE) study design.
The two dose panels were weight tiered. Once a patient
reached [ 40 kg, the dose of taldefgrobep alfa was

increased to 15 mg (low dose) or 50 mg (high dose).
DMD Duchenne muscular dystrophy, Q1W once-
weekly dosing, R randomization
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patients. Additional analyses were performed
using a modified safety population of the whole
study, which included all patients who received
taldefgrobep alfa. This included (1) patients
who were randomized to taldefgrobep alfa (low
or high dose) at the start of the double-blind
period, and (2) patients who received placebo at
the start of the double-blind period and
received at least one dose of taldefgrobep alfa in
the OL period. Modified analyses included all
safety data available from the double-blind
phase in taldefgrobep alfa-treated patients (AEs
reported during the double-blind phase in
patients randomized to placebo were excluded),
as well as data from all eligible patients from the
OL periods.

WN40226/WN40227: Modeling of Muscle
Mass and Functional Outcomes

A consistent linear relationship between muscle
mass/contractile tissue fraction and DMD-
specific functional outcomes has been reported
in previous studies [38, 39]. Making the
assumptions that the rate of taldefgrobep alfa-
induced muscle growth is stable and that the
muscle produced is as functional as natural
muscle tissue, using a linear relationship, the
observed amount of muscle growth can be used
to provide an upper bound estimate for the
potential of taldefgrobep alfa to improve func-
tional outcomes in DMD.

Modeling was conducted using interim
analysis data from the WN40226 study. Linear
regression analyses were used to predict baseline
functional outcomes (NSAA and 4SC) using
baseline LBMI and CSA contractile estimates.
Using the obtained beta coefficients, predicted
functional changes were estimated using the
change in LBMI and CSAmax contractile frac-
tions observed between pooled taldefgrobep alfa
and placebo data in the double-blind phase, as
well as for the week 48 time point for WN40227.

Study Oversight of the Taldefgrobep Alfa
Clinical Trials

The taldefgrobep alfa clinical trials were con-
ducted in accordance with the principles of the

1964 Declaration of Helsinki and its later
amendments, and in accordance with Good
Clinical Practice guidelines. Approval from the
institutional review board/independent ethics
committee at each participating study site was
obtainedbefore eachof the studies started and the
studies were registered with ClinicalTrials.gov.
Signed written informed consent was collected
prior to study participation from participants,
and, in the case of minors, from parents, guar-
dians, or legally acceptable representatives.

RESULTS

Taldefgrobep Alfa in Healthy Adult
Volunteers (Phase 1 WN40225 Study)

A total of 736 healthy volunteers were enrolled
in this phase 1 study. One hundred and forty
participants were randomized into either the
SAD or MAD phase of the study. Ninety-seven
participants were randomized to receive a MAD
of taldefgrobep alfa (15, 45, 90, or 180 mg) or
placebo administered subcutaneously (Fig. 4).
Baseline characteristics and demographics of
these participants can be found in Table 1.
Information and results from the 43 partici-
pants enrolled in the SAD phase of this study
can be found in Sect. 4.4 of the Supplementary
Material. (Fig. 4).

Safety in Healthy Adult Volunteers
Taldefgrobep alfa was generally well tolerated as
a single dose and when given as multiple doses
(see Table S3 in the Supplementary Material for
SAD data). In the MAD phase, AEs were reported
in 43 (60%) participants receiving taldefgrobep
alfa and 11 (44%) participants receiving placebo
(Table 2). There was no apparent relationship to
dose in the incidence of AEs. The most fre-
quently reported AEs in the study were injec-
tion-site erythema (n = 12 participants, 12%),
followed by upper respiratory tract infection
(n = 11 participants, 11%), and rash (n = 9 par-
ticipants, 9%). All AEs were mild except for two
unrelated moderate AEs of vomiting and acute
bacterial sinusitis reported in the 15 mg Q1W
and the 180 mg Q1W dose groups, respectively,
and two related moderate AEs (one event of
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injection-site erythema and one event of injec-
tion-site hemorrhage) in the 90 mg Q1W dose
group. There were no SAEs reported.

In the MAD phase, no AEs related to clinical
laboratory tests were reported. The most com-
mon marked laboratory abnormalities reported
in [ 10% of participants who received taldef-
grobep alfa were high CK (n = 36 participants,
50%) and low leukocytes (n = 22 participants,
31%). These changes were transient, not asso-
ciated with clinical symptoms, and were also
observed in placebo-treated participants (high
CK; n = 10, 40%; low leukocytes; n = 3, 12%).

Low ADA titers (highest titer observed = 64)
were observed in 45% of participants treated
with taldefgrobep alfa in the SAD phase and in
28% of participants in the MAD phase. The
presence of ADAs did not appear to impact
taldefgrobep alfa exposure or free myostatin
suppression. There was no correlation between
ADA positivity and the occurrence of injection-
site and other skin reactions, suggesting a lack
of relationship between the presence of ADAs
and risk of cutaneous AEs.

PK and Target Engagement in Healthy Adult
Volunteers
For a healthy adult of 77 kg, the apparent
clearance and the apparent central volume of
taldefgrobep alfa were estimated as 0.515 L/day
and 13.5 L/day, respectively. Because of the
feedback control on endogenous myostatin
production with a slow rate of moderator pro-
duction (0.00585 L/day), the PK and PD steady
state are reached after approximately 80 weeks
of weekly administration of taldefgrobep alfa.
The peak (Cmax) and overall exposure (area
under curve [AUCtau]) of taldefgrobep alfa
increased with dose with a slightly greater than
proportional increase in Cmax and AUCtau

(Fig. 5a).
The maximum reduction (expressed as per-

centage of baseline) of free myostatin was
C 90% at all doses at day 22. Doses[ 15 mg
Q1W achieved this level of reduction following
the first dose; the 15 mg Q1W dose group
required three doses to achieve this level of
target engagement (Fig. 5b). Maximal total
myostatin concentration ranged from 300 to
2000 ng/mL for the 15 mg Q1W and 180 mg
dose groups, respectively (Fig. 5c).

Fig. 4 Trial profile of the phase I healthy volunteer study
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Effects on LBM and Right Thigh Muscle
Volume in Healthy Adult Volunteers
Right thigh muscle volume increased numeri-
cally with taldefgrobep alfa compared with
placebo, as measured by percentage change
from baseline at all doses and time points
(Fig. 6a). Statistically significant increases in
mean thigh muscle volume compared with
placebo were observed in the 45 mg Q1W dose
group (day 57, n = 11, mean = 3.41%,
p = 0.0031), 90 mg Q1W group (day 29, n = 12,
mean = 1.98%, p = 0.0469 and day 57, n = 9,
mean = 4.75%, p\0.0001), and 180 mg Q1W
group (day 57, n = 10, mean = 3.52%,
p = 0.0027; Fig. 6b). The mean percentage
change in LBM from baseline increased
numerically for most taldefgrobep alfa dose
groups and time points. These increases were
statistically significant relative to placebo for
the 45 mg Q1W dose group (day 57, n = 12,
mean = 2.69%, p = 0.0154) and the 90 mg Q1W
dose group (day 57, n = 9, mean = 2.43%,
p = 0.0347; Fig. 6c).

Taldefgrobep Alfa in DMD (Phase 1b/2
[THUNDERJET] and Phase 2/3 [SPITFIRE]
Studies)

Safety and efficacy of taldefgrobep alfa were
evaluated in 209 boys aged 5–11 years with
DMD across two studies (WN40226 [phase 1b/2,
THUNDERJET, n = 43] and WN40227 [phase 2/
3, SPITFIRE; n = 166]). Trial profiles for each of
the studies are shown in Figs. 7 and 8 for the

THUNDERJET and SPITFIRE studies, respec-
tively. Summary baseline characteristics are
shown in Table 3.

PK and Target Engagement of Taldefgrobep
Alfa in Boys with DMD
Total taldefgrobep alfa and serum free myo-
statin concentrations were modeled simultane-
ously using a target-mediated drug disposition
model, using the quasi-steady-state approxima-
tion, which assumes that the rate of taldef-
grobep alfa binding to myostatin is balanced by
the sum of association and dissociation rates.
The disposition of taldefgrobep alfa is described
by a one-compartment model with linear
absorption and elimination. Taldefgrobep alfa
binds to myostatin in the central compartment
and is degraded with a first-order process. Free
myostatin binds to taldefgrobep alfa in a sec-
ond-order process. Additional details of the
model can be found in Sect. 5.3 of the Supple-
mentary Material. For a patient with DMD
weighing 28 kg, the apparent clearance is
0.241 L/day, and the apparent central volume is
4.9 L. PK steady state was reached after
approximately 12 weeks of Q1W administra-
tion. The PK of taldefgrobep alfa seems to be
dose-proportional, considering the between-
patient variability (Fig. 9a). PK parameters are
summarized in Table 4. Overall, the exposure
achieved in this patient population was higher
than the exposure in healthy adults at similar
doses.

Free myostatin time-courses exhibit large
variability, but after multiple doses of taldef-
grobep alfa, a rapid, dose-dependent reduction
in free myostatin levels was observed (Fig. 9b).
At steady-state, taldefgrobep alfa maintains a
reduction of serum free myostatin from baseline
of approximately 77%, 92%, and 97% over the
dosing interval of the 4, 12.5/20, and 35/50 mg
weekly doses, respectively (Fig. 9c). PD steady
state was reached after approximately 6 weeks
(Fig. 9c).

Effects of Taldefgrobep Alfa on Muscle
and Body Mass in Boys with DMD
In the WN40226 study, given the small number
of patients included in each dose panel and the

Fig. 5 PK /PD profile of taldefgrobep alfa in healthy
volunteers (MAD phase). a The mean taldefgrobep alfa
concentration profile versus time shows dose-dependent
increase in taldefgrobep alfa exposure. b Change in free
myostatin level versus time in the MAD phase. The
maximum reduction (% of baseline) of free myostatin was
C 90% at all doses at day 22. c Change in mean myostatin
drug complex concentration versus time in the MAD
phase. Maximal total myostatin concentration ranged from
300 to 2000 ng/mL for the 15 mg Q1W and 180 mg
Q1W dose groups, respectively. BL baseline, MAD
multiple ascending dose, PD pharmacodynamics, PK
pharmacokinetics, Q1W once weekly dosing, Q2W once
every 2 weeks dosing
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high variability between individuals, the results
across all taldefgrobep alfa doses were pooled
for analysis. Changes in right thigh muscle were
evaluated by MRI; the changes from baseline in
the CSAmax of both the contractile and non-
contractile fraction were evaluated. Changes in
LBMI were also evaluated.

In patients who received taldefgrobep alfa,
MRI imaging showed that the CSAmax of the
contractile fraction of the right thigh fluctuated
over time from baseline (Fig. 10). At the end of
the 24-week placebo-controlled phase, boys
who received taldefgrobep alfa demonstrated a
5.45% increase from baseline in contractile
CSA, compared with a 0.79% decrease from
baseline in those receiving placebo. Boys who
received taldefgrobep alfa through to week 168
demonstrated a 3.7% increase from baseline in

contractile CSA, whilst those who originally
received placebo decreased by 2.2% from base-
line. For the CSAmax of the non-contractile
fraction that increased in both groups at
week 168, there was an increase of 9.7 cm2 from
baseline in patients who received taldefgrobep
alfa throughout the study and an increase of
10.5 cm2 in those who originally received
placebo.

At the end of the 24-week placebo-controlled
phase, boys who received taldefgrobep alfa
demonstrated a 1.75% increase from baseline in
LBMI, compared with a 1.38% decrease from
baseline in boys receiving placebo (LBMI mea-
sured by DXA imaging). At week 168, patients
who had received treatment with taldefgrobep
alfa throughout the study showed an increase of
5.6% from baseline; an increase of 2.0% was
seen in patients who originally received placebo
(Fig. 11).

Effects of Taldefgrobep Alfa on Functional
Outcomes in Boys with DMD
In study WN40226, exploratory analysis of the
effect of taldefgrobep alfa on functional end-
points was conducted. No direct impact of
treatment on functional outcomes was observed

bFig. 6 The effect of taldefgrobep alfa on right thigh
volume and muscle mass in healthy volunteers (MAD
phase). a Representative segmentations of MRI scans from
two patients at baseline and day 57. b Change in thigh
muscle volume over time. c Change in lean body mass over
time. MAD multiple ascending dose, MRI magnetic
resonance imaging, NS not significant, Q1W once-weekly
dosing, Q2W once every 2 weeks dosing

Fig. 7 Trial profile of the phase 1b/2 THUNDERJET study. *Patient discontinued because of visa issues. �Discontinued at
the patient’s request
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at 24 or 72 weeks of treatment (see Sect. 5.4 of
the Supplementary Material); however, as the
number of study participants was low, the study
was not powered to demonstrate effects on
functional endpoints. The mean change from
baseline in all pulmonary function tests fluctu-
ated over time and did not demonstrate any
specific trend.

To determine whether the observed LBM
changes associated with taldefgrobep alfa could
translate into a functional benefit in boys with
DMD, the WN40227 study was conducted. The
primary endpoint of this study was to evaluate
the change from baseline in NSAA total score at
week 48 in taldefgrobep alfa-treated partici-
pants relative to placebo-treated participants.

The futility analysis was conducted after 30%
of patients had completed the week 48 assess-
ment (clinical cutoff date October 1, 2019). The
threshold for the futility analysis was set at 1.5
points for the MMRM placebo-corrected treat-
ment difference in change from baseline to
week 48 in NSAA total score; this condition was
not met (Table 5). The difference in the least
square mean (LSM) between the pooled taldef-
grobep alfa results and placebo for the change

from baseline in NSAA total score at week 48 was
0.12 (95% confidence interval – 1.65 to 1.89)
(Table 5). Results from the intent-to-treat popu-
lation for the secondary endpoints selected for
inclusion in the supplementary interim analyses
as specified in the interim analysis plan (timed
function tests, 6MWD, DXA LBMI) did not
demonstrate meaningful differences (Table 5).
Efficacy results supported the decision to termi-
nate taldefgrobep alfa development in DMD.

A final analysis was conducted at week 48
using all available WN40227 data (Table S9 in
the Supplementary Material). Results of this
final analysis were consistent with the results of
the futility analysis and supported the decision
to terminate the study.

Safety of Taldefgrobep Alfa in Boys
with DMD

AEs
Safety data were reported in the WN40226 and
WN40227 studies (Tables 6 and 7). Among
subjects exposed to taldefgrobep alfa in the
modified safety population, 155 boys (86.1%)
reported AEs: most were mild to moderate in

Fig. 8 Trial profile of the phase 2/3 SPITFIRE study
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intensity. The most common AEs were
nasopharyngitis (reported in n = 44 boys,
24.4%), headache (n = 42, 23.3%), injection-site
erythema (n = 39, 21.7%), pyrexia (n = 35,
19.4%), and vomiting (n = 32, 17.8%). Seventy-
eight boys (43.3%) reported AEs considered as
related to taldefgrobep alfa treatment. Treat-
ment-related AEs were principally related to
local effects at the injection site.

Twelve boys (6.7%) reported SAEs. All except
one (hyperbilirubinemia) were considered

unrelated to taldefgrobep alfa. One death was
reported in WN40227. The boy experienced a
severe cardiac arrest following cardiac ablation
that was unrelated to study treatment.

No related AEs were reported that led to
discontinuation of treatment in either study.
No boys had AEs that led to dose reduction.

Laboratory Parameters and Other Safety Tests
There were no clinically significant changes in
vital signs, ECG parameters, or echocardiogram

Fig. 9 PK/PD profile of taldefgrobep alfa in boys with
DMD enrolled in WN40226 (phase 1b/2 study). a PK
steady state was reached after approximately 12 weeks of
Q1W administration. b Levels of free myostatin showed a
rapid dose-dependent reduction following multiple doses
of taldefgrobep alfa. At week 24 (denoted by the black
arrow), boys in the placebo group switched to taldefgrobep

alfa treatment at the dose of their assigned panel. c At
steady state, suppression of serum free myostatin from
baseline of approximately 77%, 92%, and 97% over the
dosing interval was observed at doses of 4, 12.5/20, and
35/50 mg, respectively. DMD Duchenne muscular dystro-
phy, PD pharmacodynamics, PK pharmacokinetics, Q1W
once-weekly dosing

Table 4 PK parameter estimates in boys with DMD enrolled in WN40226 (phase 1b/2 study)

Panel Number Dose Cmax (ng/mL)
Geo. Mean (CV%)

Tmax (h)
Median (min–max)

AUCtau (ng�day/mL)
Geo. Mean (CV%)

1 7 4 mg Q1W 3217 (15.8%) 28 (12–48) 18,676 (23%)

2 6 12.5 mg Q1W 8490 (21.5%) 24 (11–47) 51,461 (18%)

0 20 mg Q1W – – –

3 18 35 mg Q1W 24,242 (26.3%) 30 (11–65) 150,609 (24%)

1 50 mg Q1W 23,297 44 151,000

AUCtau area under the concentration–time curve from time zero to the time of next dosing, Cmax maximum observed
serum concentration, CV coefficient of variation, DMD Duchenne muscular dystrophy, Geo. Mean geometric mean, PK
pharmacokinetic, Q1W once-weekly dosing, Tmax time of maximum observed concentration
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parameters in either study. There was no evi-
dence that taldefgrobep alfa induced cardiac
effects among patients with DMD. No clinically
meaningful changes from baseline for chem-
istry parameters, iron levels, and urinalysis were
observed over time, and there were no specific
trends related to liver toxicity or iron overload.

Echocardiogram measures conducted in
WN40226 at baseline were comparable at the end
of the study (week 252), with the mean values
comparable across the different treatment dose
panels. Echocardiogram measures in WN402267

were also similar at baseline across both dose
groups and up to the end of study termination.

The incidence of ADAs to taldefgrobep alfa
was low. In WN40226, a positive ADA titer was
reported in 1/43 (2%) patients. In WN40227,
12/166 (7%) patients had a positive ADA titer;
one patient in the placebo group, six in the low-
dose group, and five in the high-dose group.
Sample results of ‘‘\ 1’’ and ‘‘\ 2’’ are classified
as positive ADA titers.

Fig. 10 Percentage change from baseline in the CSA of
contractile tissue of the right thigh in WN40226
(phase 1b/2 study). As a result of small sample sizes, and
overlap between the dosing panels, taldefgrobep alfa-
treated patients were pooled for analysis (blue line).
Patients receiving placebo in the DB phase (red line) were

also pooled across the dosing panels. At week 24, all
placebo patients were switched to taldefgrobep alfa,
receiving the dose assigned to their panel. Error bars
represent 95% confidence interval of the mean. CSA cross-
sectional area, DB double blind, OL open label
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Modeling of Muscle Mass and Functional
Outcomes

A significant linear relationship was observed in
WN40226 baseline data between muscle mea-
sures and functional outcomes (r values
0.35–0.51, all p\ 0.05, Fig. 12). In the interim
analysis, the approximately 4.9% increase in
LBMI observed over 24 weeks for the pooled
treatment versus placebo translated into a pre-
dicted change of 0.46 points in NSAA total score

and 0.06 stairs/s in 4SC velocity. Similarly, a
2.5% change in CSAmax of the contractile frac-
tion translated into a predicted change of 0.48
in NSAA total score and 0.06 stairs/s in 4SC
velocity.

Assuming the muscle growth rate remained
stable over the 48 weeks used for the futility
analysis in WN40227, the above estimate would
translate to an approximate 1-point improve-
ment in NSAA total score versus placebo. These
estimates indicate that the muscle growth

Fig. 11 Percentage change from baseline in LBMI in
WN40226 (phase 1b/2 study). The percentage change
from baseline in LBMI as measured by DXA, across the
total body (not including the head). As a result of the small
sample sizes, and overlap between the dosing panels,
taldefgrobep alfa-treated patients (blue line) were pooled
for analysis. Patients receiving placebo in the DB phase

(red line) were also pooled across the dosing panels. At
week 24 (denoted by the arrow), all placebo patients were
switched onto taldefgrobep alfa, receiving the dose assigned
to their panel. Error bars represent 95% confidence interval
of the mean. DB double blind, DXA dual-energy X-ray
absorptiometry, LBMI lean body mass index, OL open
label
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observed in DMDwith taldefgrobep alfa was not
sufficient to provide a meaningful change in
NSAA total score over 1 year. These data were
used in conjunction with futility analysis data
to support halting the taldefgrobep alfa pro-
gram in DMD.

DISCUSSION

Treatment with taldefgrobep alfa was generally
well tolerated and was associated with robust,
dose-dependent suppression of free myostatin
in boys with DMD. The variability among
patients and overlapping effect of taldefgrobep
alfa doses in the WN40226 study emphasized a
high level of myostatin suppression at all doses
(C 77% at the lowest dose of 4 mg at week 24).
Both low (12.5/20 mg/kg) and high (35/50 mg/
kg) doses delivered[ 90% myostatin
suppression.

In the WN40226 phase 1b/2 study, myostatin
suppression by taldefgrobep alfa was associated
with a positive effect on LBM in boys with DMD,

though effects on muscle were modest. However,
further evaluation of the effect of treatment on
motor function in this population in the
WN40227 study showed that the effect of treat-
ment did not achieve a clinically relevant treat-
mentdifference in thechange inNSAAtotal score.

For the futility analysis of the WN40227
study, the threshold of a 1.5-point difference in
NSAA total score was chosen on the basis of the
expectation that observing a difference of at least
this magnitude at the futility analysis would
provide a sufficiently high conditional proba-
bility of meeting the minimum detectable dif-
ference (approximately 1.74 points) and the
target treatment difference (2.5 points) at the
final analysis. This target value was selected on
the basis of NSAA distribution-based estimates
(i.e., identifying measurement error in order to
approximate meaningful change) [39, 40]. More
recent analysis from six real-world data trials and
eight clinical trials has demonstrated that the
minimal detectable change thresholds for[
80% confidence in true change in NSAA total

Table 5 Futility analysis: MMRM analysis of change from baseline in primary and secondary endpoints in WN40227
(phase 2/3 SPITFIRE study)

Variable Placebo Pooled active Placebo Pooled active Treatment
difference

n
(All)

n
(Week 48)

n
(All)

n
(Week 48)

Week 48
LSM (SE)

Week 48
LSM (SE)

LSM (95% CI)

NSAA total score* 56 21 109 47 - 3.32

(0.78)

- 3.21

(0.57)

0.12

(- 1.65 to 1.89)

4SC velocity (stairs/s) 56 21 109 47 - 0.15

(0.06)

- 0.16

(0.05)

- 0.01

(- 0.15 to 0.14)

Stand from supine

velocity (1/sec)

56 19 109 45 - 0.05

(0.01)

- 0.02

(0.01)

0.02

(- 0.01 to 0.06)

10-m walk/run

velocity (m/s)

56 21 108 45 - 0.22

(0.08)

- 0.15

(0.06)

0.07

(- 0.12 to 0.26)

6MWD (m) 55 21 108 42 - 46.5

(10.3)

- 37.0

(7.7)

9.5

(- 14.0 to 33.0)

Data cutoff October 1, 2019
4SC 4-stair climb, 6MWD 6-min walk distance, CI confidence interval, LSM least squares mean, MMRM mixed model
repeated measures, NSAA North Star Ambulatory Assessment, SE standard error
*Primary endpoint
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score range from 2.66 (individuals B 7 years old)
to 2.80 (individuals C 7 years old) [41].

At the time of the WN40227 study futility
analysis, an LSM difference of 0.12 was observed
between the pooled taldefgrobep alfa results
and placebo. Modeling of muscle mass and
functional outcomes based on data from the
WN40226 study estimated that muscle changes
observed at the futility analysis of the WN40227
study would translate into a 1-point change in
NSAA total score over 48 weeks in WN40227,
further emphasizing that treatment with

taldefgrobep alfa in WN40227 was unlikely to
translate into a meaningful functional change
in boys with DMD. Thus, on the basis of the
results from the futility analysis of the
WN40227 study, the decision was taken to dis-
continue the program.

In recentyears, anumberofother therapies that
target myostatin have been developed, including
anti-myostatin antibodies (MYO-029, LY2495655,
domagrozumab, apitegromab [42–45]); an anti-
body that targets and inhibits binding to ActRIIB
receptor (bimagrumab) [46]; a soluble form of the

Table 6 Summary of taldefgrobep alfa pooled safety in ambulatory boys with DMD

WN40226 Total
taldefgrobep alfa
(N = 43)

WN40227 Total
taldefgrobep
alfa (N = 137)*

Total
(N = 180)

Number of patients with at least one, n (%)

Death 0 1 (0.7)� 1 (0.6)

AE 42 (97.7) 113 (82.5) 155 (86.1)

AE leading to withdrawal 0 1 (0.7)� 1 (0.6)

AE leading to dose interruption 2 (4.7) 5 (3.6) 7 (3.9)

SAE 6 (14.0) 6 (4.4) 12 (6.7)

SAE leading to withdrawal 0 1 (0.7)� 1 (0.6)

SAE leading to dose interruption 1 (2.32) 2 (1.5) 3 (1.7)

Related AE 27 (62.8) 51 (37.2) 78 (43.3)

Related SAE 0 1 (0.7)� 1 (0.6)

Related AE leading to withdrawal 0 0 0

Related AE leading to dose interruption 0 3 (2.2) 3 (1.7)

Grade 3–5 AE 5 (11.6) 5 (3.6) 10 (5.6)

*A modified safety population that includes all patients who received at least one dose of taldefgrobep alfa (69 patients from
the taldefgrobep alfa low-dose group and 68 patients from the high-dose group). AEs reported in patients randomized to
placebo during the double-blind phase were excluded. �The patient experienced a severe cardiac arrest following cardiac
ablation that was considered unrelated to the study treatment. �Hyperbilirubinemia
Investigator text for AEs encoded using the Medical Dictionary for Regulatory Activities version 23.0. Percentages are based
on N in the column headings. Only treatment-emergent AEs are displayed. Multiple occurrences of the same AE in one
individual are counted only once
WN40226 (phase 1b/2 THUNDERJET) LPLV: April 15, 2020. To LPLV, the duration of taldefgrobep alfa exposure
ranges from 176 to 1426 days
WN40227 (phase 2/3 SPITFIRE) LPLV: April 28, 2020. Duration of taldefgrobep alfa exposure ranges from 121 to
457 days
AE adverse event, DMD Duchenne muscular dystrophy, LPLV last patient last visit, SAE serious AE
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ActRIIB receptor used to sequester circulating
myostatin (ACE-031 [47]); and follistatin overex-
pression [48–50]. In preclinical studies, these
molecules caused cessation of downstream intra-
cellular signaling, leading to removal of inhibition
of myogenesis-promoting genes, and resulting in

muscle cell growth anddifferentiation [32, 51–57];
however, the performance ofmyostatin inhibitors
in published clinical trials has been mixed. With
the exception of apitegromab in spinal muscular
atrophy [58], and a few other small studies
[46, 49, 50], collective clinical research has not

Table 7 Taldefgrobep alfa pooled safety in ambulatory boys with DMD: Most common AEs

Preferred term
Number of patients reporting an AE (%)

WN40226
(N = 43)

WN40227
(N = 137)*

Total
(N = 180)

Nasopharyngitis 16 (37.2) 28 (20.4) 44 (24.4)

Headache 16 (37.2) 26 (18.9) 42 (23.3)

Injection-site erythema 12 (27.9) 27 (19.7) 39 (21.7)

Pyrexia 13 (30.2) 22 (16.1) 35 (19.4)

Vomiting 16 (37.2) 16 (11.7) 32 (17.8)

Cough 13 (30.2) 17 (12.4) 30 (16.7)

Diarrhea 13 (30.2) 16 (11.7) 29 (16.1)

Upper respiratory tract infection 15 (34.9) 14 (10.2) 29 (16.1)

Pain in extremity 9 (20.9) 13 (9.5) 22 (12.2)

Fall 14 (32.6) 7 (5.1) 21 (11.7)

Injection-site bruising 12 (27.9) 8 (5.8) 20 (11.1)

Arthralgia 6 (14.0) 14 (10.2) 20 (11.1)

Contusion 8 (18.6) 11 (8.0) 19 (10.6)

Rash 6 (14.0) 13 (9.5) 19 (10.6)

Abdominal pain upper 6 (14.0) 12 (8.8) 18 (10.0)

Back pain 8 (18.6) 10 (7.3) 18 (10.0)

Nasal congestion 9 (20.9) 8 (5.8) 17 (9.4)

Ligament sprain 7 (16.3) 8 (5.8) 15 (8.3)

Ear infection 8 (18.6) 6 (4.4) 14 (7.8)

Influenza 5 (11.6) 7 (5.1) 12 (6.7)

Oropharyngeal pain 5 (11.6) 4 (2.9) 9 (5.0)

Pharyngitis streptococcal 5 (11.6) 1 (0.7) 6 (3.3)

Injection-site irritation 5 (11.6) 0 5 (2.8)

AE adverse event, DMD Duchenne muscular dystrophy
*A modified safety population. Only treatment-emergent AEs are displayed. Events in patients randomized to placebo during
the double-blind phase are excluded. Most frequently reported AEs are those reported in C 10% of patients in either study.
For frequency counts, multiple occurrences of the same AE in an individual are counted only once
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demonstrated significant functional benefits of
these treatments in a variety of muscle-wasting
conditions [42, 43, 47, 59–61]. It is therefore

important to consider why promising preclinical
data have not translated into a benefit for patients.

Fig. 12 Modeling of muscle mass and functional outcomes.
Scatter plots representing the relationship between a NSAA
total score and CSA contractile tissue fraction; b 4SC
velocity and CSA contractile tissue fraction; c NSAA total

score and LBMI; d 4SC velocity and LBMI. Dotted lines
represent the 95% CI. 4SC 4-stair climb, CI confidence
interval, CSA cross-sectional area, LBMI lean body mass
index, NSAA North Star Ambulatory Assessment
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Firstly, it is important to note that although
a number of animal models of DMD have been
developed (see [62] for review), the majority of
evidence for anti-myostatin therapy in DMD is
derived from studies of the mdx mouse model,
with a nonsense mutation in exon 23 [63].
Disruption of the myostatin pathway in these
mice improved dystrophic pathology
[32, 53, 64, 65]; however, in the literature, cir-
culating levels of myostatin have been reported
to be 4- to 18-fold lower in monkeys, rats, and
humans than in mice [66]. The significantly
lower levels of circulating myostatin reported in
humans (approximately tenfold reduction
[67, 68]) may therefore provide one explanation
for the disconnect between the results observed
in the mdx mouse and the results reported in
clinical trials of boys with DMD.

Results from taldefgrobep alfa and other
published studies are consistent with these
observations. Four weekly doses of taldefgrobep
alfa increased lower limb muscle mass by 30%
in a severe combined immunodeficient mouse
model, but only a 5% increase was seen in
monkeys (see Fig. S2 of the Supplementary
Material). In healthy human volunteers, chan-
ges in right thigh muscle volume compared
with placebo ranged from 3.41% to 4.75% at
day 57. In published studies of domagrozumab,
robust increases in muscle mass were observed
in mdx mice (23–26%) and in monkeys
(23.7–36.5%) [32]; however, effects were greatly
reduced (4.49%) in healthy human volunteers
[69]. Increases in muscle volume did not trans-
late into a functional benefit for patients with
DMD treated with domagrozumab [60] or
taldefgrobep alfa.

Secondly, studies in a variety of neuromus-
cular diseases have suggested that decreased
serum myostatin is associated with progression
of muscle pathologies, with circulating myo-
statin levels particularly low in the DMD pop-
ulation studied [67]. Low levels of circulating
myostatin in individuals with DMD may
therefore limit the therapeutic value of myo-
statin inhibition. Serum myostatin levels in
individuals with DMD and aged mdx mice have
previously been reported to be around twofold
lower than in healthy controls [67, 70], which
may be related to the reduction in muscle mass

associated with the DMD phenotype. However,
although myostatin is downregulated in both
DMD and the mdx mouse, proportionally,
skeletal muscle myostatin in boys with DMD is
suppressed to a greater extent relative to the
mdx mouse model. Levels of skeletal muscle
myostatin in the mdx model are approximately
25% of that of wild-type mice and, in contrast,
boys with DMD typically have approximately
8% of the circulating myostatin found in heal-
thy controls [68]. Together, these results may
provide an explanation as to why taldefgrobep
alfa and other anti-myostatin treatments have
not elicited meaningful change in individuals
with DMD.

LIMITATIONS

The mean age of patients in the WN40226
phase 1b/2 study and the WN40227 phase 2/3
study at baseline was approximately 8 years; at
this age, previous studies indicate that signifi-
cant muscle degeneration may have already
occurred [1]. Myostatin suppression by taldef-
grobep alfa was associated with a positive effect
on LBM in the WN40226 study, though effects
on muscle were modest. Modeling of muscle
mass increases indicated that the small increa-
ses in muscle mass seen in these studies fol-
lowing treatment with taldefgrobep alfa were
unlikely to lead to measurable functional ben-
efits in patients with DMD; however, it is still
not known what magnitude of an increase in
muscle mass would be required to generate a
detectable functional improvement. It is also
possible that the treatment was given too late—
earlier treatment may result in preservation/
development of healthy muscle and may show a
better functional result.

Another limitation of these studies poten-
tially impacting efficacy in trials of taldefgrobep
alfa was that all boys were treated with con-
comitant corticosteroids. Data from a recent
study in the mdx mouse model suggest that
steroid treatment disrupts potential muscle
mass gains from myostatin inhibition [71].
Additionally, the established benefits of corti-
costeroids in improving muscle function [10]
may make it difficult to clearly identify the true
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impact of anti-myostatin therapy on functional
capacity. However, as corticosteroids form part
of the accepted standard of care in DMD, it is
common for inclusion criteria in clinical trials
in DMD to allow for concomitant use of corti-
costeroids when given at a stable dose
[13, 16, 17]. Inclusion criteria in trials of talde-
fgrobep alfa in DMD were consistent with those
of other DMD trials.

Taldefgrobep alfa, as a recombinant adnectin
protein (see [72] for review), was predicted to
have a low immunogenicity profile due to the
abundance of fibronectin within the body
[73, 74]. Indeed, levels of ADAs in clinical
studies were low, with only 13/211 (6%)
patients developing a positive ADA titer in
WN40226 and WN40227. However, it is
important to note that in these two studies, the
boys were treated with concomitant corticos-
teroids, and it is therefore possible that the
corticosteroids blunted the immunogenic
response. In the phase 1 study, where partici-
pants were not on corticosteroids, 28% of
healthy adult volunteers in the MAD phase
presented with a low ADA titer.

CONCLUSION

Overall, no patients in the taldefgrobep alfa
clinical program were withdrawn from treat-
ment as a result of treatment-related AEs and
none of the SAEs except one (hyperbilirubine-
mia) were considered to be related to the study
treatment. Although there were some concerns
of non-specific inhibition of myostatin in one
study with ACE-031 [47], there have been no
safety signals reported in the literature that
would prevent anti-myostatin treatment
research in the future.

Recent studies in mdx mice have demon-
strated that inhibiting myostatin alongside the
restoration of dystrophin using an exon-skip-
ping ASO resulted in greater dystrophin levels
than with ASO treatment alone [75, 76].
Although recent clinical trials of anti-myostatin
monotherapy in DMD, including those repor-
ted here, have failed to reproduce the promising
results observed in preclinical studies [68, 77], it
is possible that there is still a role for myostatin

inhibitors in the treatment of DMD, in combi-
nation therapy with dystrophin replacement
therapies, or in milder forms of muscular dys-
trophy in which higher levels of residual myo-
statin have been found [78].
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