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ABSTRACT

Introduction: Human respiratory syncytial
virus (RSV) infections can result in hospitaliza-
tion and/or death among vulnerable popula-
tions. Molnupiravir is a prodrug of -D-N4-hy-
droxycytidine, which has broad-spectrum
preclinical activity against RNA viruses. We
conducted a pilot trial evaluating molnupiravir
for RSV infection.

Methods: Double-blind, placebo-controlled,
phase 2a human challenge study in healthy
adults (218 to<55 years old). Eligible partici-
pants were randomized 1:1:1 to molnupiravir
prophylaxis (5 days, 800 mg twice daily; fol-
lowed by placebo), molnupiravir treatment
(5 days, 800 mg twice daily; started on day 5,
unless triggered earlier by positive PCR test;
preceded and followed by placebo), or placebo.
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Study intervention was administered for 11 days,
from day -1 (evening), prior to inoculation with
RSV on day 0 (morning). For 10 days, quaran-
tined participants reported symptoms thrice
daily and underwent nasal wash sample col-
lection twice daily. Primary efficacy endpoints
(assessed by quantitative viral culture on plaque
assay) were peak viral load (PVL) in all partici-
pants (for prophylaxis) and area under the viral-
load time curve (VL-AUC) in participants with
confirmed infection (for treatment). Adverse
events were assessed from day O to day 28.
Results: Forty participants each were randomized
to prophylaxis and placebo and 36 to treatment.
Molnupiravir was not statistically significant from
placebo in either primary endpoint: with prophy-
laxis, the difference in mean log;, PVL was —-0.29
plaque-forming units (PFU)/ml (90% CI -1.16,
0.58; p=0.578), and with treatment, the differ-
ence in mean log;, VL-AUC was —2.69 day*PFU/
ml (90% CI -6.17, 0.79; p=0.201). Molnupiravir
treatment resulted in significantly faster symptom
resolution: 6.0 days versus 8.5 days with placebo
(hazard ratio: 2.24 [95% CI: 0.99, 5.07]; p=0.0459).
Adverse event rates were comparable between
arms.

Conclusions: Although the primary endpoints
were not met, modest, non-significant benefits
with molnupiravir treatment were seen across
virologic endpoints, along with significantly
faster symptom resolution.
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Key Summary Points

Why carry out the study?

Antiviral treatment options for vulnerable
patients with RSV infections are urgently
needed, and the broad-spectrum antiviral
agent molnupiravir has potential utility

in this setting, based on molnupiravir’s
mechanism of action and limited preclinical
data.

We conducted a phase 2a, randomized,
double-blind, 3-arm, human challenge

study comparing efficacy and safety of
molnupiravir prophylactic and triggered
treatment against placebo, to assess whether
molnupiravir would achieve meaningful
reductions in RSV viral load under controlled
conditions.

What was learned from the study?

A benefit of molnupiravir over placebo was
seen across all efficacy endpoints (including
the primary virologic endpoints), but the
magnitude of viral load reductions observed
in the small treatment subgroup (less than
40 participants) did not reach statistical
significance.

In this study population of healthy
volunteers, molnupiravir was found to be
well tolerated, with an adverse event profile
indistinguishable from placebo and no new
safety issues identified.

While molnupiravir treatment led to
significantly faster time to symptom
resolution than placebo, the virologic
benefits of molnupiravir observed in
this pilot trial were only modest and not
significantly different from placebo.

INTRODUCTION

Human respiratory syncytial virus (RSV), an
enveloped, single-stranded RNA virus, is a highly
communicable pathogen and a common cause
of acute lower respiratory infections in adults
[1-5]. RSV generally occurs in clear seasonal pat-
terns with a geographical gradient [2, 6, 7]. Its
two major strains RSV-A and RSV-B (both with
multiple genotypes) circulate concurrently [1, 2,
7]. The virus is readily transmitted through close
contact with aerosolized droplets or fomites and
inoculation via nasal or ocular membranes [1, 2].
Infections have a 2- to 8-day incubation period
and are initially limited to nasopharyngeal tis-
sues but can progress to bronchiolitis and pneu-
monia [1]. Acquired immunity to RSV does not
provide long-term protection, and reinfections
throughout a person’s lifespan are frequent [1, 2,
6, 8]. Healthy adults generally only develop mild
disease [1, 2, 9], but serious complications can
occur in high-risk populations (e.g.,>75 years
old, immunocompromised, and/or with signifi-
cant pulmonary/cardiovascular comorbidities)
[2, 3, 5, 10-15]. Annually, around 1.5 million
RSV infections were estimated to occur among
elderly adults in industrialized countries [16],
associated with 60,000-160,000 hospitalizations
and 6000-10,000 deaths in the United States
alone [17]; the true burden was potentially sev-
eral-fold higher [18-20]. Of note, these estimates
were obtained prior to the recent introduction of
RSV vaccines, which are now approved for pre-
vention of severe RSV disease in high-risk adults
[21, 22]. Similarly, RSV disease in infants and
vulnerable young children can be effectively pre-
vented through maternal vaccination and pas-
sive immunization with the monoclonal anti-
bodies palivizumab (short-acting) or nirsevimab
(long-acting) [23, 24]. For the treatment of acute
RSV infections, however, the only currently
available option is ribavirin, which is associated
with safety concerns and unclear efficacy and is
only approved (in its aerosolized form) for pedi-
atric patients [2, 25-27]. Antiviral agents to treat
RSV infection in high-risk adults are therefore a
significant unmet need.

One potential option is molnupira-
vir, an orally administered prodrug of
the small-molecule nucleoside-analogue
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3-D-N4-hydroxycytidine (NHC) with broad-
spectrum activity against RNA viruses and a high
barrier to the development of resistance [28-33].
Incorporation of NHC during viral replication
causes an accumulation of nucleotide errors ran-
domly distributed throughout the viral genome,
ultimately leading to production of only non-
viable, noninfectious virions [33-35]. Having
shown preclinical activity against SARS-CoV-2
in vitro and in animal studies [31, 32, 36], mol-
nupiravir’s efficacy in treating COVID-19 was
subsequently confirmed in clinical trials and
real-world studies [37-40]. Limited published
preclinical data, i.e., a plaque assay and a murine
infection model, suggest potential activity of
NHC against RSV [29].

While such preclinical results are an early
indication that investigational agents might be
able to treat RSV infections, evaluating clinical
efficacy is challenging given the vulnerable tar-
get populations [41, 42]. To address these risks
and challenges, it is a fairly standard approach
in RSV clinical research to first conduct phase
2a human challenge trials as gateway studies
prior to considering clinical trials in high-risk
patients [41, 43-45]. Human challenge studies
represent very early therapeutic intervention
in participants (generally a homogenous study
population of healthy volunteers) who receive
a fixed inoculum of RSV intranasally. Partici-
pants are then intensively followed for virologic,
symptomatic, and safety outcomes in a strict
quarantine setting, with RSV viral load as the
primary biomarker for exploring antiviral activ-
ity against RSV infections in humans. The mag-
nitude of viral load reduction achieved under
such highly controlled conditions is assumed to
correlate with the likelihood that the investiga-
tional agent would achieve significant efficacy
in actual target populations [41, 43-45]. Human
challenge studies can thus yield valuable data
to inform potential follow-on trials that assess
clinical outcomes in appropriate patient popu-
lations—however, they are not a substitute for
those trials.

We conducted a phase 2a, randomized, dou-
ble-blind, three-arm, single-center human chal-
lenge study comparing the efficacy and safety of
molnupiravir prophylactic and triggered treat-
ment against placebo. Our goal was to assess if

molnupiravir would yield meaningful reduc-
tions in RSV viral load under highly controlled
conditions in healthy participants at low risk of
complications from RSV disease.

METHODS

Study Design

Protocol MK-4482-017 was a phase 2a, double-
blind, randomized, placebo-controlled human
challenge study evaluating the efficacy and
safety of molnupiravir in healthy adults experi-
mentally inoculated with RSV and conducted
at a single clinical research unit (hVIVO, Lon-
don, United Kingdom) from November 2022
to June 2023 (clinicaltrials.gov NCT05559905).
The trial comprised three arms (i.e., prophylac-
tic administration, triggered dosed treatment,
and matched placebo) and proceeded in three
phases: screening (from day -90 through day —4,
relative to inoculation on day 0), quarantine
(day -3 through day 12), and follow-up (day 13
through day 28).

The study was conducted in accordance with
principles of Good Clinical Practice (which
reflect the ethical principles that have their
origin in the Declaration of Helsinki) and was
approved by the appropriate institutional review
board (South Central - Berkshire B Research
Ethics Committee) and regulatory agencies.
Written informed consent was obtained from
all participants prior to their participation in
the trial.

Participants, Randomization, and
Intervention

The trial was conducted in female and male
participants>18 to<55 years old. To be eligible
for the trial, potential participants had to
be in good health based on medical history,
physical examination, vital sign measurements,
spirometry, electrocardiogram, and laboratory
safety tests (including hemoglobin and
platelet levels at the lower limit of normal
or above, total white cell count>3000/ul,
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and absolute neutrophil count>1500/ul).
Participants were also required to have a total
body weight of >50 kg and a body mass index
between > 18 kg/m? and <35 kg/m?.

Pregnant or breastfeeding women were ineli-
gible for trial participation. Other key exclu-
sion criteria were: any active respiratory infec-
tion at day 0O; any signs/symptoms of upper or
lower respiratory tract infection within 4 weeks
prior to study entry; history of any clinically
significant abnormalities or diseases; ongoing
(or resolved within less than 12 months prior
to study entry) depression and/or anxiety; his-
tory of rhinitis (unless mild or currently inactive
for at least 30 days); significant abnormalities of
nasal and/or nasopharyngeal anatomy; forced
expiratory volume in 1 s <80%; creatinine
clearance < 60 ml/min; cigarette use of =210 pack
years; use (or anticipated use) of concomitant
medications (including vitamins and supple-
ments) beginning 2 weeks prior to the first dose
until the final follow-up visit; and any vaccine
received within 4 weeks prior to inoculation
or anticipated before the final follow-up visit.
Importantly, potential participants also had to
exhibit no or low (i.e., in the lower quartile for
immunogenicity) serum levels of RSV A Mem-
phis 37b strain-specific antibodies, as measured
by a cell-based neutralization assay, at screen-
ing and within 90 days prior to receiving study
intervention.

Eligible participants were randomized 1:1:1 to
the prophylaxis, treatment, and placebo arms
according to a computer-generated allocation
schedule without stratification. To ensure at least
31 evaluable participants per treatment arm (to
maintain the planned statistical power), partici-
pants who withdrew or discontinued from the
trial were to be replaced with a new randomized
participant according to a protocol-defined
replacement allocation schedule. Participants
randomized to the placebo arm received 11 days
of placebo twice daily starting in the evening
of day -1 with the last dose on the morning of
day 10. Participants randomly assigned to the
prophylaxis arm received 5 days of molnupira-
vir (800 mg every 12 h) starting in the even-
ing of day -1 and were subsequently switched
to matching placebo starting in the evening of
day 4 through the morning of day 10. Those

randomized to the treatment arm received pla-
cebo starting in the evening of day -1 and were
switched to 5 days of molnupiravir (800 mg
every 12 h) approximately 12 h after the condi-
tions to trigger treatment had been met; treat-
ment was triggered (a) based on a qualitative
integrative cycler PCR test [46] positive for RSV
infection between the afternoon of day 2 and
the morning of day 5 or (b) in the evening of
day S if no PCR test had been positive prior to
that time. Participants in this arm who had com-
pleted a full 5-day course of molnupiravir prior
to day 10 were switched back to placebo, with
the last dose also on the morning of day 10.

Switching between molnupiravir and pla-
cebo was managed by unblinded study staff
who otherwise did not have any additional role
in the trial. Participants, investigators, and all
other study personnel remained fully blinded
throughout the trial.

Trial Schedule and Assessments

Potential participants who had provided Health
Research Authority (HRA) generic screening con-
sent proceeded to the generic screening phase,
during which general health assessments were
conducted. The first step of the screening process
was the determination of anti-RSV A Memphis
37b-specific antibodies using a foci reduction
serum microneutralization assay (FRNA). Screened
participants who were identified as being eligible
for the trial were invited to be admitted to quar-
antine between day -3 to day —1. Upon admission
to the quarantine unit, participants had to be con-
sented onto the trial before final eligibility assess-
ments were performed. Participants remained in
the quarantine unit until day 12, when they were
discharged after completion of all morning assess-
ments; participants who discontinued the trial
were discharged prior to day 12.

Quarantined participants received their first
dose of study intervention (i.e., either mol-
nupiravir or placebo, depending on which study
arm they had been randomized to) in the even-
ing of day -1 and were intranasally inoculated
with approximately 10* plaque-forming units
(PFU) of RSV A Memphis 37b on the morning
of day 0, as long as did they did not present
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with any active respiratory infection at that
time. The assessment for respiratory infection
included clinical evaluation on days -3 to 0 and
a respiratory pathogen screen upon admission
on day -3 or day -2 using nasopharyngeal swabs
evaluated via the BioFire® Respiratory 2.1 Panel
(bioMérieux, Salt Lake City, UT, USA).

Beginning on day -1, while quarantined,
participants completed a standardized 13-item
paper questionnaire three times per day to assess
for symptoms of RSV infection. Eleven symp-
toms (i.e., runny nose, stuffy nose, sneezing,
sore throat, earache, malaise/tiredness, mus-
cle and/or joint ache, chilliness/feverishness,
cough, and chest tightness) were self-rated on
a scale from O to 3 while two symptoms (i.e.,
shortness of breath and wheezing) were rated
on a scale from O to 4. Ratings were defined as
follows: “no symptoms” as grade O; “just notice-
able” as grade 1; “clearly bothersome from time
to time but does not interfere with me doing
my normal daily activities” as grade 2; “quite
bothersome most/all of the time and stops me
from participating in activities” as grade 3; and
“symptoms at rest” as grade 4.

Nasal wash samples were collected twice
daily (12+1 h apart) from the morning of day 2
through the morning of day 12. All nasal wash
samples underwent testing for RSV viral load by
both quantitative RT-PCR (see Supplementary
Material, Methods S1) and quantitative viral cul-
ture assessed by plaque assay (see Supplementary
Material, Methods S1), and those samples collected
from day 2 up to and including the morning of
day 5 also underwent RSV infectivity testing via a
previously described qualitative integrative cycler
PCR method [46]. Nasal discharge weight per 24 h
was determined for each participant for days O
through 12. A detailed description of nasal wash
sample processing and the subsequent analyses can
be found in the Supplementary Material (Methods
S1).

Blood samples to measure concentrations of
NHC in plasma and concentrations of NHC-TP
in peripheral blood mononuclear cells were col-
lected throughout the study (i.e., for the even-
ing dose of study intervention on day -1 and
the morning dose on days 2 [NHC only], 4, 5
[NHC only], 6, and 7) at the following time
points: predose (within 3 h prior to the first dose

on day -1 or within 30 min prior to each subse-
quent dose), 0 to<1 h, 1 to<12 h, and 12 h. A
detailed description of the bioanalysis methods
used was published previously [47]. In brief, both
NHC (analytical range: 0.00386-3.86 uM) and
NHC-TP (analytical range: 0.01-4.0 pM) con-
centrations were determined using a validated
high-performance liquid chromatography tan-
dem mass spectrometry method [48]. Key phar-
macokinetic parameters assessed were maximum
concentration (C,,,), time to maximum concen-
tration (T,,,,), area under the concentration-time
curve from time O to 12 h (AUC,_;,), AUC to the
last quantifiable concentration (AUC,_,,), AUC
extrapolated to infinity (AUC,_,s), accumula-
tion ratio (AR), and apparent half-life (t;,,). AUC
o-int and t;, were determined following the last
dose only. The accumulation ratio was calculated
using C,,,, and AUC,_;, on day -1 versus day
11. All pharmacokinetic parameter values were
estimated through noncompartmental mod-
eling methods in Phoenix WinNonlin version
8.1 (Certara, Princeton, NJ, USA).

Prior to discharge from quarantine, a rapid viral
antigen test (or alternatively a PCR test) for RSV
infection was performed at the discretion of the
investigator if indicated for any reason. To further
minimize the risk of passing the challenge virus
on to others, participants were counseled to avoid
contact with vulnerable people (including chil-
dren, elderly, nursing home residents, immuno-
compromised people, and those with severe lung
disease) for 2 weeks after departing quarantine. All
inoculated participants were followed for safety
until day 28+ 3 days.

Endpoints

Efficacy was assessed in two analysis populations,
i.e., the full analysis set (FAS; defined as all
randomized participants who received both
the RSV inoculation and>1 dose of study
intervention) and the full analysis set—infected
(FAS-I; defined as all participants in the FAS
population who had laboratory-confirmed RSV
infection). Laboratory-confirmed RSV infection
from nasal wash samples was defined as>2
independent, quantifiable RT-PCR measurements
over 2 days and/or=1 positive, quantifiable
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plaque assay measurement. The primary efficacy
endpoint for prophylaxis was peak viral load
(PVL), defined as the maximum viral load from
day 2 to day 12 as determined by quantitative
plaque assay, in the FAS analysis population. The
primary efficacy endpoint for treatment was the
area under the viral-load time curve (VL-AUC)
based on quantitative plaque assay results, from
initiation of study intervention (i.e., molnupiravir
or placebo) through the morning of day 12 in the
FAS-I analysis population.

Important secondary endpoints for prophy-
laxis included the following (all analyzed in the
FAS population): PVL determined by quantitative
RT-PCR; VL-AUC determined by plaque assay; VL-
AUC determined by quantitative RT-PCR; infectiv-
ity rate (defined as>1 positive plaque assay test);
plaque assay-confirmed symptomatic RSV infec-
tion; and total clinical symptoms, expressed as area
under the curve over time of total symptom scores
(TSS-AUC) from day 2 to day 12 in the morning
(i.e., planned discharge from quarantine). Impor-
tant secondary endpoints for triggered treatment
included the following (all analyzed in the FAS-I
population): VL-AUC determined by quantitative
RT-PCR; PVL determined by plaque assay; time to
confirmed negative RSV test (determined by plaque
assay) after the initiation of study intervention (i.e.,
molnupiravir or placebo); total clinical symptoms,
expressed as area under the curve over time of total
clinical symptoms (TSS-AUC) after initiation of
study intervention; and time to symptom resolu-
tion after initiation of study intervention.

Safety (i.e., the incidence of adverse events [AEs]
from initiation of study intervention to day 28)
was assessed in the safety population, defined as
all participants who received at least one dose of
study intervention as treated. AEs were classified
as all-cause AFs (i.e., irrespective of their potential
relationship to study intervention) and treatment-
related AEs (i.e., those determined by the inves-
tigator to be related to study intervention). AEs
related to the RSV challenge (from viral challenge
to day 28) were assessed separately.

Statistical Analysis

VL-AUC was determined using the trapezoid
method and the actual timepoints of sample

collection. Rules applied to convert viral load
assay results to analysis values for VL-AUC
calculation are detailed in Supplementary
Material Methods S2. To assess the efficacy of
molnupiravir in the prophylaxis setting, mean
PVL (on the log,, scale) for the prophylaxis and
placebo arms was calculated using an analysis
of variance (ANOVA) linear model with study
arm as a fixed categorical effect. The difference
in mean PVL between molnupiravir and pla-
cebo (with the corresponding two-sided 90%
confidence interval [CI]) was determined from
this model, with a two-sided p value provided
to test whether this difference was statistically
significant. To assess the efficacy of molnupira-
vir in the treatment setting, mean VL-AUC (on
the log,, scale) for the treatment and placebo
arms was also determined using an ANOVA lin-
ear model with study arm as a fixed categori-
cal effect, and the difference in mean VL-AUC
between molnupiravir and placebo (with the
corresponding two-sided 90% CI and a two-sided
p value for significance testing) was calculated.
If the assumptions of a linear model were not
met, Wilcoxon rank-sum tests were to be applied
instead. For all analyses of symptom-based sec-
ondary endpoints, only ten items (i.e., runny
nose, stuffy nose, sneezing, sore throat, earache,
malaise/tiredness, muscle and/or joint ache,
cough, and shortness of breath) of the 13-item
RSV symptom questionnaire were included, to
match prior RSV human challenge studies which
had generally only assessed these ten symptoms.
No multiplicity adjustments were made in any
of the analyses. AEs were tabulated and summa-
rized descriptively. All analyses were conducted
with the use of SAS version 9.4 (SAS Institute
Inc, Carey, NC, USA).

The planned enrollment total for this trial
was 105 participants, with 35 participants
per study arm. The evaluable sample size was
assumed to be 35 participants per arm, with an
expected dropout rate of around 5% (i.e., two
out of 33 participants per arm). The prophy-
laxis arm had ~80.9% power to detect a 65%
decrease (molnupiravir versus placebo) in PVL,
assuming a coefficient of variation (CV) in PVL
of 0.917 with a two-sided alpha of 0.05. The
treatment arm had ~80.5% power to detect a
70% decrease (molnupiravir versus placebo) in
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VL-AUC, assuming a CV in VL-AUC of 0.767
with a two-sided alpha of 0.05. Assuming an
infection rate of 61% (based on a single posi-
tive quantitative plaque assay from day 2 to day
12), a sample size of 31 per arm would maintain
80% power. The assumed CV in VL-AUC or PVL
and the assumed infection rate were based on
the results of previous RSV human challenge
studies conducted by hVIVO (London, United
Kingdom).

RESULTS

Participants

In total, 116 participants were randomized into
this trial (40 participants each to the prophylaxis
and placebo arms and 36 participants to the
treatment arm) and received the RSV inoculation

(Fig. 1). Of these, 115 in total received at least
one dose of molnupiravir or placebo, 110 (94.9%
in the prophylaxis, 100.0% in the treatment,
and 92.5% in the placebo arms) completed their
assigned study intervention, and 114 completed
the trial (95.0% in the prophylaxis, 100.0% in
the treatment, and 100.0% in the placebo arms).
The FAS primary analysis population consisted
of 39 participants from the prophylaxis arm and
40 from the placebo arm, and the FAS-I primary
analysis population comprised 23 participants
from the treatment arm and 26 from the placebo
arm (Fig. 1).

Baseline characteristics of participants were
generally well balanced between the three study
arms (Table 1). Overall, most of the participants
were male (61.7%), of white race (73.9%), and
not of Hispanic/Latino ethnicity (99.1%). The
mean age was 27.3 years, the mean weight was
76.4 kg, and the mean body mass index was
25.3 kg/m>.

Screened for eligibility (n=163)

Randomized (n=116)?

!

!

Allocated to MOV prophylaxis (n=40)
 Started intervention (n=39)
« Did not receive intervention (n=1)

Allocated to MOV treatment (n=36)
« Started intervention (n=36)

Allocated to placebo (n=40)
 Started intervention (n=40)

I Discontinued the trial (n=2)

| « Participant withdrew (n=1)
: * Other reason (n=1)
|
|
|

-

Discontinued study intervention (n=2)
* Due to adverse event (n=2)

_____ T

L 4L

I Discontinued the trial (n=0)

Discontinued study intervention (n=0)

I Discontinued the trial (n=0)

|

[

I 1 Discontinued study intervention (n=3)
: : * Due to adverse event (n=3)
[
[
[

FAS population (n=39)
FAS-I population (n=26)

FAS population (n=36)
FAS-| population (n=23)

FAS population (n=40)
FAS-| population (n=26)

Fig.1 CONSORT diagram indicating the flow of par-
ticipants through the trial. *All randomized participants
were inoculated with RSV. FAS full analysis set (defined
as all randomized participants who received both the RSV

inoculation and > 1 dose of study intervention), FAS-I full
analysis set-infected (defined as all participants in the FAS
population who had confirmed RSV infection), MOV
molnupiravir
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Table 1 Participant baseline characteristics (safety population)

Prophylaxis Treatment Placebo

Participants in population 39 36 40
Sex

Male, 72 (%) 25 (64.1) 23 (63.9) 23(57.5)

Female, 7 (%) 14 (35.9) 13 (36.1) 17 (42.5)
Age

18 to 64 years, 7 (%) 39 (100.0) 36 (100.0) 40 (100.0)

Median (range), years 25.0 (18 to 42) 27.5(19t0 51) 25.0 (18 to 46)
Race

Asian, 7 (%) 3(7.7) 3(8.3) 2(5.0)

Black/African American, 7 (%) 4(10.3) 4(11.1) 7 (17.5)

Multiple, 7 (%) 1(2.6) 4(11.1) 2(5.0)

White, 7 (%) 31(79.5) 25 (69.4) 29 (72.5)
Ethnicity

Hispanic/Latino, 7 (%) 0(0.0) 1(2.8) 0(0.0)

Not Hispanic/Latino, 7 (%) 39 (100.0) 35(97.2) 40 (100.0)
Weight

Median (range), kg 73.5(502t098.8)  76.5(50.7t0106.7)  77.1(58.0 to 120.8)
BMI

Median (range), kg/m? 243 (18.6t034.2)  25.2(20.4t031.4) 25.3 (20.1 to 34.8)

BMIbody mass index, » number of participants per intervention arm and row title

Efficacy

All randomized participants were inoculated
with RSV. Of the 114 participants who com-
pleted the trial, the culture-confirmed infec-
tivity rate (defined as>1 positive plaque assay
test) was 22/38 (57.9%) in the prophylaxis arm,
20/36 (55.6%) in the treatment arm, and 22/40
(55.0%) in the placebo arm. Similarly, the infec-
tion rates as confirmed by quantitative RT-PCR
were 26/38 (68.4%), 23/36 (63.9%), and 26/40
(65.0%) in the prophylaxis, treatment, and
placebo arms, respectively. Most of the infec-
tions in the prophylaxis arm were symptomatic
(Table 2).

In the prophylaxis setting, there was no sta-
tistically significant difference between mol-
nupiravir and placebo in the primary endpoint
of PVL determined by plaque assay (Table 2):
the difference in mean log,, PVL was -0.29
plaque-forming units (PFU)/ml (90% CI: —-1.16,
0.58; p=0.578), approximately equivalent to a
10% reduction with molnupiravir. A supportive
analysis was conducted in which this endpoint
was analyzed using a nonparametric Wilcoxon
Rank-Sum test, and the results were consistent
with those of the primary analysis (Table 2).
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Table 2 Primary and important secondary efficacy endpoints comparing molnupiravir prophylaxis with placebo in the FAS
analysis population

Endpoint Molnupiravir (95% CI) Placebo (95% CI)  Difference (90% CI) p value

Primary endpoint—Prophylaxis
PVL by plaque assay, least-squares mean ~ 2.55 (1.81, 3.30) 2.84(2.12,3.57) -0.29(-1.16,0.58) 0.578
log,o PFU/ml*

Number of participants, 7 32 34 - -
Supportive analysis using Wilcoxon rank-  2.23 3.37 n/c 0.666

sum test, median log; o PFU/ml

Virology secondary endpoints

PVL by qRT-PCR, least-squares mean 4.66 (3.66, 5.66) 4.80 (3.81,5.79) —0.14 (- 1.31,1.04) 0.849

log,, copies/ml*

Number of participants, # 38 39 - -
VL-AUC by plaque assay, least-squares 7.56 (4.95,10.17) 8.17 (5.64,10.70)  —0.62 (—3.65,2.42) 0.736

mean day*log,, PFU/ml*

Number of participants, 7 32 34 - -

VL-AUC by qRT-PCR, least-squares 17.62 (11.70, 23.53) 19.54 (13.70,25.39) —1.93 (-8.88,5.02) 0.646

mean day*log,, copies/ml*

Number of participants, # 38 39 - -
Infectivity rate (by plaque assay), %" 57.9 (40.8,73.7)° 55.0(385,70.7)°  2.9(-194,257)¢ /e
Infectivity rate (by gRT-PCR), % 68.4 (51.4,82.5)¢ 65.0 (48.3,79.4)°  3.4(-183,245)¢  n/
Symptomatic RSV infection, %"¢ 42.1(26.3,59.2)° 45.0(29.3,61.5)  —2.9(-257,194) n/

Symptom-based secondary endpoints
TSS-AUC, least-squares mean 7.50 (4.18,10.81) 9.59(6.36,12.82)  -2.09(-5.97,1.78) 0.371
Number of participants, 7 38 40 - -

CI confidence interval, FAS full analysis population, 7z number of participants in the specific arm and analysis population
who contributed to the respective endpoint analysis, 7/¢ not calculated, PFU plaque-forming units, PVL peak viral load from
day 2 to day 12, gRT-PCR real-time quantitative polymerase chain reaction, 78S-4UC area under the curve over time of total
clinical symptoms from day 2 to day 12 in the morning, ¥Z-4UC area under the viral-load time curve from initiation of
study intervention to day 12

*Least-squares means, difference between least-squares means, confidence intervals, and p value were all calculated using an
analysis of variance (ANOVA) model with study arm as fixed effect

®Defined as at least 1 positive plaque assay in participants who completed the trial (7 =38 molnupiravir, 7 = 40 placebo)

“The 95% confidence interval was based on the exact binominal method proposed by Clopper and Pearson

4The 95% confidence interval was based on the exact method proposed by Chan and Zhang

‘Defined as any two quantifiable gRT-PCR measurements reported over 2 consecutive days, starting two days post-viral
challenge (day 2) up to day 12 (quarantine discharge)
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Table 3 Primary and important secondary efficacy endpoints comparing molnupiravir triggered treatment with placebo in

the FAS-I analysis population

Endpoint

Molnupiravir (95% CI) Placebo (95% CI)

Difference (90% CI) p value

Primary endpoint—treatment

VL-AUC by plaque assay, least-squares

mean day*log,, PFU/ml*
Number of participants, n 20
Supportive analysis using Wilcoxon 5.99

rank-sum test, median day*log;, PFU/

ml
Virology secondary endpoints

VL-AUC by qRT-PCR, least-squares

mean day*log , copies/ml*
Number of participants, 7 23

PVL by plaque assay, least-squares mean  2.85 (1.96, 3.74)

log,, PFU/ml*
Number of participants, 20
Symptom-based secondary endpoints

474 (1.76,7.72)
Number of participants, 7 23

TSS-AUC, least-squares mean

7.02(3.91, 10.14)

20.58 (13.00, 28.16)

9.72 (6.93, 12.50) -2.69(-6.17,0.79) 0.201
25 - -
9.88 n/c 0.273

2651 (19.38,33.64) —5.93 (- 14.61,2.75) 0257

26 - -
353 (2.74,433)  —0.69(-1.68,031) 0.253
25 - -
657 (3.76,9.37)  —1.83(-525,1.60) 0.377

26 - -

CI confidence interval, FAS full analysis population, 7 number of participants in the specific arm and analysis population

who contributed to the respective endpoint analysis, 7/c not calculated, PFU plaque-forming units, PVL peak viral load from

day 2 to day 12, gRT-PCR real-time quantitative polymerase chain reaction, 7SS-4UC area under the curve over time of total

clinical symptoms from day 2 to day 12 in the morning, ¥’Z-4UC area under the viral-load time curve from initiation of

study intervention to day 12

*Least-squares means, difference between least-squares means, confidence intervals, and p values were all calculated using an
analysis of variance (ANOVA) model with study arm as fixed effect

In the treatment setting, there was also no
statistically significant difference between
molnupiravir and placebo in the primary end-
point of VL-AUC determined by plaque assay
(Table 3): the difference in mean log,, VL-AUC
was —2.69 day*PFU/ml (90% CI: -6.17, 0.79;
p=0.201), approximately equivalent to a 28%
reduction with molnupiravir. A supportive anal-
ysis was conducted in which this endpoint was
analyzed using a nonparametric Wilcoxon Rank-
Sum test, and the results again were consistent
with those of the primary analysis (Table 3).

Overall, there were no significant differences
between molnupiravir and placebo in terms of
VL-AUC and PVL for both prophylaxis (Table 2,
Fig. 2A) and treatment (Table 3, Fig. 2B), regard-
less of assay used. In the treatment group, the
median (1st quintile, 3rd quintile) time to con-
firmed negative plaque assay from initial admin-
istration of study intervention was 5.0 (4.0, not
reached) days with molnupiravir and 5.0 (5.0,
6.0) days with placebo; the corresponding haz-
ard ratio was 1.72 (95% CI: 0.83, 3.57) and the
p value for the difference was p=0.1708. There
were also no significant differences observed
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(A) Prophylaxis

-e- Molnupiravir (n=39)
-= Placebo (n=40)

Viral load by gRT-PCR
(log,, copies/mL)

0 :
2 3 4 5 6 7 8 9 10 11 12
Day post-viral challenge

Viral load by plaque assay
(log,, PFU/mL)

2 3 4 5 6 7 8 9 10 11 12
Day post-viral challenge

2.57
2.01
1.51

1.01

Total symptom score

0.544/

0.0
2 3 4 5 6 7 8 9 10 11 12

Day post-viral challenge

Fig.2 Mean (standard error) viral load and total clinical
symptoms for A molnupiravir prophylaxis in the FAS analy-
sis population and B molnupiravir triggered treatment in the
FAS-I analysis population. For treatment, the number of par-
ticipants with data available became less as time progressed,
resulting in greater variability in the depicted mean results for

in terms of total clinical symptoms (Tables 2,
3, Fig. 2). In the treatment arm, the median
(Ist quintile, 3rd quintile) time to symp-
tom resolution from initial administration of
study intervention was 6.0 (4.0, 8.0) days with

(B) Treatment

-e- Molnupiravir (n=23)
= Placebo (n=26)

[

N

Viral load by gRT-PCR
(log,, copies/mL)
S

01 2 3 4 5 6 7 8 9 10
Day post-treatment initiation
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Viral load by plaque assay
(log,, PFU/mL)
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01 2 3 4 5 6 7 8 10
Day post-treatment initiation

viral load by qRT-PCR and in total symptom score, after day
7. The lower limits of quantification were 3.24 log,, copies/
ml in the qRT-PCR assay and 2 log;, PFU/ml in the plaque
assay. 7 number of participants in the FAS primary analysis
population (prophylaxis) or FAS-I primary analysis popula-
tion (treatment)

molnupiravir and 8.5 (6.0, not reached) days
with placebo (Fig. 3); the corresponding hazard
ratio was 2.24 (95% CI: 0.99, 5.07) and the dif-
ference between arms was statistically significant
(p=0.0459). Finally, there were no significant
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100 Placebo
90 | Molnupiravir treatment

-+ Censored
80 |
70

50- B

40 -

30

with symptom resolution (%)

20

Cumulative proportion of participants

I

10 Log-rank p=0.0459

0 T T T ]
2 4 6 8 10 12

Day relative to initial administration of molnupiravir

Number of participants at risk

Placebo 18 18 15 1 1 0
Molnupiravir treatment 17 14 9 5 1 0
Number of events inside period
Placebo 0 3 4 3 0 0
Molnupiravir treatment 3 5 4 2 0 0
Fig.3 Kaplan—Meier curves of time to symptom resolu- arm (7=23) versus the placebo arm (7 =26). Participants
tion from initial administration of study intervention in the without confirmed symptom resolution by the end of the
FAS-T analysis population of the molnupiravir treatment trial were censored at their last date of symptom scoring

Table 4 Adverse event rates (safety population)

Prophylaxis Treatment Placebo

n (%) n (%) n (%)
Participants in safety population 39 36 40
Acleast 1 AE 13 (333) 15 417) 13 (325)
Atleast 1 drug-related® AE 2 (5.1) 1 (2.8) 3 (7.5)
At least 1 serious AE 0 (0.0) 0 (0.0) 0 (0.0)
At least 1 serious drug-related® AE 0 (0.0) 0 (0.0) 0 (0.0)
Died 0 00) 0 00) 0 (0.0)
Discontinued treatment due to an AE 2 (5.1) 0 (0.0) 3 (7.5)
Discontinued treatment due to a drug-related® AE 1 (2.6) 0 (0.0) 1 (2.5)
Discontinued treatment due to a serious AE 0 (0.0) 0 (0.0) 0 (0.0)
Discontinued treatment due to a serious drug-related* AE 0 (0.0) 0 (0.0) 0 (0.0)

*Determined by the investigator to be related to study intervention
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differences in mean total mucus weight, which
was 14.4 (standard deviation [SD]: £22.3) g with
molnupiravir prophylaxis vs. 15.0 (SD:+18.4) g
with placebo in the FAS population and 13.1
(SD:+21.4) g with molnupiravir triggered treat-
ment vs. 17.2 (SD:+£18.8) g with placebo in the
FAS-I population. Individual and mean mucus
weights over time are shown in the Supplemen-
tary Material (Figure S2).

Safety

AE rates were comparable between the prophy-
laxis, treatment, and placebo arms (Table 4),
with 33.3%, 41.7%, and 32.5%, respectively,
reporting>1 all-causality AE and 5.1%, 2.8%,
and 7.5%, respectively, reporting>1 drug-
related AE. No deaths or serious adverse events
occurred in this trial, and only two participants
(i.e., one each in the prophylaxis and placebo
arms) discontinued study intervention due to
a treatment-related AE. A full listing of all AEs,
regardless of assumed relationship to study
intervention, is shown in the Supplementary
Material (Table S1). The reported drug-related
AEs were diarrhea and rash (one participant
each in the prophylaxis arm), nausea (one par-
ticipant in the treatment arm), and hypersensi-
tivity, increased alanine aminotransferase, and
nasal congestion (one participant each in the
placebo arm). In addition, three participants
exhibited>1 AE deemed as related to the viral
challenge: one participant in the prophylaxis
arm with increased hepatic enzyme, one partici-
pant in the treatment arm with headache, and
one participant in the placebo arm with ear pain
and mouth ulcer; none of these viral challenge-
related AEs were serious.

Pharmacokinetics

Mean geometric (geometric CV%)
pharmacokinetic parameters for NHC in plasma
for participants in the prophylaxis arm were
as follows: AUC_;, of 9270 (28.4%) h*ng/ml,
Crnax 0f 3640 (33.5%) ng/ml, and Cygn 0f 25.1
(55.6%) ng/ml. Mean geometric (geometric

CV%) pharmacokinetic parameters for NHC
in plasma for participants in the treatment
arm were: AUC_;, of 8100 (87.9%) h*ng/ml,
Chax 0of 3010 (111.5%) ng/ml, and Cyqygn Of
19.8 (66.8%) ng/ml. The differences in NHC
pharmacokinetics between the two arms were
driven by a single participant in the treatment
arm, who had an abnormal pharmacokinetic
profile (on day 7 only) that was consistent
with a missed dose. Trough measurements of
NHC-TP in peripheral blood mononuclear cells
from this participant at other sampling time
points were within the range of those from
other trial participants, suggesting this particular
participant did not systematically miss doses
across the study intervention period. Exclusion
of this participant resulted in geometric mean
(geometric CV%) estimates for AUC,_;, and
Conax 0f 9100 (30.2%) h*ng/ml and 3470 ng/ml
(33.5%), respectively, thus making the results in
the treatment arm consistent with those from
the prophylaxis arm.

DISCUSSION

In this rigorously designed phase 2a,
randomized, double-blind, single-center human
challenge trial, treatment of experimental RSV
infection with molnupiravir showed consistent
trends towards efficacy compared with placebo.
However, the primary endpoint in the treatment
setting, i.e., viral load AUC (determined by
plaque assay) in participants with confirmed RSV
infection, did not reach statistical significance.
Molnupiravir treatment did also not perform
significantly better than placebo in the
secondary virology endpoints, including peak
viral load and time to negative PCR. Notably,
molnupiravir significantly reduced the time to
symptom resolution by approximately 2.5 days
over placebo in the treatment setting, but the
difference in total symptom scores did not
reach statistical significance. This trial included
a prophylaxis arm, in which molnupiravir
also exhibited a consistent trend towards
improvement over placebo in the primary and
all secondary virologic (and symptom-based)
endpoints. However, none of these differences
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were statistically significant. In terms of safety,
molnupiravir resulted in all-cause AE and
drug-related AE rates similar to those observed
with placebo. Molnupiravir was well tolerated:
only 4% of participants experienced a drug-
related AE, and AE-related discontinuations of
molnupiravir were rare (i.e., in only one of the
71 participants who received molnupiravir). The
safety profile of molnupiravir was consistent
with previous clinical studies, including phase
3 trials for treatment and prophylaxis of COVID-
19 [38, 39, 47-51]. No new potential safety
issues were identified. Of note, our study had
very high completion rates of study therapy
(96% of all participants) and of trial assessments
(98% of participants), which facilitates results
interpretation.

The preclinical data supporting the activity of
molnupiravir and its active moiety NHC against
RSV were rather limited in comparison to that
against other RNA viruses, for which multiple
studies support strong in vitro activity (in both
plaque and cytopathic effect assays) as well as
preclinical in vivo efficacy when administered
after infection (as post-exposure prophylaxis
and/or treatment). For example, NHC and
molnupiravir have been shown as consistently
active against SARS-CoV-2 variants and influenza
virus in a variety of in vitro assays and animal
models [28, 29, 32, 36, 52-55]. In contrast, the
published preclinical data against RSV consist
of only a single study showing in vitro activ-
ity in a plaque assay and in vivo efficacy when
administered prior to infection (as pre-exposure
prophylaxis) in a murine infection model [29].
Despite these limited preclinical data, a phase 2a
trial was justified, given there is no clear preclin-
ical cutoff indicating likely clinical efficacy and
considering the high unmet need for RSV anti-
viral therapies. Additional in vitro evaluation
of NHC against RSV found that the compound
inhibited plaque formation but was inactive
in a cytopathic effect assay [data on file]. Such
apparent potency variations between assays are
attributable to differences in assay conditions,
such as cell lines used, multiplicity of infection,
and incubation times. Nevertheless, the modest
efficacy results of our RSV challenge study may
reflect the limited and mixed preclinical data of
NHC against this specific virus.

It is important to carefully consider all con-
founding factors that may have negatively
impacted the observed efficacy in our study
population, such as treatment window, RSV
inoculum, pharmacokinetics, and sample size.
Similar to previous RSV challenge studies,
treatment initiation was triggered based on a
positive PCR test (conducted twice daily) or
initiated 5 days after experimental inoculation
if PCR results up to this point had been nega-
tive [56-61]. An important strength of our trial
was the inclusion of a prophylaxis arm, which
allowed us to assess whether earlier treatment
initiation might have improved outcomes.
Since virologic outcomes with the prophylac-
tic intervention were similar to those with trig-
gered treatment, the modest viral load reduc-
tion observed with molnupiravir was likely
not related to the triggered treatment window.
It also does not appear that outcomes in our
trial (which carefully enrolled only participants
with low or no immunity to the challenge
RSV strain) were impacted by the experimen-
tal viral inoculation. The ~ 65% infectivity rate
observed with placebo was sufficiently high; a
rate of 2 50%, which allows antiviral activity to
be evaluated in a relatively small trial popu-
lation, is the target for challenge studies. The
observed placebo infectivity rate also suggests
that the utilized RSV inoculum performed com-
parably to other challenge trials employing the
same viral strain [56-59, 62, 63]. The viral load
dynamics observed in placebo participants were
also consistent with comparable challenge stud-
ies [56, 61], further confirming the integrity of
the RSV strain used in our trial. Underexposure
to NHC does also not explain the modest viro-
logic effect observed, given that NHC plasma
pharmacokinetic parameters were consistent
with the current body of evidence, including
a phase 1 trial in healthy adults [47, 64, 65].
The molnupiravir dosing regimen selected for
our study (i.e., 800 mg twice daily for 5 days)
has demonstrated a good safety and tolerability
profile in multiple prior clinical trials [38, 39,
49-51], as well as clinical efficacy in treating
COVID-19 [38-40]. We selected this same regi-
men for our trial, since data from in vitro assays
and in vivo preclinical models suggested that
similar levels of NHC may be effective against
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RSV and SARS-CoV-2 [data on file, 29, 32]. Due
to the study’s small sample size, relative outli-
ers in the efficacy results had a disproportion-
ate impact on reported means. It is unknown if
a trial enrolling more participants might have
shown greater treatment differences between
molnupiravir and placebo.

While phase 2 trials of investigational
antimicrobial therapies are often conducted
in the target population with the respective
infection, this approach is difficult with
potential RSV therapeutics. Clinically important
populations for RSV antivirals are those most
at risk of mortality and hospitalization (e.g.,
infants, heavily immunocompromised patients,
and elderly patients with comorbidities), who
by their very nature are extremely vulnerable to
adverse outcomes. RSV clinical research therefore
often relies on phase 2a human challenge
studies as the first step in evaluating novel
treatments, because experimental RSV infection
of healthy adults under controlled conditions
appropriately minimizes the risks of serious
morbidity or death. Our trial with molnupiravir
was rigorously conducted and robustly designed
in line with regulatory guidance [45] and prior
RSV human challenge studies, which makes the
collected data suitable for informing potential
follow-on studies and effective comparison
with previously published challenge models.
For example, to facilitate comparison of
symptom data with similar studies, all of
which utilized a ten-point symptom scale, we
based our analyses on the same ten symptoms
although we collected data on three additional
symptoms. Notably, viral load for the primary
endpoints was assessed by quantitative viral
culture on plaque assay, which detects levels
of viable, infectious virus. This is particularly
important in the case of molnupiravir: since
the drug’s unique mechanism of action results in
production of non-viable, non-infectious virus
[33-35], changes in viral RNA levels as measured
by PCR cannot fully reflect the drug’s antiviral
efficacy. While virologic outcomes are the most
important endpoint in experimental challenge
trials, clinical outcomes (including mortality
rates, hospitalization rates, and symptom
reductions) are considerably more relevant
in patients with severe RSV disease. However,

a lack of meaningful viral load reductions
under these highly controlled conditions is
generally assumed to indicate a low likelihood of
achieving clinical efficacy in the less controlled
setting of phase 2b trials [41, 43-43].

The main benefits of the human challenge
model, i.e., enrolling healthy volunteers at
low risk of complications from RSV disease, its
ability to explore antiviral activity using a small
sample size, and a study design that represents
a highly controlled model of human disease,
may also present theoretical limitations. For
example, unlike real-world scenarios in which
RSV treatment would frequently not be initiated
for several days after symptom onset (or perhaps
not until hospitalization), human challenge
studies initiate treatment upon first evidence
of infection. This aspect of trial design powers
challenge studies to detect vial load reductions
beyond those mediated by the natural immune
response—early treatment initiation before peak
viral titers are reached allows investigational
therapies to show antiviral effects before host
responses can shut down viral replication. On
the other hand, this same feature may also be
the main reason why RSV human challenge trials
with promising virology results have thus far all
failed to translate into successful follow-on phase
2b studies evaluating those same investigational
therapies. These 2b trials conducted in patients
with more severe RSV infections may have been
designed in such a way that treatment initiation
was too late, especially when compared to the
corresponding challenge trials, since antiviral
treatment for acute respiratory infections needs
to be initiated soon after first symptoms in order
to achieve meaningful clinical benefits [51,
66, 67]. Conversely, since our virology results
suggested only modest activity, successful
phase 2b trials may be even less likely with
molnupiravir than with antivirals that had
previously shown considerable promise in
human challenge studies. Another potential
limitation of the human challenge model
is the choice of trial participants, since viral
dynamics in healthy, younger adults are different
from those in patients with weaker immune
systems. Molnupiravir treatment may have
yielded greater viral load reductions relative to
placebo had we enrolled high-risk elderly or
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immunocompromised participants. However,
based on extensive prior experience with similar
challenge studies, our trial was adequately
powered to detect significant differences in its
study population.

Irrespective of these considerations,
additional analysis of challenge study data
through modeling can provide valuable
insights. Modeling was previously used to
predict outcomes with other investigational
agents, for example by simulating results using
different dosing regimens or in other study
populations [62, 68]. Simulations using an RSV
viral dynamics model that was developed from
our trial data suggested that molnupiravir is
unlikely to yield significant viral load reductions
in immunocompromised participants infected
with RSV even with higher doses and/or
longer treatment duration [data not shown].
Considering the limitations of human challenge
trials, it may be conceivable that molnupiravir
would be efficacious if evaluated in an
appropriate patient population with RSV disease
and using a clinical (instead of a virologic)
primary endpoint. Only such a trial can
ultimately confirm or refute the potential utility
of molnupiravir as RSV treatment. However, the
totality of our data and the associated modeling
all suggest that follow-on clinical trials in this
setting may not demonstrate the desired efficacy.

CONCLUSIONS

e In this study population of healthy volun-
teers, molnupiravir was found to be well tol-
erated, and the safety profile was consistent
with previous observations.

¢ A modest benefit of molnupiravir over pla-
cebo was seen across all virologic endpoints
(including the primary endpoints), but the
magnitude of viral load reductions observed
in the small treatment subgroup (less than
40 participants) of this phase 2a pilot trial
did not reach statistical significance.

e In the treatment subgroup, molnupiravir

resulted in significantly faster symptom reso-
lution than placebo.
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