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Summary
Background RYR1-related myopathies (RYR1-RM) are caused by pathogenic variants in the RYR1 gene which encodes
the type 1 ryanodine receptor (RyR1). RyR1 is the sarcoplasmic reticulum (SR) calcium release channel that mediates
excitation-contraction coupling in skeletal muscle. RyR1 sub-conductance, SR calcium leak, reduced RyR1 expression,
and oxidative stress often contribute to RYR1-RM pathogenesis. Loss of RyR1-calstabin1 association, SR calcium leak,
and increased RyR1 open probability were observed in 17 RYR1-RM patient skeletal muscle biopsies and improved
following ex vivo treatment with Rycal compounds. Thus, we initiated a first-in-patient trial of Rycal S48168 (ARM210)
in ambulatory adults with genetically confirmed RYR1-RM.

Methods Participants received 120 mg (n = 3) or 200 mg (n = 4) S48168 (ARM210) daily for 29 days. The primary
endpoint was safety and tolerability. Exploratory endpoints included S48168 (ARM210) pharmacokinetics (PK), target
engagement, motor function measure (MFM)-32, hand grip and pinch strength, timed functional tests, PROMIS
fatigue scale, semi-quantitative physical exam strength measurements, and oxidative stress biomarkers. The trial was
registered with clinicaltrials.gov (NCT04141670) and was conducted at the National Institutes of Health Clinical
Center between October 28, 2019 and December 12, 2021.

Findings S48168 (ARM210) was well-tolerated, did not cause any serious adverse events, and exhibited a dose-
dependent PK profile. Three of four participants who received the 200 mg/day dose reported improvements in
PROMIS-fatigue at 28 days post-dosing, and also demonstrated improved proximal muscle strength on physical
examination.

Interpretation S48168 (ARM210) demonstrated favorable safety, tolerability, and PK, in RYR1-RM affected in-
dividuals. Most participants who received 200 mg/day S48168 (ARM210) reported decreased fatigue, a key symptom
of RYR1-RM. These results set the foundation for a randomized, double-blind, placebo-controlled proof of concept
trial to determine efficacy of S48168 (ARM210) in RYR1-RM.
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Research in context

Evidence before this study
PubMed was searched from database inception through
February 21, 2023, for articles that included the keywords
“RYR1” and “Rycal” or “ARM210”. The search identified
several nonclinical proof-of-concept articles; however, no
clinical trials were found on use of Rycal ARM210 in patients
with RYR1-related myopathy.

Added value of this study
This is the first clinical trial to test a Rycal molecule in
patients, including RYR1-related myopathy. The results

indicate that Rycal S48168 (ARM210) has a favorable safety
and tolerability profile at the doses tested over 29 days. There
is evidence that S48168 ARM210 reaches the target tissue in
RYR1-RM patients and may decrease fatigue at the highest
dose level tested.

Implications of all the available evidence
Studies incorporating randomization and masking of
treatment allocation are needed to further assess the long-
term safety, tolerability, and potential efficacy of Rycal
S48168 (ARM210) in patients with RYR1-RM.
Introduction
RYR1-related myopathies (RYR1-RM) are a heteroge-
nous group of monogenic neuromuscular disorders
caused by pathogenic variants in the RYR1 gene
(OMIM#180901, 19q13.2). RYR1-RM have historically
been categorized based on clinical and histological fea-
tures and can be separated into two main phenotypic
categories: 1) Phenotypes with dynamic and episodic
manifestations without interceding myopathy between
exacerbations, including susceptibility to malignant hy-
perthermia (MH), a potentially fatal hypermetabolic
crisis in response to certain environmental and phar-
macologic triggers, exertional rhabdomyolysis, and
atypical periodic paralysis. 2) Phenotypes with frank
myopathy of variable severity including severe fetal
akinesia, late-onset axial myopathy, and congenital my-
opathies.1 The latter can be further subclassified into
central core disease, multi-minicore disease, congenital
fiber type disproportion, and centronuclear myopathy
based on histological features. RYR1-RM are the most
common congenital myopathies, affecting at least
1:90,000 children in the United States, though this is
likely an underestimate of true prevalence.2 MH inci-
dence is estimated at between 1:10,000 and 1:250,000
though Bayesian population modelling assessing the
posterior probabilities of pathogenicity and variant fre-
quencies in the Genome Aggregation Database (gno-
mAD) suggests that the RYR1-related malignant
hyperthermia susceptibility (MHS) trait may be carried
in as high as 1:300 to 1:1075 individuals.3

There is notable clinical overlap between the two
main categories of RYR1-RM. Some affected individuals
with RYR1-RM are at risk of developing MH.4 An
overlapping syndrome with myopathy, MHS, and dys-
morphic features (King-Denborough syndrome) has
also been described.5 It is increasingly recognized that
individuals with MHS or exertional rhabdomyolysis may
develop a progressive myopathy in older age, further
blurring this dichotomy.6 Thus, a molecular nosological
system that relies on presence of pathogenic variant(s)
in RYR1 with compatible clinical and histological fea-
tures provides a more consistent categorization system
for RYR1-RM.

Both autosomal dominant (monoallelic, including de
novo pathogenic variants) and recessive (biallelic) pat-
terns of inheritance are reported to cause RYR1-RM.
Classic central core disease is dominantly inherited and
typically reflects the relatively milder end of the clinical
spectrum, albeit with a wide range of clinical severity
and penetrance.7,8 On the other hand, recessive RYR1-
RM is clinically more severe in most patients, particu-
larly in those carrying a hypomorphic allele in
compound heterozygosity with one or more missense
variants, and can present with profound muscle weak-
ness, respiratory insufficiency, necessitating ventilatory
support, ophthalmoplegia, and at times, feeding diffi-
culties, requiring the use of a feeding tube.9 Although
RYR1-RM disease course was originally described as
static or slowly progressive by comparison to muscular
dystrophies, they can be quite disabling and further
worsen with aging and result in accrual of notable
disability over time. Clinical management of RYR1-RM
is supportive and there are currently no approved
treatments.

RYR1 encodes the type 1 ryanodine receptor (RyR1)
that forms a 2.2 MDa homotetrameric ion channel
localized to the skeletal muscle sarcoplasmic reticulum
(SR) membrane and functions as a gatekeeper of intra-
cellular calcium stores.10 Upon depolarization of the
transverse tubule membrane, the RyR1 channel, in
complex with other proteins, orchestrates a coordinated
release of SR calcium to the myofiber cytosol, enabling
excitation-contraction coupling and force generation.
Pathogenic RYR1 variants can have distinct
www.thelancet.com Vol 68 February, 2024
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consequences on RyR1 channel function. These include
channel hypersensitivity in response to subthreshold
stimuli (for example, in MH), blocking excitation-
contraction coupling and calcium release, subcon-
ductance SR calcium leak (leaky state irrespective of a
triggering action potential), and decreased RyR1 protein
stability or expression.7 Only a minority of pathogenic
RYR1 variants are functionally characterized. In in-
dividuals with biallelic variants, more than one mecha-
nism may contribute to disease pathogenesis, which
further complicates correlating disease phenotypes with
underlying molecular pathomechanisms. Intracellular
calcium dysregulation has been associated with mito-
chondrial oxidative/nitrosative stress in RYR1-RM.11–13

In addition to pathogenic variants, post-translational
modifications of RyR1, can result in its dissociation
from one of its known channel stabilizers, FKBP12
(calstabin1), which is thought to further exacerbate
myofiber dysfunction.11,14,15

RYR1 variants shown to result in subconductance SR
calcium leak are the principal target of Rycal com-
pounds. We previously reported that skeletal muscle
samples from 17 RYR1-RM patients show increased SR
calcium leak, have diminished RyR1-calstabin1 associ-
ation, and increased RyR1 channel open probability. In
these specific patient samples, the above parameters
were improved by ex vivo treatment with the Rycal
molecule S107.16 Rycal molecule S48168 (ARM210) was
thus designed, manufactured, and developed for clinical
trials. Recently, cryo-EM studies have shown that
S48168 (ARM210) preferentially binds the RyR1 chan-
nel in the leaky state, changes its conformation, and
therefore directly stabilizes the RyR1 closed state.17

S48168 (ARM210) underwent a series of investiga-
tional new drug (IND)-enabling toxicology studies. In
the absence of appropriate animal models of RYR1-RM,
pharmacodynamic studies were performed in the mdx
murine model of Duchenne muscular dystrophy (these
mice exhibit RyR1 and calstabin1 dissociation).14 Sub-
sequently, S48168 (ARM210) was administered to
otherwise healthy male volunteers in four phase one
clinical trials. In 2018, ARMGO Pharma Inc. received
FDA Orphan Drug Designation of S48168 (ARM210)
for treatment of RYR1-RM. Here, we report on a phase
one, first-in-patient, open-label, dose-escalation trial
testing the safety, pharmacokinetics, pharmacody-
namics, and preliminary efficacy of S48168 (ARM210)
in adult men and women affected with RYR1-RM.
Methods
Study design and participants
The single-site, open-label, dose-escalation trial of S48168
(ARM210) was conducted at the National Institutes of
Health Clinical Center between October 28, 2019, to
December 12, 2021. The trial was registered with
www.thelancet.com Vol 68 February, 2024
clinicaltrials.gov (NCT04141670) and sponsored by
ARMGO Pharma Inc. All procedures were approved by
the National Institutes of Health Institutional Review
Board and participants provided written informed con-
sent prior to enrollment. The trial was conducted in
accordance with the Declaration of Helsinki and ICH-
GCP guidelines. An independent data and safety moni-
toring board was appointed by the study team to oversee
trial safety and adjudicate adaptive dose escalation. The
trial comprised three visits to the National Institutes of
Health Clinical Center over a 29-day S48168 (ARM210)
dosing period [visit one (baseline; Day 0), visit two (mid-
point; Day 14), and visit three (post-intervention; Days
28–29)]. This was followed by a two-week follow-up
period for drug withdrawal safety monitoring. Following
completion of prespecified interim analyses, all partici-
pants who completed treatment with the low dose were
eligible to be re-enrolled in the high dose cohort, to
maximize the prospect of potential benefit and provide an
opportunity for paired analyses. In the single participant
who opted for re-enrollment, duration of efficacy
following drug withdrawal was explored by replacing the
mid-point (Day 14) study visit with a study visit two weeks
post-intervention (Day 42), which included the full battery
of exploratory efficacy assessments.

Participants
Eligible participants had genetically confirmed RYR1-
RM (documented pathogenic or likely pathogenic RYR1
variant(s)), were between 18 and 65 years of age, and
able to walk at least ten meters with or without assis-
tance. All enrolled individuals with likely pathogenic
RYR1 variant(s) had a clinical phenotype characteristic
of RYR1-RM (per medical record review and baseline
physical and neurological examinations). For five of the
six enrolled participants, including the two participants
with biallelic RYR1 variants, prior muscle biopsies had
been previously characterized in vitro/ex vivo to result in
SR calcium leak.16 One monoallelic participant had a
RYR1 variant (p.Arg975Trp) previously reported in as-
sociation with malignant hyperthermia susceptibility
and central core disease that had not been assessed for
its impact on intracellular calcium flux at the time of
enrollment.18,19 Exclusion criteria included a history of
seizures and any of the following at screening: HbA1c >
7%, forced vital capacity <50% predicted, estimated
creatinine clearance <30 mL/min, and significant ele-
vations in baseline transaminases. An initial require-
ment for participants to have a prior muscle biopsy with
demonstrated loss of RyR1-Calstabin1 association
proved to be overly restrictive on recruitment and was
subsequently removed following DSMB review of
interim target engagement assay data, and IRB approval.
Full eligibility criteria are available at clinicaltrials.gov
(NCT04141670). As an open-label trial, no masking of
treatment allocation was required.
3
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Procedures
S48168 (ARM210) was self-administered orally over 29
days. Participants were provided with instructions on
drug administration and a diary to aid compliance and
symptom reporting. Adherence to intervention was
verified by pill counts conducted at trial mid-point and at
the end of the dosing period. The 20 mg enterically
coated S48168 (ARM210) tablet formulation was pro-
duced according to good manufacturing practice by Les
Laboratoires Servier Industrie, France. Cohorts one
(n = 3) and two (n = 4) received 120 and 200 mg/day
S48168 (ARM210), respectively. As informed by
nonclinical studies and interim analyses of the 120 mg
dose cohort, the highest dose level was selected based on
ensuring that S48168 (ARM210) plasma Cmax would not
exceed a FDA-mandated dose cap.

Safety assessments included physical and neurolog-
ical examinations (conducted by the same neuromus-
cular neurologist), vital signs, electrocardiograms and
echocardiograms, clinical laboratory tests, Columbia
Suicide Severity Rating Scale (C-SSRS), and treatment-
emergent adverse event (TEAE) monitoring. Pre-
specified adverse events of special interest (AESI) were
transaminases at least three times the upper limit of
normal, tremors or seizures, severe gastric/epigastric
pain or severe vomiting, and plasma S48168 (ARM210)
Cmax >35 μg/mL. Severity and seriousness of adverse
events were defined per the National Cancer Institute
Common Terminology Criteria for Adverse Events
(version 5.0) and FDA 21CFR 312.32, respectively.
Stopping criteria were as follows: SAE possibly or defi-
nitely related to S48168 (ARM210), non-serious adverse
but severe event (grade 3 on CTCAE version 5.0)
possibly or definitely related to S48168 (ARM210), and
serious AESI.

Detailed methodology for exploratory endpoints is
provided in the Supplementary Appendix. Blood was
drawn for pharmacokinetic (PK) and exploratory
biomarker analyses. Plasma concentrations of S48168
(ARM210) were determined by mass spectrometry
(Nuvisan Pharma, Germany). All participants (n = 6)
underwent ultrasound-guided tibialis anterior needle
biopsies for assessment of S48168 (ARM210) target
engagement; five participants underwent muscle bi-
opsies at baseline and at the end of dosing period while
one participant underwent a single muscle biopsy pro-
cedure at the end of the dosing period. The side of the
baseline muscle biopsy was determined by block
randomization and the opposite side was sampled at the
end of the dosing period. The random allocation
sequence was generated by a statistician independent to
the study team. S48168 (ARM210) concentrations were
also determined in post-intervention skeletal muscle
tissue samples by mass spectrometry (200 mg/day dose
group only, n = 3). Participants also completed physical
therapy assessments (Motor Function Measure-32
[MFM-32], timed functional tests, Myotools handgrip
and pinch dynamometry) and the PROMIS-fatigue
quality of life scale.

Endpoints
The primary endpoint was S48168 (ARM210) safety and
tolerability comprising all TEAEs ≥ grade two in severity,
serious adverse events (SAE), and AESI. Exploratory
S48168 (ARM210) PK endpoints included maximum
plasma concentration at steady state (Cmax[ss]), Day 14
trough plasma concentration (Ctrough), terminal elimina-
tion half-life (t½), and area under the curve over the 29-
day dosing period (AUC[0-tau]). Target engagement was
assessed in skeletal muscle by RyR1-calstabin1 co-
immunoprecipitation and Western blot. In two patients
with remaining muscle samples, a proximity ligation
assay was conducted to assess RyR1-calstabin1 associa-
tion in situ. Additionally, skeletal muscle S48168
(ARM210) concentration was assessed as an exploratory
endpoint in the high dose group from available needle
biopsy specimens. Exploratory efficacy endpoints
included change from baseline to Day 29 in total MFM-32
(% maximum score), dominant hand grip and pinch
strength (kg), time to ascend and descend four stairs,
supine to stand, and walk ten meters (seconds), muscle
strength (MRC grade), and patient-reported PROMIS-fa-
tigue (t-score). Exploratory biomarkers were assessed at
each timepoint and included plasma isoprostane, pro-
and anti-inflammatory cytokines, and protein carbonyl
concentrations.

Statistical analyses
Primary endpoint
As a first-in-patient, open-label safety trial, sample size
was not determined by an a priori statistical power
calculation. The safety population comprised partici-
pants who received at least one dose of S48168
(ARM210). Descriptive safety data included frequencies
of TEAE ≥ grade two in severity, all SAEs, and all AESIs
tabulated by dose group and MedDRA system organ
class and preferred term.

Exploratory endpoints
Summary statistics were generated for all nominal PK
and target engagement data. PK data were presented as
mean concentration–time profiles by dose group.
Exploratory efficacy and biomarker endpoints were
analyzed by change from baseline or absolute values
without inferential statistical tests. Natural history and
placebo arm data on efficacy endpoints were obtained
from a prior study.20 Prior natural history data were
obtained at a six-month interval; therefore, estimated
trajectories were adjusted to reflect expected change
over the one-month dosing period in this trial. Using
prior natural history data (NCT02362425) on trial end-
points that were assessed in this trial (PROMIS-fatigue,
MFM, hand grip and pinch strength and timed func-
tional tests), preliminary distribution-based minimum
www.thelancet.com Vol 68 February, 2024
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detectable change (MDC) thresholds were determined
using a combination of standard error of measurement
(SEM) and 1/3 standard deviation at baseline, as
previously described,21 with average MDC of these ap-
proaches used to define the threshold value. Reference
equations to determine percent predicted values for
handgrip and pinch strength were derived from aggre-
gate data on individuals >17 years of age (compiled by
Institute of Myology).22 SAS (Version 9.4) and GraphPad
Prism (Version 9.0) were used to conduct statistical
analyses and generate graphs, respectively.

Role of funding
The sponsor (ARMGO Pharma Inc.) collaborated with
authors during study design, drafting of the study pro-
tocol and its amendments, data collection, data analysis,
data interpretation, and reviewed the manuscript prior to
submission. All authors had full access to all the data in
the study and the corresponding author had final re-
sponsibility for the decision to submit for publication.
The clinical trial team was funded through the Intra-
mural Research Programs of the National Institute of
Neurological Disorders and Stroke (NIH/NINDS) and
the National Institute of Nursing Research (NIH/NINR).
A NIH Clinical Center Bench to Bedside Award (2017-
551673) also provided part of the funding for the study.
The study was also funded in part by the Sponsor
through its development partner Les Laboratoires Servier.
Results
Participant characteristics
Overall, seven individuals were screened for participa-
tion. Six individuals who met the stringent eligibility
criteria and could travel for all study visits to the NIH
were enrolled and received either a low dose (120 mg,
n = 3) or high dose (200 mg, n = 4) of S48168 (ARM210)
Screening (N= 7)

Allocated to 120 mg S 48168 (ARM2
Received allocation: (3

Enrollment

Low Dose
Allocation

DSMB interim analysis

Allocated to 200 mg S 48168 (ARM2
Received allocation: (4

Completed trial per protocol
Participants included in final an

High Dose
Allocation

Analysis

Fig. 1: Study flow diagram. A total of seven individuals were screened for
assigned to either a low dose (120 mg S48168 [ARM210] daily, n = 3)
individual who received the low dose was re-enrolled and received the hig
for both groups was 29 days, and all individuals were included in the fin

www.thelancet.com Vol 68 February, 2024
daily for one month (Fig. 1). Re-enrollment was allow-
able for all low dose participants; however, only one
individual opted to do so by the time of study closure.
There was a 14-month washout period between first
exposure and re-enrollment and the re-enrolled partici-
pant completed baseline assessments before initating
treatment at each dose level. For five of the six enrolled
participants, RYR1 variants had been previously char-
acterized to result in SR calcium leak.16 The study pop-
ulation comprised men and women with monoallelic
and biallelic RYR1 pathogenic or likely pathogenic var-
iants (Table 1). Genotype and clinical characteristics of
participants are provided in Table 2. Representative
histopathology, T1-weighted MRI, and RYR1 variants
mapped to the rabbit RyR1 3D cryogenic electron
microscopy (cryo-EM) structure is provided in
Supplementary Fig. S1.

Safety and tolerability
S48168 (ARM210) exhibited a favorable safety profile at
both dose levels as suggested by absence of SAEs,
AESIs, and discontinuations (Table 3). There were also
no changes from baseline in C-SSRS. S48168 (ARM210)
was well-tolerated at the administered doses, reflected
by a 100% compliance rate in both treatment arms. In
total, 27 TEAEs were recorded of which three were
moderate in severity and therefore met primary
endpoint criteria (Supplementary Table S1). All moder-
ate TEAEs were deemed unrelated to S48168 (ARM210)
and comprised of vomiting (200 mg dose group),
laceration (120 mg dose group), and elevated creatine
phosphokinase (120 mg dose group). Intermittent grade
one gastroesophageal reflux occurred in a participant
with underlying gastroesophageal reflux disease
(120 mg dose group). Due to non-clinical gastric toxicity
data, this event was deemed possibly related to S48168
(ARM210); however, the event self-resolved and was not
Excluded (n= 1):
• COVID-19 positive test

10)/day (n= 3)
)

10)/day (n= 4)
)

(n= 7)
alysis (7)

eligibility. Six individuals were enrolled in the clinical trial and initially
or high dose (200 mg S48168 [ARM210] daily, n = 4) group. One
h dose after an appropriate washout period. The total dosing period
al analysis.
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Measure Natural history cohort S48168 (ARM210) dose group

(N = 20) 120 mg/day (N = 3) 200 mg/day (N = 4)

Age at enrollment, years 39 ± 12 38 ± 7 43 ± 5

Mode of inheritance, dominant 5 (33) 1 (33) 3 (75)

Sex, male 13 (65) 2 (67) 2 (50)

Height, cm 163 ± 12 171 ± 20 173 ± 10

Weight, kg 68 ± 18 68 ± 12 90 ± 10

Body mass index, kg/m2 26 ± 7 24 ± 5 31 ± 5

Total MFM-32, % maximum score 75 ± 11 75 ± 20 85 ± 17

Hand grip strength, % predicted 58 ± 29 64 ± 35 87 ± 25

Hand pinch strength, % predicted 78 ± 31 43 ± 21 67 ± 16

10-m run, seconds 6 ± 2 9 ± 5 8 ± 5

Data are n (%) or mean ± SD.

Table 1: Participant demographics and baseline functional characteristics.

Case Dose
level

Nucleotide
changea

Amino acid
change

Mode of
inheritance

Neurological Respiratory Ophthalmologic Malignant
hyperthermia

Other findings

1 120 mg c.6721C>T
c.325C>T
c.2122G>A
c.1453A>G

p.Arg2241*
p.Arg109Trp
p.Asp708Asn
p.Met485Val

Recessive Muscle atrophy
Proximal weakness (severe)
Rigid spine

↓ Forced vital capacity
60% predicted

Ophthalmoplegia
Ptosis

No High arched palate
Retrognathia
Jaw opening contracture
Scoliosis

2 120 mgb c.5140_512del
c.14126C>T
c.4999C>T

p.Leu1714del
p.Thr4709Met
p.Arg1667Cys

Recessive Muscle atrophy
Proximal weakness (severe)
Rigid spine

↓ Forced vital capacity
63% predicted

Ophthalmoplegia
Ptosis

No High arched palate
Joint contractures

3 120 mg c.2923C>T p.Arg975Trp Dominant Proximal weakness (minimal)
Myalgia

Forced vital capacity
101% predicted

No

4 200 mg c.7354C>T p.Arg2452Trp Dominant Proximal weakness (mild)
Myalgia
Muscle cramps
Tremor

↓ Forced vital capacity
64% predicted

Yes Migraine headaches

5 200 mg c.14731G>A p.Glu4911Lys Dominant Proximal weakness (mild)
Myalgia

Forced vital capacity
90% predicted

Yesc

6 200 mg c.14818G>A p.Ala4940Thr Dominant Proximal weakness (mild)
Myalgia

Forced vital capacity
82% predicted

No

Pathogenic and likely pathogenic variants are highlighted in bold for participants with biallelic RYR1 variants. aRYR1, NM_00540.3. bSubject was re-enrolled and received high dose of 200 mg/day following
washout period. cMH-like episode.

Table 2: Genotypes and clinical features of participants.

Safety event S48168 (ARM210) dose group

120 mg/day (N = 3) 200 mg/day (N = 4)

Events Participants Events Participants

N N N N

Total treatment-emergent adverse events 17 3 9 3

Treatment-emergent adverse events ≥ grade two in severitya 2 2 1 1

Treatment-emergent adverse events at least possibly related to S48168 (ARM210) 2 2 0 0

Adverse events of special interest 0 0 0 0

Serious adverse events 0 0 0 0

Deaths 0 0 0 0

aDefined per NCI Common Terminology Criteria for Adverse Events (version 5.0).

Table 3: Treatment-emergent adverse events.

Articles
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observed in any additional participants. An isolated
grade one incidence of hyperglycemia occurred in one
participant (120 mg dose group). As fasting glucose was
previously within normal limits, this event was consid-
ered possibly related to S48168 (ARM210) but was
resolved by the next follow-up visit and within the active
dosing period. The safety results of this trial are
consistent with four prior dose ranging studies con-
ducted in otherwise healthy adult men, in which no
dose-limiting toxicity was observed (repeated dosing up
to 240 mg daily for 14 days) and do not deviate from the
AE profile reported in RYR1-RM natural history
(Supplementary Table S2).

Pharmacokinetics and target tissue engagement
and distribution
S48168 (ARM210) exhibited a dose-dependent PK pro-
file (Table 4). In RYR1-RM affected individuals, S48168
(ARM210) maximum concentration and exposure at
steady state (Day 29), Fig. 2 A-B, were consistent with
expected PK based on projections from prior male adult
healthy volunteer studies. No participant exceeded the
pre-specified Cmax[ss] limit of 35 μg/mL. Assessment of
S48168 (ARM210) target engagement by the pre-
specified RyR1-calstabin1 co-immunoprecipitation
with Western blot was not achievable due to substan-
tial assay test-retest variability leading to inconsistent
signal in control tissue and pre-dose muscle homoge-
nates. Exploratory analyses using pre- and post-dose
skeletal muscle tissue from two participants who
received 200 mg/day S48168 (ARM210) demonstrated
that when processed correctly, muscle needle biopsies
can be used for assays of target engagement in situ
(Supplementary Fig. S2). Nonetheless, additional
experimental studies should be conducted with a larger
sample size to evaluate the reliability of the proximity
ligation assay for the purposes of assessing RyR1-
calstabin1 association. S48168 (ARM210) was detec-
ted in all available skeletal muscle tissue samples
derived from three participants in the high-dose group
(909 ± 404 ng/mg tissue, N = 3), suggesting appro-
priate target tissue penetration.
Pharmacokinetic measure Timepoint and S48168 (ARM210) dose

Baseline (Day 0)

120 mg/day (N = 3) 200 mg/d

Cmax, μg/mL 13.1 17.6

Tmax, hours 3.0 5.0

t½, hours 14.1 12.8

AUC0-∞, hours × μg/mL 256.6 309.0

AUC0-tau, hours × μg/mL – –

Data are geometric mean. Cmax, maximum plasma concentration; Tmax, time to maxim
under the curve (total exposure) from time 0 extrapolated to infinite time; AUC0-tau, area

Table 4: Pharmacokinetic parameters (Mean).
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Preliminary efficacy
Consistent with prior natural history studies of this
disease, at baseline, six participants demonstrated
minimal to moderate increased physical fatigue
compared to the United States general population
(PROMIS-fatigue t-score normal limits range: 20–55;
RYR1-RM mean ± SD: 55 ± 4 and 64 ± 3, for low and
high dose groups respectively).23 In the high dose group,
PROMIS fatigue t-scores declined over the course of the
trial (mean ± SD Day 14, −15 ± 8; Day 28 −19 ± 13),
Fig. 2C. In three high dose participants the observed
decline in fatigue from baseline was greater than what
was observed in a prior natural history study
(Supplementary Table S3). Moreover, this exceeded the
RYR1-RM MDC threshold (t-score change ≥ 2.83) and
estimated placebo effect (−2.93, N = 7) based on a pre-
vious clinical trial in this patient population,20 and was
not observed in the low dose group (Fig. 2C). Average
percent predicted dominant handgrip strength was
increased from baseline in both dose groups at Day 28,
(120 mg/day dose group: +5.9%, range +2.9 to +9.4%;
200 mg/day dose group: +5.4%, range −12.0 to +29.5%),
Fig. 2D. On physical examination, it was noted that
shoulder abduction Medical Research Council (MRC)
grades improved at Day 28 in three of four participants
who received the high dose (Supplementary Table S4).
These were the same participants who showed
improvement in PROMIS fatigue scores. Two partici-
pants had shoulder abduction MRC grade assessed at
Day 42 (Supplementary Table S4), two weeks after
dosing was completed. In one of these two participants
who had shown improvements, Day 42 shoulder
abduction MRC grade had returned to baseline levels.
Results for all other exploratory efficacy endpoints were
mixed (Supplementary Figs. S3 and S4 and Table S5).

Exploratory biomarkers
All participants demonstrated elevated plasma lipid
peroxidation at baseline compared to established refer-
ence norms (15-F2t-isoprostane 266.2 ± 65.9, N = 7
versus 52.5 ± 9.3 pg/mL, N = 110)24 though to a lesser
extent than collagen VI-related muscular dystrophy
group

Steady state (Day 29)

ay (N = 3) 120 mg/day (N = 3) 200 mg/day (N = 4)

19.2 21.6

3.95 5.08

ND ND

– –

271.0 329.0

um plasma concentration; t ½, apparent plasma terminal half-life; AUC0-∞, area
under the curve (total exposure) from time 0 to the last measurable concentration.
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Fig. 2: (A) S48168 (ARM210) PK time-concentration curves at Day 1 and (B) Day 29. (C) Change over time in PROMIS fatigue and (D)
percent predicted dominant handgrip strength. PK data are presented as Mean ± SD. For panels C and D, each bar represents absolute change
from baseline in an individual participant. S48168 (ARM210) exhibited a dose-dependent PK profile at Day 1 and Day 29. Neither dose group
exceeded the pre-defined Cmax limit of 35 μg/mL following treatment for 29 days. We found no notable difference in the S48168 (ARM210) PK
profile between RYR1-RM affected individuals and otherwise healthy men in prior studies (data not shown). RYR1-RM natural history data were
obtained from six-month lead-in phase of NCT02362425 and adjusted to reflect predicted change over a one-month period.20 Participants in
the 200 mg dose group exhibited a decrease in PROMIS fatigue (t score) over the one-month dosing period. Mean percent predicted dominant
handgrip strength was increased from baseline in both dose groups at Day 28. Error bars indicate SD.
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(COL6-RD) disease controls (415.6 ± 79.0 pg/mL, n = 6).
S48168 (ARM210) treatment did not modify plasma 15-
F2t-isoprostane concentrations at the doses tested (Day
28: 120 mg/day, −0.03 ± 0.11 pg/mL versus 200 mg/day
0.05 ± 0.20 pg/mL), Supplementary Fig. S5. At baseline
and following treatment with S48168 (ARM210), plasma
protein carbonyl concentrations were comparable be-
tween participants and age and sex-matched controls
(N = 7, 2.47 ± 0.87 and N = 18, 2.40 ± 0.84 nmol/mg
protein, respectively), Supplementary Fig. S5. At base-
line and following treatment with S48168 (ARM210),
participants exhibited a higher average plasma
interleukin (IL)-6 concentration and IL-6/IL-10 ratio
compared to age and sex-matched controls, albeit with
notable variability (Supplementary Fig. S6).
Discussion
In this open-label dose escalation trial, we demonstrate
that S48168 (ARM210) has a favorable safety profile and
is well-tolerated in the RYR1-RM population at 120 and
200 mg per day for 29 days. This is the first-in-patient
report on Rycals, a new class of small molecules with
a novel mechanism of action. This trial is also the first to
www.thelancet.com Vol 68 February, 2024
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test S48168 (ARM210) in women. S48168 (ARM210)
Cmax[ss] remained within pre-defined, PK safety margins
at both dose levels. The adaptive design enabled dose-
escalation which was informed by results of the low
dose cohort and thus limited potential exposure of par-
ticipants to a S48168 (ARM210) Cmax over the limit, an
AESI based on prior nonclinical studies. Establishing
target tissue penetration and target engagement are
important considerations in drug development.25

S48168 (ARM210) was measurable in skeletal muscle,
the disease-relevant target tissue. Nonetheless, target
engagement could not be assessed in this trial due to
technical reasons.

This trial further corroborates that fatigue is a
prominent symptom that contributes to disease
burden and negatively impacts quality of life in RYR1-
RM.26 A large decrease (∼20 points in the t-score = two
standard deviations from the reference population
mean) in self-reported fatigue was observed in three of
four participants in the high dose group, an unex-
pected but encouraging finding considering that
RYR1-RM is a slowly progressive disease and despite
the short treatment duration in this trial. Self-reported
fatigue continued to decrease between Days 14 and
Day 28. Notably, the observed decrease in self-reported
fatigue was also much greater than the estimated pla-
cebo effect from natural history studies and placebo
arm of a prior clinical trial in this patient population
(adjusted to one month, Supplementary Table S3).20

Nonetheless, self-report bias and an exacerbated pla-
cebo effect for PROMIS-fatigue cannot be ruled out
due to the open-label design. Overall, these findings
highlight the feasibility and importance of incorpo-
rating validated patient reported outcome measures of
fatigue in future RYR1-RM trials. Given the promi-
nence of self-reported fatigue in RYR1-RM, it would
also be of interest to incorporate measures of free-
living physical activity into future natural history
studies and clinical trials.

Increased handgrip strength was observed in five trial
participants (low dose, n = 3; high dose n = 2). The small
sample size and intra- and inter-subject variability pre-
cludes conclusive interpretation of handgrip strength re-
sponses to S48168 (ARM210) treatment. Furthermore,
these measurements are focused on distal muscle
strength, while RYR1-RM patients more often show
proximal muscle weakness.8 Our exploratory efficacy
studies did not include quantitative measurements of
proximal muscle strength. However, using the shoulder
abduction Medical Research Council (MRC) grading on
physical examination, proximal muscle weakness trended
higher at Day 28 in the high dose group in the three
participants with monoallelic variants. Overall, the
exploratory efficacy data on self-reported fatigue, handgrip
strength and proximal muscle weakness warrant further
investigation in an appropriately powered, randomized,
masked, placebo-controlled proof of concept trial.
www.thelancet.com Vol 68 February, 2024
Our observation of elevated plasma lipid peroxida-
tion in all participants at baseline aligns with prior
findings in urine samples of RYR1-RM affected in-
dividuals.20 S48168 (ARM210) treatment did not
decrease 15-F2t isoprostane concentrations over a one-
month dosing period. This is not entirely unexpected
as the primary mechanism of action of S48168
(ARM210) is stabilization of the RyR1 closed state and
any impact on lipid peroxidation would likely be
downstream through dampening of intracellular cal-
cium dysregulation. Thus, it is possible that an extended
treatment duration may be necessary to detect a treat-
ment effect of S48168 (ARM210) on such biomarkers.
Further exploration of 15-F2t isoprostane as a noninva-
sive biomarker in RYR1-RM is warranted given its
consistent elevation above well-established normative
values and long-term chemical stability.24 Plasma pro-
tein carbonyl content, a general biomarker of protein
oxidation, was comparable to control; however, on
average, participants did exhibit increased IL-6 concen-
trations and IL-6/IL-10 ratios. Similar results, namely
elevation of IL-6, have been reported previously in
RYR1-RM patient-derived primary myotubes and is
associated with muscle inflammation and regeneration
in the context of other neuromuscular disorders.27,28

Given the limited sample size of this trial and vari-
ability of these cytokines, it would be prudent to verify
these observations by incorporating pro- and anti-
inflammatory cytokine analyses in natural history
studies of RYR1-RM.

For phase two design in this population, a multi-site,
randomized, masked, placebo-controlled, crossover trial
is an attractive approach as within-subjects analyses
maximize statistical power. In this phase one trial,
several participants with monoallelic RYR1 variants had
a baseline ceiling effect on MFM-32. To address this
challenge, it will be important to focus on endpoints that
are more likely to capture significant improvement in
RYR1-RM affected individuals, such as quantitative
assessment of muscle strength in proximal muscle
groups (e.g., shoulder abductors), and the PROMIS-
fatigue scale with appropriate statistical considerations
to reduce bias in sample size estimation.29

Diminished RyR1 protein expression has been re-
ported in some RYR1-RM patients with biallelic RYR1
variants, and may occur alongside SR calcium leak
depending on the precise genotype.16,30 Indeed, the
biallelic RYR1 participants who were included in this
trial had also shown SR calcium leak, with favorable
effect of Rycals in prior in vitro and ex vivo studies of
their archival muscle biopsies.16 However, both partici-
pants did not demonstrate decreased PROMIS-fatigue
following treatment with 120 mg/day (n = 2) or
200 mg/day (n = 1, re-enrolled) for 29 days. The cause
for the discrepancy between ex vivo studies and apparent
lack of efficacy in these participants is not clear. First,
only one participant with biallelic RYR1 variants was
9
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treated at the 200 mg dose level. Additionally, in in-
dividuals with biallelic variants resulting in decreased
RyR1 expression, it is possible that higher doses, or a
longer treatment period may be required to elicit a
clinically meaningful treatment effect.

This study has several limitations. The small sample
size, partially owing to the rarity of RYR1-RM and our
stringent eligibility criteria, precludes definitive conclu-
sions, especially from exploratory efficacy endpoints.
Eligibility criteria were carefully tailored to mitigate
unwarranted risk to individuals with severe disease
burden without compromising the generalizability of
findings relating to the primary safety and tolerability
endpoint. Inclusion of monoallelic and biallelic in-
dividuals resulted in a heterogeneous cohort yet also
enabled wider investigation of disease-specific safety
considerations not possible from healthy volunteer
studies. For example, since S48168 (ARM210) targets
RyR function and had not been tested in RYR1-RM
affected individuals before, potential to induce malig-
nant hyperthermia was a theoretical safety consideration
in susceptible individuals. On the other hand, inclusion
of biallelic participants enabled safety and tolerability
assessment of S48168 (ARM210) in this subpopulation,
who typically have more severe disease. Nonetheless,
more homogeneous participant selection based on ge-
notype and/or baseline functional status may be war-
ranted in future studies. The open-label design together
with the fluctuant nature of physical fatigue affected the
interpretation of improved PROMIS-fatigue and muscle
strength (MRC) results. Thus, these favorable but pre-
liminary findings would benefit from further charac-
terization in a prospective longitudinal natural history
study and more rigorous testing in a placebo-controlled,
masked, and randomized study. Lastly, since S48168
(ARM210) was only tested over a 29 day period, the long-
term safety and tolerability of S48168 (ARM210) war-
rants further investigation.

In conclusion, S48168 (ARM210) demonstrated
favorable safety, tolerability, PK, and target tissue
penetration in RYR1-RM affected individuals. A major-
ity of participants who received 200 mg/day S48168
(ARM210) reported decreased fatigue and increased
proximal muscle strength but, given the methodological
limiations of this study, these findings warrant further
investigation in a randomized, masked, placebo-
controlled trial of S48168 (ARM210) for treatment of
RYR1-RM.
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