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CORONAVIRUS

A phase 2a clinical trial of molnupiravir in patients
with COVID-19 shows accelerated SARS-CoV-2 RNA
clearance and elimination of infectious virus

William A. Fischer II'%, Joseph J. Eron 3, Wayne Holman3, Myron S. Cohen?, Lei Fang4,

Laura J. Szewczyk3, Timothy P. Sheahan®, Ralph Baric’, Katie R. Mollan®, Cameron R. Wolfe?,
Elizabeth R. Duke®, Masoud M. Azizad®, Katyna Borroto-Esoda'®, David A. Wohl? Robert W. Coombs'",
Amy James Loftis’, Paul Alabanza'? Felicia Lipansky3, Wendy P. Painter®*

There is an urgent need for an effective, oral, direct-acting therapeutic to block transmission of severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) and prevent progression to severe coronavirus disease 2019
(COVID-19). In a phase 2a double-blind, placebo-controlled, randomized, multicenter clinical trial, we evaluated
the safety, tolerability, and antiviral efficacy of the nucleoside analog molnupiravir in 202 unvaccinated partici-
pants with confirmed SARS-CoV-2 infection and symptom duration <7 days. Participants were randomized 1:1
to receive molnupiravir (200 mg) or placebo and then 3:1 to receive molnupiravir (400 or 800 mg) or placebo,
orally twice daily for 5 days. Antiviral activity was assessed by reverse transcriptase polymerase chain reaction
(RT-PCR) for SARS-CoV-2 RNA in nasopharyngeal swabs. Infectious virus was assessed by inoculation of cultured
Vero cells with samples from nasopharyngeal swabs and was detected by RT-PCR. Time to viral RNA clearance
(primary endpoint) was decreased in the 800-mg molnupiravir group (median 14 days) compared to the placebo
group (median 15 days) (log rank P value = 0.013). Of participants receiving 800 mg of molnupiravir, 92.5% achieved
viral RNA clearance compared with 80.3% of placebo recipients by study end (4 weeks). Infectious virus (secondary
endpoint) was detected in swabs from 1.9% of the 800-mg molnupiravir group compared with 16.7% of the
placebo group at day 3 of treatment (P=0.016). At day 5 of treatment, infectious virus was not isolated from any
participants receiving 400 or 800 mg of molnupiravir compared with 11.1% of placebo recipients (P=0.034 and
0.027, respectively). Molnupiravir was well tolerated across all doses.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the virus responsible for coronavirus disease 2019 (COVID-19), has
caused more than 268,934,575 confirmed infections and 5,297,850
deaths worldwide as of 12 December 2021 (1). Studies have shown
associations between high SARS-CoV-2 nasopharyngeal RNA and
both the isolation of infectious (replication-competent) virus and
hospitalization rates (2-7). In addition, animal studies have report-
ed similar associations between viral RNA load and transmission
(8). Currently, two classes of antiviral drugs are authorized for use
in the treatment of COVID-19 including remdesivir, a nucleoside
analog, and three different monoclonal antibody products directed
against the SARS-CoV-2 Spike protein, including bamlanivimab
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and etesivimab, casirivimab and imdevimab, and sotrovimab.
Remdesivir is approved by the U.S. Food and Drug Administration
(FDA) for the treatment of hospitalized patients with severe COVID-19.
The monoclonal antibodies are allowed under emergency use au-
thorization (EUA) for treating high-risk outpatients with mild-to-
moderate COVID-19 within 10 days of symptom onset. The monoclonal
antibodies were granted EUA based on data from randomized con-
trolled trials demonstrating a reduction in viral RNA replication and
a decreased risk of progression of illness, but logistical challenges
have limited access to these treatments (2, 9, 10). Furthermore, no
therapies have yet been shown to hasten the elimination of infec-
tious virus and prevent transmission. Thus, there is an urgent need
for oral antiviral drug therapies that can be easily distributed on a
scale that meets global demand and that reduce disease progression
and prevent SARS-CoV-2 transmission.

Molnupiravir, the prodrug of the ribonucleoside analog B-p-N*-
hydroxycytidine (NHC), is rapidly converted in plasma to NHC and
then to the active 5'-triphosphate form by host cell kinases (11, 12).
The active 5'-triphosphate serves as a competitive substrate for
virally encoded RNA-dependent RNA polymerase (RdRp) and, once
incorporated into nascent viral RNA, induces an antiviral effect via
accumulation of errors that increase with each viral replication cycle
(13-15). Preclinical studies revealed broad-spectrum antiviral activity
against coronaviruses, including SARS-CoV-2, with a high barrier
to resistance (16). In humanized mouse models, molnupiravir treat-
ment and prophylaxis reduced the replication and pathogenesis of
SARS-CoV, SARS-CoV-2, high-risk SARS-like bat coronaviruses, and
Middle East respiratory syndrome coronavirus (17). In a ferret model
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of SARS-CoV-2 infection, molnupiravir treatment completely blocked
transmission of virus to untreated animals, suggesting that early treat-
ment could potentially prevent secondary spread of SARS-CoV-2 (8).
Molnupiravir has been shown to be safe and well tolerated in a
first-in-human phase 1 trial in healthy volunteers (13). Here, we report
the results of a phase 2a, double-blind, placebo-controlled, randomized,
multicenter clinical trial designed to evaluate the safety, tolerability,
and antiviral activity of molnupiravir dosed twice daily (BID) for 5 days
in patients with mild-to-moderate COVID-19. Hypotheses included
that molnupiravir would be safe and well tolerated, and would decrease
the time to clearance of SARS-CoV-2 RNA (primary endpoints), as
well as reduce infectious SARS-CoV-2 in nasopharyngeal swabs (secondary
endpoint) in adults with symptomatic SARS-CoV-2 infection.

RESULTS

Participant demographics and clinical characteristics

Two hundred and four participants were randomized, with 202
receiving at least one dose of molnupiravir or placebo between

19 June 2020 and 21 January 2021 at 10 sites in the United States
(Fig. 1 and Table 1). Seven participants discontinued participation
due to adverse events or physician decision/participant withdrawal
or were lost to follow-up. Overall, the participants randomized to each
dose of molnupiravir and placebo were well matched; however, the
baseline prevalence of antibodies to SARS-CoV-2 Spike protein was
greater in the 800-mg molnupiravir group (35.3%) compared with
the placebo group (18.2%; Table 1).

Time to clearance of SARS-CoV-2 viral RNA

in nasopharyngeal swabs

Time to clearance of viral RNA in nasopharyngeal swabs (<1018 copies/
ml) was the primary endpoint of this study and was significantly
reduced in participants receiving 800 mg of molnupiravir (median,
14 days) compared with those administered placebo (median, 15 days)
(log-rank P value = 0.013; Table 2 and Fig. 2A). Time to clearance of
viral RNA was not significantly different in participants who received
200 or 400 mg of molnupiravir compared to those who received
placebo (Fig. 2A). Given the difference in baseline antibody status

Participants screened Screen failures
= N=36
v Reasons: Enroliment
Participants randomized 1:1 Did not meet incl. criteria  n =12
(200 mg molnupiravir : placebo) Did not meet excl. criteria  n =17
N =46 Not recorded n=17
Allocation
Particip ized 3:1 - -
(400 mg molnupiravir : placebo Did not recelvezstudy drug
or =
800 mg molnupiravir : placebo) \ Reasons:
=158 Withdrew consent n=1
Physician decision n=1
Total received double-blind study drug
(safety population)
N =202
Placebo 200 mg molnupiravir 400 mg molnupiravir 800 mg molnupiravir
N =62 N=23 N =62 N =55
Discontinued Discontinued Discontinued Discontinued
n=1 n=0 n=3 n=3 Follow-up
2 Reasons: Reasons:
Reasons: < le—]| AE n=1 AE n=1
AE n=1 - ) » _
Withdrawal by Physician decision n=1
participant n=1 Withdrawal by
n=1
Lost to follow-up Lost to follow-up Lost to follow-up
n=0 n=1 N=0
Completed Completed Completed Completed
N=61 N=23 N=59 N =52
An‘alyzeq Analyzed Analyzed Analyzed Analysis
Number of participants in mITT Number of participants in mITT Number of participants in mITT Number of participants in mITT
Population n=61 Population n=23 Population: n=61 Population: n=53
Excluded due to no post-baseline Number of participants in PP Excluded due to no post-baseline Excluded due to no post-baseline
SARS-CoV-2 value. n=1 Population: n=23 SARS-CoV-2 value: n=1 SARS-CoV-2 value: n=2
Number of participants in PP Excluded due to receipt of Number of participants in PP
Population n=61 COVID-19 vaccine: n=1 Population: n=52
Number of participants in PP
Population n=58

Fig. 1. CONSORT diagram for the phase 2a trial. Shown is the study flow chart for the phase 2a randomized, double-blind, placebo-controlled trial of multiple doses of
molnupiravir in 202 nonhospitalized adults with recently diagnosed COVID-19 (ClinicalTrials.gov identifier: NCT04405570). Unvaccinated adults aged >18 years were eli-
gible if they had a positive test for SARS-CoV-2 infection within 96 hours and had onset of symptoms of COVID-19 within 7 days at the time of treatment initiation (day 1).
Antiviral activity, safety, and tolerability of molnupiravir were assessed for 28 days after treatment initiation. The modified intent to treat (mITT) population included all
participants who were randomized into the study and had at least one post-baseline viral RNA assessment. The per protocol (PP) population included participants in the
safety population who had no important protocol deviations leading to exclusion from the per protocol population and had completed the day 28 follow-up visit. The
safety population included all participants who were randomized and took at least one dose of the study drug. Participants were analyzed according to the treatment

they actually received. AE, adverse events.
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Table 1. Patient demographics and baseline characteristics. BMI, body mass index; n, number of participants with response; N, number of participants in

dose group; OD, optical density.

200 mg molnupiravir 400 mg molnupiravir 800 mg molnupiravir Placebo
N=23 N=62 N=55 N=62
Age medlan (range) years 320(19 65) 42.5(19-82) 420(18 68) 390(19 71)
Age>55 years,n (%) [ (4 3) e 3 (48) e (7 3) e 3 (4 8) B

4 (54

1(1.8) 2( )
Black or African American 3 (13 0) 3 (4 8) 3(5.5) 2 ( )
Whlte 17 (73 9) 56 (90 3) 49 (89.1) 54 (87 1)
Other (8 7) 2(3.6) 1 ( )
Multlple 0 1(1.6) 0 3( )
Ethn;oc/(l);y, Hlspanlc or Latlno’ 7 (30.4) 23(37.1) 33 (60.0) 23 (37.1)
BMI medlan kg/m 25.50 26.70 27.00 27.05
BMI >30 kg/m n (%) 7 (30.4) 18(29.0) 15(27.3) 16 (25.8)
Baseline vira load, mean (SD), 6.69 (1.888) 638 (1.837) 5.80 (1.823) 6.11 (1.794)
Iogm coples/ml
Baseline viral load, median 7.25(3.0-9.5) 6.72(3.0-9.9) 6.12(3.0-9.4) 6.40 (3.0-9.3)
(range) Iogm cop|es/ml
Days from symptom onser, 4,00 (1.8-7.0) 485 (2.5-7.1) 460 (1.4-7.1) 455 (1.8-7.5)
medlan (range)
At Ieast one risk factor for
severe dlsease n (%) 5(65.2) 37 (59.7) 33 (60.0) 37 (59.7)
SARS CoV 2 Splke proteln
antibody positive* on 3/20 (15.0) 15/50 (30.0) 18/51 (35.3) 10/55(18.2)

day 1, n/Nt (%)

*SARS-CoV-2 Spike protein antibody positive includes testing positive for any of the following: total Ig, IgA, IgM, or IgG. A positive result was defined as an OD

reading greater than 0.376 for total Ig, 0.3 for IgA, 0.31 for IgM, and 0.376 for IgG.

between those who received molnupiravir 800 mg and placebo,
sensitivity analysis evaluating only those participants who were
seronegative at baseline was performed. The reduction in time to
clearance of viral RNA between 800 mg of molnupiravir and place-
bo in the seronegative participants was greater and remained signifi-
cant (median, 14 days versus 27 days, respectively; P = 0.001) (table S1).
The proportion of participants who achieved SARS-CoV-2 RNA
clearance by day 28 (end of study) was also greater for those admin-
istered 800 mg of molnupiravir (92.5%) compared with those ad-
ministered 200 mg of molnupiravir (91.3%), 400 mg of molnupiravir
(78.7%), or placebo (80.3%) (Table 2).

Safety and tolerability of molnupiravir

Molnupiravir was associated with few, and mainly low-grade, ad-
verse events (Table 3 and table S2) that were similar to those reported
by participants assigned to the placebo group. The incidence of
treatment-associated adverse events was lowest in the 800-mg
molnupiravir group. The only adverse events reported by more than
four participants were headache, insomnia, and increased alanine
aminotransferase and there was no difference by treatment arm or
dose. Two (1.4%) adverse events led to discontinuation of molnupiravir
compared with one adverse event (1.6%) for placebo. Grade 3 or higher
adverse events occurred in 5.0 and 8.1% of the combined molnupiravir
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tN, number of participants with an antibody status.

groups and the placebo group, respectively. There were no dose-related
trends in hematology or clinical chemistry data during the study.

Four serious adverse events occurred and resulted in hospitalization:
One participant (1.6%) in the placebo group had hypoxia, two par-
ticipants (3.2%) in the 400-mg molnupiravir group including one
with a cerebrovascular accident and one with decreased oxygen sat-
uration, and one participant (1.8%) in the 800-mg molnupiravir group
had acute respiratory failure (Table 3). Treatment was discontinued
early in three of the four participants. The participant in the placebo
group who experienced the serious adverse event of hypoxia died
31 days after onset of the serious adverse event.

Isolation of infectious SARS-CoV-2 virus

from nasopharyngeal swabs

The secondary virological endpoint of this study was isolation of
infectious virus from nasopharyngeal swabs and the reduction in
time (days) to negativity. Infectious virus was isolated from 43.5%
(74 of 170) of evaluable nasopharyngeal swabs at baseline (Table 2
and Fig. 2B). On day 3 of treatment, infectious virus was isolated
from only 1 of 53 (1.9%) participants administered 800 mg of mol-
nupiravir compared with 9 of 54 (16.7%) participants administered
placebo (P = 0.016). Infectious virus isolation also decreased on
day 5 of treatment in participants administered 400 or 800 mg of
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Table 2. SARS-CoV-2 infectivity and virology. n, number of observations; N, number of participants.

Percentage of participants positive for infectious SARS-CoV-2 virus

200 mg molnupiravir 400 mg molnupiravir

800 mg molnupiravir

Placebo

Day 1,n/N 9

11/22( )

Day 3 n/N(

A)). e

Flshers exact P value*

4/22 (182)

Dose response P vaIue

Day 5 n/N (%)

Flshers exact P vaIue*
Dose response P value

Tlme to SARS CoV 2 V|ral RNA negat

Participants with response,

n/ N (%)

Medlan tlme to response (95%

CI), days

Log rank P value*

Change from baselme in SARS CoV 2 wral Ioad (Iogw coples/ml)

Day 3 n/N

Least squares mean (SE)

Dn‘ference in Ieast squares

mean

95% CI

Pvalue

Day 5 n/N

Least squares mean (SE)

leference in Ieast squares

mean

5% CI

Pvalue

Day 7 n/N

squ.

Difference in least squares
mean

95% CI

Pvalue

Day 14 n/N
—2 884 (0 091)

Least squares mean (SE)

D|fference in Ieast squares

mean

95% Cl

Pvalue

1/22 (4 5)

067

21/23 (91.3)

22.0(15.0-28.0)

056

200 mg moInuplraVlr

23/23

—0 783 (O 189)

0.064

—0 397 t0 0 525

078

-0.150

—0.674 to 0.374

057

-0.076

—0.591 t0 0.438
0 77

23/23

-0.019

—0.298 to 0.260

0.89

23/23
—1 471 (0 212)

23/23

18/43 (41.9) 20/52
5/43 (11.6)
>O.99 b

0.57

400 mg molnupiravir

48/61 (78.7)

27.0 (15.0-28.0)

0.73

400 mg moInuplraVlr

58/61

—0 941 (O 118)

-0.094

—0 438 t0 0 250

O 59
56/61

—1 754 (0 128)

-0.434

—0 825 to 0 043

O 030

-0.311

—0.702 t0 0.079
0 12

53/61

—2 840 (0 065)

0.026

0.84

0/42 (0 O)
0 034

51/61

—0.220t0 0.272

800 mg molnupiravir

49/53 (92.5)

14.0 (13.0-14.0)

800 mg molnupiravir

51/53

-0.203

—0 543 t0 0 137
024

52/53
—1 867 (0 126)

-0.547

1/53 (1 9)
0 016

0/53 (0 O)
0 027

—1 050 (O 115)

2 /53 (47
9/54 (16 7)

0010
6/54(11 1)

0.003

ity
200 mg molnuplrawr

Placebo
49/61 (80.3)

15.0 (15.0-27.0)

0.013

Placebo
56/61
—0 847 (O 127)

57/61
—1 320 (0 150)

—0 935 to 0 159

O 006

49/ 53

-0.534

48/ 53

-0.175

0.13

—3 040 (0 040)

—0910to 0157
0006

54/61
—2 865 (0 106)

—0.400 to 0.050

*Comparison based on pooled placebo data.

molnupiravir, with no infectious virus isolated from participants in
these groups (0 of 42 and 0 of 53, respectively) compared with
11.1% (6 of 54) of placebo recipients (P = 0.034 and 0.027, respective-
ly) (Fig. 2B). The difference in infectious virus isolation remained

Fischer et al., Sci. Transl. Med. 14, eabl7430 (2022) 19 January 2022

significant for the 400- and 800-mg molnupiravir groups (com-
pared with placebo, P = 0.03 and 0.02, respectively) on day 5 of
treatment, when analysis was limited to those participants with in-
fectious virus isolated at baseline (P = 0.03 and 0.03, respectively;
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+—e—e Molnupiravir 200 mg

Molnupiravir 400 mg Molnupiravir 800 mg Placebo

200mg 22 8 18

400 mg 57 53 48 43 32 32 32 1

Placebo 60 56 49 44 26 25 25

"

B Visit day 1 Visit day 3 Visit day 5
16.7%
o
53 particpants 54 particpants 54 partipants

200 mg

molnupiravir positive

2
H
iz
E

0

22 participants 22 participants

400 mg
molnupiravir

43 participants 43 participants 42 participants.
=0.0335
800 mg 38.5% 19% 0.0%
molnupiravir positive positive positive
52 participants 53 participants 53 participants

o7
P=0.0161 P =0.0270

positive positive

2
H
B
g2
33
‘
g
*

SARS-CoV-2 RNA change from baseline(log, , copies/m)

Day 1 Day 3 Day S Day 7 Day 14

Molnupiravir 200 mg Molnupiravir 400 mg Molnupiravir 800 mg Placebo

Fig. 2. SARS-CoV-2 infectivity and virology. (A) Shown is a Kaplan-Meier plot of
time to clearance of SARS-CoV-2 RNA by treatment: 200 mg molnupiravir (red),
400 mg molnupiravir (blue), 800 mg molnupiravir (cyan), or placebo (black).
(B) Shown is the percentage of participants who were positive (red) for SARS-
CoV-2 infectious virus at day 1 (baseline), day 3, and day 5 of treatment. Partici-
pants who were negative for SARS-CoV-2 infectious virus are in blue. Comparison
was based on pooled placebo data. (C) Shown is the least squares mean change
from baseline in SARS-CoV-2 RNA (log;o copies/ml) for the modified intent to treat
population at study days 3, 5, 7, and 14: 200 mg molnupiravir (red), 400 mg
molnupiravir (blue), 800 mg molnupiravir (cyan), or placebo (black).
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table S3). The difference in infectious virus isolation also remained
significant for the 400- and 800-mg molnupiravir groups (com-
pared with placebo) on day 5 when the analysis was limited to
those participants who were seronegative for SARS-CoV-2 and who
had infectious virus present in nasopharyngeal swabs at baseline
(table S4). In addition, the difference in the proportion of partici-
pants with infectious virus isolated on day 5 remained significant
for the 800-mg dose of molnupiravir when compared with con-
currently enrolled placebo recipients (P = 0.014; table S5). Over-
all, there was a significant dose-response relationship in infectious
virus isolation, as determined by the exact Cochran-Armitage
trend test, with the proportion of participants with infectious virus
isolated lower in the 400- or 800-mg molnupiravir groups com-
pared with the 200-mg molnupiravir group or the placebo group
on day 3 (P = 0.010) and day 5 (P = 0.003) (Table 2). The dose
response was also significant on day 5 when analysis was limited to
participants who had infectious virus isolated at baseline (P = 0.004;
table S3).

Change in SARS-CoV-2 viral load from baseline

The decrease in viral RNA from baseline at study days 3, 5, 7, and
14 was greater for the 800-mg molnupiravir group than for any of
the other groups at each time point (Table 2 and Fig. 2C). For par-
ticipants administered 400 or 800 mg of molnupiravir, the least squares
mean viral load change from baseline was significantly greater on
day 5 when compared with the placebo group, with differences in
least squares means of —0.434 and —0.547 log,¢ copies/ml (P = 0.030
and 0.006), respectively. In addition, for participants administered
800 mg of molnupiravir, the least squares mean viral load change
from baseline was also significantly greater on day 7 compared with the
placebo group, with a least squares mean difference of —0.534 logo
copies/ml (P = 0.006). The reduction in viral load from baseline to
day 5 between the 800-mg molnupiravir and placebo groups re-
mained significant during sensitivity analyses limited to participants
who were negative for antibodies to SARS-CoV-2 Spike protein at
baseline (least squares mean difference of —0.613 log;o copies/ml;
P = 0.002; table S6) and when compared to concurrently enrolled
participants given placebo (least squares mean difference of —0.376 log;o
copies/ml; P = 0.045; table S7).

Clinical outcomes

This study did not preferentially enroll high-risk individuals and was
not powered to detect a difference in hospitalization. However, daily
symptom diaries were collected to evaluate severity of symptoms,
time to resolution of symptoms, and overall health associated with
COVID-19. At baseline, a greater proportion of participants admin-
istered molnupiravir reported their health as poor or fair (68.3%)
compared with those who received placebo (50.0%). The median time
to resolution of COVID-19 symptoms was not statistically different
between participants who received molnupiravir and those who re-
ceived placebo: 9.0 days [95% confidence interval (CI) 6.0 to 13.0],
5.5 days (95% CI, 4.0 to 8.0), 8 days (95% CI, 6.0 to 12.0), and 8.5 days
(95% CI, 7.0 to 11.0) in the 200-, 400-, and 800-mg molnupiravir
groups and placebo recipients, respectively. The median time to
participant-reported general health of at least “very good” was sim-
ilar between the pooled molnupiravir groups (14 days; 95% CI, 13 to 21)
and the placebo group (15 days; 95% CI, 12.0 to 18.0) (table S8).
Opverall, 12 (8.6%) participants receiving molnupiravir and 5 (8.1%)
participants receiving placebo required a COVID-19-associated
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Table 3. Adverse events. N, number of participants in dose group.

Number (%) of participants Molnupiravir 200 mg Molnupiravir 400 mg Molnupiravir 800 mg Placebo
experiencing an adverse event N=23 N=62 N=55 N=62
Any adverse event 11 (47.8) 20(32.3) 11 (20.0) 18 (29.0)

Dizziness 2(8.7)
Insomnia 2(8.7)
Any adverse event

grade 3 or higher 1(43)
Any adverse event leading to 0

discontinuation of study drug
Any adverse event related to

study drug 4017.4)
Any serious adverse event 0
Any adverse event leading to 0

death

*The subject had an adverse event of hypoxia that led to death. This occurred 31 days after discontinuation from the study after completion of study
assessments and was not recorded in the study database but was recorded in the safety database.

medical visit (table S9), which was not a statistically significant
difference.

SARS-CoV-2 antibody detection

Participants were tested for SARS-CoV-2 Spike protein-specific
immunoglobulin A (IgA), IgM, and IgG at baseline and on days 7
and 28 of the study. The proportions of participants with any anti-
body to SARS-CoV-2 Spike protein at baseline varied between the
groups, with 15.0, 30.0, 35.3, and 18.2% in the 200-, 400-, and 800-mg
molnupiravir and placebo groups, respectively. By day 28, 99.2% of
molnupiravir-treated participants had developed antibodies to SARS-
CoV-2 Spike protein, compared with 96.5% of those adminis-
tered placebo.

Next-generation sequencing of SARS-CoV-2 RdRp

Genotypic changes in the RdRp occurred at a higher rate among
participants who received molnupiravir compared with placebo. On
average, 5.7 nucleotide changes in the RARp were observed after
treatment with placebo. By comparison, the average number of
nucleotide changes in RdRp after molnupiravir treatment was two-
fold greater (10.9), which was statistically significant (P = 0.024).
This supported viral error induction as the mechanism of action of
molnupiravir (15).

DISCUSSION

In this phase 2a randomized, double-blind, placebo-controlled clinical
trial, molnupiravir was well tolerated and was associated with anti-
viral efficacy. This was shown by reduced infectious virus isolation
from nasopharyngeal swabs, reduced time to elimination of SARS-
CoV-2 RNA, an increased proportion of participants who cleared
SARS-CoV-2 RNA, and a greater reduction in SARS-CoV-2 viral
RNA from baseline compared with those given placebo, in a cohort
of outpatients with COVID-19. Four days after treatment initiation,
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there was no infectious virus isolated from any participants who
received 400 or 800 mg of molnupiravir. The findings from this
study support a recent interim analysis of data from a phase 3 clini-
cal trial of molnupiravir in adult outpatients with mild-to-moderate
COVID-19. The interim analysis reported a significant decrease in
rates of hospitalization and death from 14.1% among placebo recipients
to 7.3% among participants treated with 800 mg of molnupiravir.
The combined analysis, including all randomized participants, re-
vealed a continued decrease in hospitalization and death among those
treated with molnupiravir (6.8%) compared with those who received
placebo (9.7%). There was also an 89% (95% CI, 14 to 99) reduction
in the risk of death among participants who received molnupiravir
compared with placebo, suggesting that early control of viral repli-
cation prevented progression to severe illness and death (18).

In our phase 2a clinical trial, the decrease in infectious virus iso-
lation, reduction in the time to clearance of viral RNA, the greater
proportion of participants who eliminated SARS-CoV-2 viral RNA,
and the greater change in viral RNA from baseline in participants
treated with 800 mg of molnupiravir compared with placebo support
the antiviral efficacy of molnupiravir at the 800-mg dose. These re-
sults remained significant even when accounting for differences in
time from symptom onset, viral RNA, and seropositivity. Only 26.1%
(46 of 176) of all participants had evidence of a humoral immune
response to SARS-CoV-2 at baseline, indicating that clinical trial
randomization of participants occurred early in the clinical course
of infection. However, by day 28, 99.2% (131 of 132) of those who
received any dose of molnupiravir were antibody positive, demon-
strating that early treatment with molnupiravir had an antiviral effect
without inhibiting the development of an anti-SARS-CoV-2 Spike
protein antibody response.

The primary endpoint of this phase 2a study was the median time
to viral clearance, and the difference between participants who re-
ceived 800 mg of molnupiravir compared with placebo was 1 day. In
the Kaplan-Meier plots of time to clearance of SARS-CoV-2 viral
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RNA, there was continued separation between the 800-mg molnupiravir
group and the placebo group resulting in a greater proportion of
individuals who received 800 mg of molnupiravir clearing SARS-
CoV-2 viral RNA by the end of the study (day 28) compared with
placebo recipients (92.5% versus 80.3%, P = 0.013). In addition, when
the analysis was limited to seronegative participants, who were likely
earlier in their course of infection compared with seropositive partici-
pants, the difference in the median time to viral clearance between
the 800-mg and placebo groups was even greater: 14 days versus
27 days, respectively (P = 0.001). Together, these results demonstrate
that treatment with 800 mg of molnupiravir was associated with an
accelerated clearance of viral RNA.

In clinical trials of COVID-19 therapeutics, antiviral efficacy
against SARS-CoV-2 has been assessed by measuring changes in
viral RNA; however, detection of viral RNA does not confirm the
replication competence of the virus. We believe that demonstration
of the ability of treatment to reduce and eliminate infectious SARS-
CoV-2 is an essential consideration. In observational studies, SARS-
CoV-2 virus isolation decreases with time, and persistence of infectious
virus is associated with disease severity and host immune status
(4, 19, 20). In otherwise healthy adults with mild-to-moderate COVID-19,
infectious virus has been isolated up to 10 days after symptom onset
(3, 7, 19, 20). In our phase 2a trial, infectious SARS-CoV-2 was iso-
lated from 11.1% of placebo recipients at day 5 of the study, with a
mean of 9 to 10 days from symptom onset. Treatment with molnupiravir
accelerated the clearance of infectious virus, with no infectious virus
isolated on day 5 from participants who received 400 or 800 mg of
molnupiravir. In this study, the evaluation of antiviral activity ex-
tended beyond clearance of viral RNA and demonstrated clearance
of infectious virus in participants with COVID-19 treated with
molnupiravir, which has important clinical implications for progres-
sion of illness and virus transmission. These findings may also have
implications for the use of molnupiravir after exposure to SARS-
CoV-2, which is being investigated in an ongoing phase 3 random-
ized, double-blind, placebo-controlled study to evaluate the efficacy
and safety of molnupiravir for postexposure prophylaxis in adults
residing with a person with COVID-19 (ClinicalTrials.gov identifier:
NCT04939428).

Safety analyses from this phase 2a trial were consistent with those
from a phase 1 trial of molnupiravir and support ongoing clinical
development (13). Overall, molnupiravir was well tolerated with no
increase in treatment-related or serious adverse events compared
with participants administered placebo. There were no safety signals
or evidence of hematologic, renal, or hepatic toxicity at any dose.

As a nucleoside analog, molnupiravir acts by increasing the
incorporation of errors into viral RNA beyond an acceptable limit
leading to elimination of viral replication. Given this mechanism of
action and the ability of this compound to induce nucleotide changes
in the Ames assay, whole-animal mutagenicity assays were con-
ducted and mutation rates were not found to be different between
molnupiravir-treated animals and untreated control animals (21).

This phase 2a clinical trial was designed to evaluate the antiviral
efficacy and safety of molnupiravir and was not powered to evaluate
clinical endpoints, such as symptom duration or hospitalization,
nor was enrollment limited to participants with risk factors for
severe COVID-19. However, a phase 2/3 study is ongoing to evaluate
the effect of molnupiravir on symptom duration and severity, emer-
gency department visits, and hospitalizations (ClinicalTrials.gov
identifier: NCT04575597) (18).
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An important limitation of our phase 2a trial was the imbalance
in the randomization, with a greater proportion of seropositive
individuals and a lower viral load at baseline among those random-
ized to receive 800 mg of molnupiravir compared to placebo. To de-
termine whether these baseline differences affected the differences in
viral RNA elimination, infectious virus clearance, and change in viral
load from baseline, sensitivity analyses were conducted using partici-
pants who were seronegative at baseline or who had infectious virus
isolated at baseline. Differences in infectious virus isolation at day 5,
time to clearance of viral RNA, and reductions in viral load from
baseline to day 5 remained significant when analysis was limited to
participants who were antibody negative at baseline. Among partici-
pants who were negative for antibodies at baseline, there was no dif-
ference in baseline viral load between the 800-mg molnupiravir group
and the placebo group.

An additional limitation was the use of a pooled placebo group
in the analyses. In this clinical trial, participants were enrolled from
19 June 2020 through 21 January 2021. According to the U.S. Centers
for Disease Control, SARS-CoV-2 variants of concern began to emerge
in early 2021, at the very end of enrollment of this study (22). The
alpha variant (B.1.1.7), which was first reported in the United Kingdom
in December 2020, was first reported in the United States on
9 January 2021 but did not become a predominant strain until after
enrollment was completed. Differences in virus isolation and viral load
reduction on day 5 of the study remained significant when analysis was
limited to comparisons between 800 mg of molnupiravir and con-
currently enrolled placebo participants (table S1). These sensitivity analy-
ses indicated that the antiviral efficacy of molnupiravir demonstrated
in this study was not due to imbalances in seropositivity, trends in viral
RNA at baseline, or the use of a pooled placebo group. In addition, this
study was largely conducted before EUA of COVID-19 vaccines, which
limited the evaluation of antiviral activity in individuals with break-
through infections. Given the mechanism of action of molnupiravir,
itis unlikely that antiviral efficacy would be decreased in the setting
of active viral replication in a vaccinated individual.

Three combination intravenous monoclonal antibody products
have been granted EUA by the FDA in ambulatory patients with
COVID-19 to reduce medical visits and hospitalizations. However,
the logistical challenges of intravenous and subcutaneous therapies
limit timely administration to patients who may benefit most from
these important treatments (2, 9, 10, 23). Unfortunately, the perpetual
evolution of SARS-CoV-2 variants of concern has resulted in origi-
nation of viruses that can evade neutralization by some monoclonal
antibodies (24). Unlike Spike protein, which varies widely across the
coronavirus family and has accumulated mutations throughout the
pandemic, the viral target for molnupiravir’s antiviral activity is
the highly conserved viral RARp. RdRp may be less plastic and does
not have the same capacity for evolutionary change as Spike protein
does. Moreover, molnupiravir has broad antiviral activity against many
genetically unrelated coronaviruses including recent SARS-CoV-2
variants of concern (25, 26). Studies thus far have shown that corona-
viruses have a high barrier to resistance to the parental nucleoside of
molnupiravir (15). Collectively, these data suggest that the emergence
of future SARS-CoV-2 variants of concern is unlikely to diminish
the antiviral activity of molnupiravir as the target of its antiviral activi-
ty has a diminished capacity for change compared to Spike protein.

This phase 2a trial provides strong biological evidence supporting
development of molnupiravir as an oral agent to reduce infectious
virus replication and interrupt progression of COVID-19 during early
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stages of disease. Current evidence suggests that uninterrupted viral
replication is a major sign of progression to more severe disease (2, 5).
Critically, molnupiravir can be produced at scale and does not re-
quire cold transportation or infection control infrastructure for
administration. The results of this trial demonstrate the safety,
tolerability, and antiviral efficacy of molnupiravir to reduce replica-
tion of SARS-CoV-2 and accelerate clearance of infectious virus and
support ongoing clinical trials of molnupiravir. Molnupiravir was
granted Emergency Use Authorization by the US Food and Drug
Administration on December 23, 2021.

MATERIALS AND METHODS

Study design

We conducted a phase 2a randomized, double-blind, placebo-
controlled trial of multiple doses of molnupiravir in nonhospitalized
adults with recently diagnosed COVID-19 (ClinicalTrials.gov iden-
tifier: NCT04405570). Unvaccinated adults aged >18 years were
eligible if they had a positive test for SARS-CoV-2 infection within
96 hours and had onset of symptoms of COVID-19 within 7 days at
the time of treatment initiation (day 1). Antiviral activity, safety, and
tolerability of molnupiravir were assessed for 28 days after treatment
initiation. Nasopharyngeal swabs were collected on days 1 (baseline),
3,5, 7, 14, and 28 for measurement of antiviral activity by detection
of SARS-CoV-2 RNA using reverse transcriptase polymerase chain
reaction (RT-PCR) and by isolation of infectious virus from naso-
pharyngeal swabs. Participants were followed for 28 days to assess
safety, with assessments performed on days 1, 3, 5, 7, 14, and 28;
adverse events were monitored throughout the study period. The
primary safety and tolerability objectives assessed adverse events
that were grade 3 or higher and those that led to early treatment
discontinuation. Severity and duration of self-reported COVID-19
symptoms (a secondary objective) were collected daily using a
symptom diary. Plasma samples were collected to evaluate immune
response and serology using a qualitative antigen-capture enzyme-
linked immunosorbent assay (27-29).

This trial complied with the Declaration of Helsinki, the Inter-
national Council on Harmonisation Guidelines for Good Clinical
Practice, and applicable local regulations. The protocol was approved
by a central Institutional Review Board (Western IRB/WCG IRB,
tracking no. 20201509) and written informed consent was obtained
from each of the 240 participants before study entry.

Randomization and intervention
This study was initiated as a single-center, single-dose study, which
was subsequently amended to allow dose escalation as clinical de-
velopment of molnupiravir proceeded. Participants were initially
randomized 1:1 to 200 mg of molnupiravir or matching placebo,
n = 46. As the safety experience from the phase 1 study became avail-
able, this phase 2 study was amended to expand to multiple study
sites and to a dose definition design with additional cohorts added
at 400 or 800 mg randomized at 3:1. Doses were administered orally
BID for 5 days. Initiation of the next higher-dose group occurred
after review of safety and virology data from this and other studies
of molnupiravir. Molnupiravir (100 and 200 mg) and matching
placebo were supplied as dry filled capsules for oral administration.
Doses administered in this study were 200, 400, or 800 mg BID.
Participants were randomized using the REDCap randomization
application (University of North Carolina at Chapel Hill Translational
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and Clinical Sciences Institute and REDCap Development Team).
The randomization schedule was generated using PROC PLAN in
SAS version 9.4 (SAS Institute Inc., Cary, NC) by an independent
statistician. Randomization was at a 1:1 ratio (molnupiravir:placebo)
in part 1 and was stratified by time since onset of COVID-19 symp-
toms [early (0 to <60 hours) versus late (>60 to <168 hours)]. Random-
ization was at a 3:1 ratio (molnupiravir:placebo) in parts 2 to 9 and
was not stratified. The randomization in part 1 used 6 blocks of size
2 plus 8 blocks of size 4 to generate a total of 44 allocations to each
of the early and late strata, in case either of the strata enrolled all of
the participants in part 1. An additional 44 randomization alloca-
tions were appended to the end of each stratum (for a total of 88 in
each stratum) using the same permuted block design to allow for
approved replacement or overenrollment. The randomization in
parts 2 to 9 used a fixed block size of 4 to generate either 4 blocks of
size 4, 5 blocks of size 4, or 6 blocks of size 4 (i.e., 16, 20, or 24 par-
ticipants), depending on the requested number of assignments. An
additional 4 randomization allocations were appended to each part
(for a total of 20 across parts 2 to 9) for approved replacement or
overenrollment. Within- and between-block seeds were randomly
generated in SAS version 9.4 before initialization of the random
number generator. Participants with missing infectivity and SARS-
CoV-2 RNA data were imputed on the basis of the algorithms pro-
vided in tables S10 and S11. The investigators, participants, and
sponsor were blinded to the treatments received. However, a subset
of sponsor representatives was unblinded to the treatment random-
ization to facilitate ongoing review of virology data.

Antiviral efficacy

The primary antiviral efficacy outcome was time to viral RNA clear-
ance, as measured by quantitative RT-PCR analysis of nasopharyngeal
swabs using a validated, laboratory-developed test based on the
U.S. Centers for Disease Control and Prevention 2019-nCoV Emer-
gency Use Authorization assay. Time to viral RNA clearance was
defined as the first of two time points where viral RNA was below
the limit of quantitation (<1018 copies/ml). If the first negative test
occurred on the last on-study assessment, it was considered to have
achieved viral RNA clearance on the last assessment. Participants
who completed the study without achieving viral RNA clearance were
censored at the last viral RNA assessment. Participants who dis-
continued the study without achieving viral RNA clearance were
censored at day 28.

Secondary antiviral efficacy outcomes were time to infectious
virus elimination from nasopharyngeal swabs and median viral
RNA change from baseline on days 3, 5, 7, 14, and 28. Infectious
virus isolation was performed using Vero C1008 cells (Vero 76,
clone E6, Vero E6 from ATCC) and was assessed by quantita-
tive RT-PCR of viral RNA in culture medium at 2 and 5 days after
inoculation (3, 30). Samples were considered positive if the super-
natant had at least 1000 copies/ml SARS-CoV-2 RNA at 2 days
after inoculation or if the relative fold change in RNA copy num-
ber from culture days 2 to 5 after inoculation was >5. The criteria
for positivity were created on the basis of preliminary studies
and recombinant virus controls of 50 and 500 plaque-forming
units included for every batch of clinical samples. The fivefold increase
metric was selected a priori to control for the possibility of RNA
contamination from input samples or RNA from defective virus
that did not increase over time as it was replication defective. No
detectable RNA contamination from input samples was detected.
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The “greater than 1000 copies” metric was selected a priori to
account for positive samples that had very high viral RNA on day 2
after inoculation in this assay (i.e., ~107 copies/ml), consistent with
saturation and meeting or exceeding the upper limit of detection,
which would not allow for an increase greater than fivefold by day 5
after inoculation in the assay. All samples positive for infectious virus
by this assay had intra-assay copy numbers of RNA well above the
1000 copy threshold. The limit of quantitation in the RT-PCR assay
to detect infectious virus was 200 copies/ml. Three nasopharyngeal
swabs (two from 400-mg molnupiravir-treated participants who
tested negative and one from a placebo participant who tested
positive) were analyzed despite having been received out of tem-
perature range.

Viral genome sequencing

Next-generation sequencing of SARS-CoV-2 polymerase RdRp was
performed by Monogram Biosciences on samples collected at base-
line and on day 5 to analyze nucleotide changes and confirm the
mechanism of action.

Statistical analyses

Time to response for viral RNA negativity was summarized using
Kaplan-Meier methodology. Median time to response and cumula-
tive probability of response by visit (with 95% CI) were analyzed by
treatment group. Comparisons of treatment effects were performed
using log-rank tests. The number and percentage of subjects who
were negative for infectious virus isolation were summarized, and
between-group comparisons were conducted using Fisher’s exact
test. Dose-response assessments were performed using the exact
Cochran-Armitage trend test.

The primary endpoint was evaluated a priori using a Kaplan-Meier
estimation with a corresponding exact log-rank test. Anticipating
up to 10% missing data, 44 participants (about 22 each for active
and placebo) provided 88% power to detect a risk difference (active
— placebo) of —35% in the primary endpoint using a type I error rate
() 0of 0.10. The sample size in the dose escalation part was based on
assessment of the primary endpoint across all parts. A total of 96
active and 32 placebo participants would achieve 83% power to de-
tect a between-group difference of >0.6 SDs, with a type I error rate
() 0f 0.05 using a two-sided test.

Treatment comparisons between active drug and placebo
groups for SARS-CoV-2 nasopharyngeal viral load change from
baseline were analyzed using a mixed model for repeated mea-
sures, with restricted maximum likelihood estimation and an un-
structured covariance matrix. The model included fixed effects of
treatment, study visit, days since COVID-19 symptom onset, and
baseline SARS-CoV-2 viral load (log;o copies/ml) and interaction
terms of treatment by visit, days since COVID-19 symptom onset
by visit, and baseline SARS-CoV-2 viral load by visit. The esti-
mated mean treatment difference for active minus placebo at
each visit is presented with the 95% CIs and corresponding
P values.

Comparisons of next-generation sequencing data between treat-
ments were performed using a two-sample ¢ test, based on the aver-
age number of treatment-emergent nucleotide changes. Analyses
were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC)
and two-sided tests were performed using an a of 0.05 for treat-
ment comparisons. Adjustments for multiple testing were not
performed.
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