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A B S T R A C T   

Molnupiravir (EIDD-2801) is a prodrug of a ribonucleoside analogue that is currently being used under a US FDA 
emergency use authorization for the treatment of mild to moderate COVID-19. We evaluated molnupiravir for 
efficacy as an oral treatment in the rhesus macaque model of SARS-CoV-2 infection. Twenty non-human primates 
(NHPs) were challenged with SARS-CoV-2 and treated with 75 mg/kg (n = 8) or 250 mg/kg (n = 8) of mol-
nupiravir twice daily by oral gavage for 7 days. The NHPs were observed for 14 days post-challenge and 
monitored for clinical signs of disease. After challenge, all groups showed a trend toward increased respiration 
rates. Treatment with molnupiravir significantly reduced viral RNA levels in bronchoalveolar lavage (BAL) 
samples at Days 7 and 10. Considering the mild to moderate nature of SARS-CoV-2 infection in the rhesus 
macaque model, this study highlights the importance of monitoring the viral load in the lung as an indicator of 
pharmaceutical efficacy for COVID-19 treatments. Additionally, this study provides evidence of the efficacy of 
molnupiravir which supplements the current ongoing clinical trials of this drug.   

1. Introduction 

The emergence of the B.1.1.529 (omicron) variant of Severe Acute 
Respiratory Coronavirus 2 (SARS-CoV-2) has led to a resurgence in 
infection rates and created complications for disease management using 
existing strategies (Tian et al., 2022). The SARS-CoV-2 omicron variant 
has a heavily mutated receptor binding domain (RBD) that contributes 
to its escape from neutralizing antibodies including vaccine elicited 
humoral responses and monoclonal antibody therapeutics (Cao et al., 
2022; Tian et al., 2022). Monoclonal antibody treatments approved for 
patient use against Coronavirus Infectious Disease 2019 (COVID-19) 
have diminished efficacy against the omicron variant (Tada et al., 2022). 
Furthermore, immune protection against reinfection with the omicron 
variant is greatly diminished compared to reinfection rates with the 
B.1.1.7 (alpha), B.1.351 (beta), and B.1.617.2 (delta) variants (Altar-
awneh et al., 2022). As a result, there has been increased interest in 

antiviral drugs that target the SARS-CoV-2 replication and transcription 
complex (RTC) which should be unaffected by the RBD mutations of the 
omicron variant. 

SAR-CoV-2 contains 16 nonstructural proteins (NSPs) which asso-
ciate to form the RNA-dependent RNA polymerase (RdRP) (Malone 
et al., 2022). Minimally, NSP7 and NSP8 complex with the canonical 
RNA polymerase NSP12 to bind viral RNA and form the holo-RdRP and 
serve as the minimal RTC (Malone et al., 2022; Wu et al., 2022). Some 
ribonucleotide analogue inhibitors of the RTC, including molnupiravir, 
bind in the active site and induce mutagenesis leading to an “error ca-
tastrophe” where the virus is unable to maintain its genetic element due 
to catastrophically high error rates during replication while others, 
including remdesivir-triphosphate induce delated termination rather 
than mutagenesis (Byléhn et al., 2021; Drake and Holland, 1999; Malone 
and Campbell, 2021; Wu et al., 2021, 2022). Several ribonucleotide 
analogue inhibitors of the RTC have been evaluated for efficacy against 
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SARS-CoV-2 leading to the clinical development of remdesivir (sold 
under the brand name Veklury) (Grein et al., 2020; Rochwerg et al., 
2020) and its derivative VV116 (Xie et al., 2021), nirmatrelvir–ritonavir 
(PF-07321332 or Paxlovid) (Hammond et al., 2022), favipiravir 
(Hashemian et al., 2021), dexamethasone (Caruso et al., 2020; Raju and 
Biatris, 2021), fluvoxamine (although the direct mechanism of action is 
disputed and fluvoxamine may not directly inhibit the RTC) (Calusic 
et al., 2022; Hashimoto et al., 2022; Wen et al., 2022), and molnupiravir 
(EIDD-2801 or Lagevrio) (Fischer et al., 2021; Khoo et al., 2021; Painter 
et al., 2021a; Painter et al., 2021b; Wen et al., 2022). 

Currently, there are two United States (US) Food and Drug Admin-
istration (FDA) approved therapeutics for the treatment of COVID-19, 
remdesivir and the immune modulator baricitinib (Grein et al., 2020; 
Lin et al., 2022; Moshkovits and Shepshelovich, 2022; Rochwerg et al., 
2020). The FDA emergency use authorization (EUA), which is an addi-
tional route for using experimental treatments in the context of an 
emerging disease with limited treatment options outside of the normal 
randomized clinical trial mechanism, has allowed COVID-19 patients 
access to treatments with monoclonal antibodies, convalescent plasma, 
immune modulators, nirmatrelvir–ritonavir, and molnupiravir (Bhimraj 
et al., 2022; Moshkovits and Shepshelovich, 2022). EUAs have also been 
granted and subsequently revoked for hydroxychloroquine and mono-
clonal antibody treatments leading some experts to question the benefits 
of the current EUA system (Bhimraj et al., 2022). This study was per-
formed to provide preclinical data typically used as part of the con-
ventional approval or licensure process. 

Surges in COVID-19 have strained the capacity of US healthcare 
systems (Dichter et al., 2022; Griffin et al., 2020). Except for nirma-
trelvir–ritonavir and molnupiravir, all antiviral and antibody treatments 
for COVID-19 have required skilled nursing care for administration 
adding to the stress on healthcare system capacity (Dal-Ré et al., 2022). 
Generally, early administration of pharmaceutical intervention is asso-
ciated with better outcomes for antiviral therapy. Both nirma-
trelvir–ritonavir and molnupiravir should be administered within five 
days of COVID-19 symptom onset (Dal-Ré et al., 2022). Telehealth 
intervention with nirmatrelvir–ritonavir or molnupiravir can be bene-
ficial in that it allows quicker patient access to treatment, can reduce 
burden on the healthcare system, and ameliorates concerns of 
SARS-CoV-2 transmission in the healthcare setting (Lee, 2022). Addi-
tionally, molnupiravir has an advantage that it can be manufactured at a 
large scale much more easily than antibody treatments. Further, it does 
not require cold-chain storage in its capsule form which makes distri-
bution easier (Singh et al., 2021). 

In K18-hACE2 mice, the combination of molnupiravir with nirma-
trelvir synergistically improved survival following SARS-CoV-2 infec-
tion (Jeong et al., 2022). The efficacy of molnupiravir against 
SARS-CoV-2 has been examined in numerous animal model studies 
(Ashour et al., 2022; Eloy et al., 2021; Lee et al., 2021). It has docu-
mented efficacy in ferret models, and an observed sex and variant biased 
efficacy in a hamster model (Abdelnabi et al., 2021; Cox et al., 2021; 
Lieber et al., 2022). 

While there have been small animal studies demonstrating the 
effectiveness of molnupiravir against SARS-CoV-2, including recent 
Omicron variants, in rodents (Rosenke et al., 2022), non-human primate 
(NHP) models of infection are considered of upmost importance in the 
development of novel drugs. A rhesus macaque model of SARS-CoV-2 
infection which recapitulates many aspects of COVID-19 disease in 
humans has become the preferred model for SARS-CoV-2 drug devel-
opment (Chandrashekar et al., 2020; Munster et al., 2020; Salguero 
et al., 2021). Specifically, rhesus macaques experience a febrile respi-
ratory disease which lasts 8–16 days and is characterized by pulmonary 
infiltrates and the detection of virus in nasal swabs and bronchoalveolar 
lavages (BALs) (Munster et al., 2020). Additionally, the rhesus macaque 
model demonstrates greater severity in aged NHPs compared to younger 
NHPs, similar to what has been observed in humans (Yu et al., 2020). 

The ribonucleoside analog N4-hydroxycytidine (EIDD-1931) is a 

broadly acting antiviral that inhibits the replication of many RNA vi-
ruses (Toots et al., 2020). An isobutyric ester prodrug of EIDD-1931, 
molnupiravir, has increased oral bioavailability, including plasma con-
centrations, in an NHP model (Toots et al., 2019). Molnupiravir has 
undergone numerous clinical trials, many of them under the trade name 
molnupiravir (Caraco et al., 2022; Fischer et al., 2021; Jayk Bernal et al., 
2022; Khoo et al., 2021; Mahase, 2021; Wendy P. Painter et al., 2021; 
Singh et al., 2021). Currently, molnupiravir is available commercially in 
the US as an oral prescription medication authorized under the FDA EUA 
mechanism (Moshkovits and Shepshelovich, 2022). The goal of this 
study is to test the efficacy of molnupiravir against SARS-CoV-2 infec-
tion in the rhesus macaque model. Additionally, this study provides 
insight into the interpretation of large-scale NHP model preclinical data 
for antiviral therapeutic efficacy SARS-CoV-2 considering the relatively 
mild disease observed in this model. Interestingly, the rapid clinical 
testing and the EAU use of molnupiravir due to the circumstances of 
COVID-19 allows for a simultaneous discussion of preclinical and clin-
ical efficacy data for molnupiravir. 

2. Materials and methods 

2.1. NHP model 

Specific pathogen free adult Chinese-origin rhesus macaques 
(Macaca mulatta, n = 20; 10 male, 10 female, 43–66 months old and 
individually identified by unique tattoo), were obtained from Evigo 
(Alice, TX, USA). All animals were evaluated by a veterinarian and 
determined to be healthy before being placed on study. For continuous 
core body temperature measurements, a DST micro-T implantable 
temperature logger (Star–Oddi, Gardabaer, Iceland) was surgically 
implanted into the peritoneal cavity of each animal prior to study 
initiation; data recording was set to 15 min intervals as previously 
described (Harris et al., 2021). Macaques were individually housed at 
Animal Biosafety Level 3 (ABSL3) for the duration of the study. Drinking 
water (reverse osmosis-purified) was provided ad libitum through an 
automatic watering system. Certified Primate Diet 5048 (LabDiet, St. 
Louis, MO, USA) and food enrichment consisting of fresh fruit and 
vegetables was provided to the macaques daily. Environmental enrich-
ment including various manipulatives (Kong toys, mirrors, and puzzles) 
was also provided. All hands-on manipulations, including challenge, 
oral gavage, and biosampling, were performed on sedated animals 
administered ketamine (5–20 mg/kg) via intramuscular injection. 

2.2. Randomization, cohorts, and treatments 

Macaques were split evenly into two cohorts and then randomized by 
gender and body weight into three sex-balanced groups using SAS 
software (SAS Institute, Inc., Cary, North Carolina, United States). Un-
less otherwise noted, data from both cohorts were combined and 
analyzed together. For both cohorts, the first group of two macaques was 
mock-treated, the second group of four macaques received an molnu-
piravir dose of 75 mg/kg at each treatment, and the third group of four 
macaques received an molnupiravir dose of 250 mg/kg at each treat-
ment (Table 1). Dosing was selected based on the reported plasma 
availability of molnupiravir in rhesus macaques and the inhibitory 
concentrations reported for SARS-CoV-2 (Holman et al., 2021; Li et al., 
2022 & Toots et al., 2019). Molnupiravir powder was formulated in 
1.0% methylcellulose (400 cP, SLCD9520, Sigma Aldrich, St. Louis, MO, 
USA) in water (GenClone, Genesee Scientific, San Diego, CA, USA) at 15 
and 50 mg/mL for the second and third group, respectively, stored at 4 
◦C, and used within three days of reconstitution. Subjects were treated 
twice daily with an 8-h interval from the day of challenge to 6-days post 
challenge (14 total doses). 
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2.3. SARS-CoV-2 challenge characterization 

SARS-CoV-2 strain USA_WA-1/2020 (kindly provided by Dr. Chien- 
Te (Kent) Tseng at UTMB from original material provided by the Cen-
ters for Disease Control and Prevention in January 2020) was passaged 
once in Vero C1008 (E6) cells (BEI Resources, NR-596, Lot 3956593). 
Viral stocks were thawed and diluted to 1 × 106 TCID50/mL immediately 
prior to administration as previously described (Harris et al., 2021). The 
challenge strain and dose were informed by previous study of 
SARS-CoV-2 in rhesus macaques (Chandrashekar et al., 2020; Munster 
et al., 2020; Salguero et al., 2021). The challenge inoculum was 
administered to each subject split between 0.5 mL per nare administered 
using a MAD Nasal™ Intranasal Mucosal Atomization Device (Teleflex, 
Morrisville, North Carolina, USA). An additional 4.0 mL was adminis-
tered intratracheally for a total target challenge of 5 × 106 TCID50 per 
subject. Following challenge, the inoculum titer was quantified as 5.15 
× 106 and 6.08 × 106 TCID50 for Cohorts 1 and 2, respectively. 

2.4. Clinical scoring, radiography, and euthanasia criteria 

Clinical observations were conducted twice daily (morning and af-
ternoon) during the study and included measurement of cage-side 
respiration rates and clinical scoring based on general appearance (e. 
g., hunched posture), activity, food/enrichment consumption, and out-
ward changes in breathing patterns. Prospectively defined criteria that 
required immediate euthanasia included severe dyspnea and/or agonal 
breathing and prostate posture/reluctance to move when stimulated. No 

animals met endpoint criteria during the study. Ventrolateral chest 
radiography was performed on days 0, 1, 3, 5, 7, 10, and 14 (Fig. 1) 
using a portable GE AMX-4+ computed radiography system (General 
Electric Company, Boston, Massachusetts, USA) per the manufacturer’s 
instructions. DICOM data files were independently evaluated by a vet-
erinary radiologist via a four-pattern approach (analyses of consolida-
tion, interstitial areas, nodules or masses, and atelectasis). 

2.5. Bronchoalveolar lavage collection and processing 

BAL fluid collection was performed at baseline (5–7 days prior to 
challenge) and on days 7, and 10. Sedated animals were treated with 
lidocaine or catecaine administered onto the pharynx. A laryngoscope 
was used to place a catheter into the trachea which was used to infuse up 
to 20 mL of sterile PBS into the lungs, and then aspirated to recover the 
sample. This process was repeated up to three times per animal. The 
collected BAL sample was centrifuged, and the cell pellet resuspended in 
0.05 mL of PBS and processed for viral load via RT-PCR. The BAL su-
pernatant was frozen for later titration by TCID 50 assay. 

2.6. Hematology and clinical chemistry 

Femoral vein peripheral blood was collected via Vacutainer® into 
standard collection tubes containing a clot activator (serum separator 
tubes) or EDTA. Clinical chemistry analyses were conducted on har-
vested serum using the Abaxis VetScan VS2® Chemistry Analyzer using 
Comprehensive Diagnostic Profile rotors (Abaxis, Inc., Union City, CA, 
USA). Hematology was performed on EDTA blood using the Abaxis 
VETSCAN® HM5 Hematology Analyzer (Abaxis, Inc., Union City, CA, 
USA). Serum was frozen for viral load analysis. Nasal, oral, and rectal 
swabs were collected on days 0–5, 7, 10, and 14 using sterile cotton- 
tipped medical swabs which were placed into 0.5 mL sterile 
phosphate-buffered saline (PBS) for viral load analysis. 

2.7. Anatomical and Histopathology 

At the end of the study, (day 14 post-challenge) subjects were hu-
manely euthanized via intravenous administration of a pentobarbital- 
based euthanasia solution under deep anesthesia followed by bilateral 
thoracotomy. Necropsy was conducted and tissues (spleen, heart, liver, 
lung, stomach duodenum, jejunum, ileum and colon) were collected in 
10% neutral buffered formalin for fixation. Fixed tissues were shipped to 
Experimental Pathology Laboratories, Inc. (EPL; Sterling, VA), trimmed, 
paraffin embedded, processed to slides, stained with H&E, and evalu-
ated by a board-certified Veterinary Pathologist. One section each of left 
and right cranial and left and right caudal lung were trimmed and 
processed separately for evaluation; histologic grading was determined 
for lung as a whole and not as separate sections. 

Table 1 
Subject descriptors.  

Cohort Group ID Sex Challenge Dose Treatment Dose 

1 1 RA3691 F 5.15 × 106 

TCID50 

mock 
RA3886 M 

2 T152322 F 75 mg/kg EIDD-2801 
RA3621 F 
RA3885 M 
RA3900 M 

3 RA3466 F 250 mg/kg EIDD- 
2801 RA3626 F 

RA3887 M 
T151543 M 

2 1 RA3489 F 6.08 × 106 

TCID50 

mock 
RA3903 M 

2 RA3453 F 75 mg/kg EIDD-2801 
RA3675 F 
RA3883 M 
T152211 M 

3 RA3446 F 250 mg/kg EIDD- 
2801 RA3662 F 

RA3882 M 
T151807 M  

Fig. 1. Schematic of the experimental protocol. Experimental procedures were completed on the days indicated. “pre” indicates pre-challenge procedures completed 
up to 1 week before challenge to collect baseline data. Green circles indicate that the procedure was done once that day. Red circles indicate that the procedure was 
done twice daily. Temperature was monitored at 15-min intervals during the study. 
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2.8. Determination of viral load 

Viral load analysis was assessed by TCID50 and qRT-PCR assays as 
previously described (Harris et al., 2021). Briefly, TCID50 was deter-
mined with serial dilution of samples on Vero C1008 (E6) cells (BEI 
Resources, NR-596, Lot 3956593) which were observed for cytopathic 
effect following a 48-72-h incubation period. TCID50 was calculated as 
previously described (Ramakrishnan, 2016). RNA was isolated from 
supernatants of swabs and BALs in TRIzol LS reagent using Zymo 
Direct-zol™ RNA Mini Prep kits (Zymo Research, Irvine, CA, USA) per 
manufacturer instructions. RNA samples were analyzed via qRT-PCR 
targeting the SARS-CoV-2 E gene using a Quantifast Probe PCR kit 
(Qiagen, Germantown, MD, USA) on the Bio-Rad CFX96™ Real-Time 
PCR Detection System in conjunction with the following primer/probe 
set: forward primer (250 nM, 5′-ACA GGT ACG TTA ATA GTT AAT AGC 
GT-3′), reverse primer (250 nM, 5′-ATA TTG CAG CAG TAC GCA CAC 
A-3′), and probe (375 nM, 5′-6FAM-ACA CTA GCC/ZEN/ATC CTT ACT 
GCG CTT CG-IABkFQ-3′) (Integrated DNA Technologies, Coralville, IA, 
USA). Thermocycling conditions were as follows: step 1, 1 cycle, 50 ◦C 
for 10 min; step 2, 1 cycle, 95 ◦C for 10 min; steps 3–5, 45 cycles, 95 ◦C 
for 10 s, 60 ◦C for 30 s, single read. Negative controls included reaction 
mixtures without RNA. For quantification purposes, viral RNA extracted 
from the virus seed stock with a known TCID50/mL titer was used. All 
qRT-PCR results are expressed as genome equivalents per microliter 
(GEq/μL) based on comparison of standards to TCID50/mL equivalents. 

2.9. Statistical analysis 

All statistics were prospectively planned and conducted by a 
biostatistician with expertise in NHP studies. For each parameter, 
descriptive statistics (mean and standard deviation), including geo-
metric means and geometric standard deviation (GSDs) when variable 
was log transformed, were calculated for each group and time point. 
Mixed models with random intercepts were used to assess if means were 
significantly different among groups. If there was a significant difference 
among groups, pairwise comparisons were performed, and both the 
unadjusted p-values and Tukey adjusted p-values were calculated. All 
statistics were performed as reported in the text using SAS software 
version 9.4 (SAS Institute Inc., Cary, NC, USA). Figs. 2-5 were generated 
using GraphPad Prism version 9 (GraphPad Software, San Diego, CA, 

USA) and represent combined data from both cohorts. Fig. 1 was created 
with BioRender.com. 

3. Results 

3.1. Clinical observation results 

Clinical signs were not observed at any timepoint in the majority of 
subjects. RA3489 (Group 1 - mock-treated) on day 8 post-challenge and 
RA3453 (Group 2–75 mg/kg/dose molnupiravir) on day 5 post- 
challenge scored 1 for a mildly hunched posture. T151807 (Group 
3–250 mg/kg/dose molnupiravir) also scored 1 for mildly hunched 
posture on Day 11 (Fig. 2A). 

Respiration rates tended to increase post-challenge compared to 
baseline. During baseline measurement, Group 1 (mock-treated) 
demonstrated a greater average respiration rate (45 breaths/minute) 
versus Group 3 (250 mg/kg/dose molnupiravir; 36 breaths/minute); 
however, the difference was not significant as determined by Tukey 
adjusted post-hoc analysis (p = 0.0657) (Fig. 2B). Treatment groups 
were also compared within their respective challenge cohort. In Cohort 
1, Group 1 (mock-treated) demonstrated higher respiration rates than 
Group 3 (250 mg/kg/dose molnupiravir) (p < 0.05, Tukey) at baseline 
and days 5 and 6 post-challenge. On day 6 post-challenge, Group 2 (75 
mg/kg/dose molnupiravir) had higher respiration rates than Group 3 
(250 mg/kg/dose molnupiravir) (p < 0.0001, Tukey). In Cohort 2 
respiration rates were significantly different on days 4 and 14 post- 
challenge with Group 2 (75 mg/kg/dose molnupiravir) being signifi-
cantly higher than either Group 1 (mock-treated) or Group 3 (250 mg/ 
kg/dose molnupiravir) on both days (p < 0.05, Tukey). 

Core body temperatures were recorded every 15 min throughout the 
study. Temperature data were condensed to 6-h rolling averages for 
statistical analysis (Fig. 2C). Group 1 (mock-treated) demonstrated a 
higher average temperature on Day 1 post-challenge versus Group 3 
(250 mg/kg/dose molnupiravir) for morning (0600–1145) and after-
noon (1200–1745) timepoints (p < 0.01, Tukey). In addition, Group 1 
(mock-treated) demonstrated a higher average temperature on Day 7 
post-challenge than all other groups (75 or 250 mg/kg/dose molnupir-
avir) for the morning and afternoon timepoints (p < 0.05, Tukey). 

Individual animal body weights remained constant during the course 
of the study and no significant differences among the groups were 

Fig. 2. Clinical Scores, Respiration, Body Tempera-
ture, and Weight. Mock-treated (blue circles), 75 mg/ 
kg/treatment molnupiravir treated (red squares), and 
250 mg/kg/treatment molnupiravir treated (green 
diamonds) subjects were monitored for (A) clinical 
scores which were assigned based on twice daily 
observation of respiration, food consumption, excre-
tion of feces and urine, activity, and appearance; (B) 
respiration rates; (C) body temperature as recorded 
every 15 min with implantable temperature loggers 
and transformed into 6-h rolling averages for anal-
ysis; and (D) body weight. Error bars represent stan-
dard error of the means. DPI – Days post-infection.   
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Fig. 3. Clinical Chemistry. Clinical chemistry values were measured with a Vetscan VS2 analyzer using Comprehensive Diagnostic Profile rotors. (A) Blood urea 
nitrogen, (B) creatinine, and (C) sodium levels are reported for mock-treated (blue circles), 75 mg/kg/treatment molnupiravir treated (red squares), and 250 mg/kg/ 
treatment molnupiravir treated (green diamonds) subjects. A horizontal hash-mark indicates the mean with standard deviation error bars. DPI – Days post-infection. 

Fig. 4. Hematology. Blood collected in sodium EDTA 
vacutainers was analyzed on a HM5 veterinary he-
matology analyzer. (A) White blood cells, (B) neu-
trophils, (C) lymphocytes and (D) red blood cells are 
reported from subjects that were mock-treated (blue 
circles), received 75 mg/kg/treatment molnupiravir 
(red squares), or received 250 mg/kg/treatment 
molnupiravir (green diamonds). A horizontal hash- 
mark indicates the mean with standard deviation 
error bars. DPI – Days post-infection.   

Fig. 5. Viral Load. Quantitative reverse transcriptase 
PCR (qRT-PCR) targeting the SARS-CoV-2 E gene (A 
and B) or tissue culture 50% infectious dose (TCID50) 
on Vero C1008 (E6) cells (C and D) were determined 
for bronchoalveolar lavage (BAL) (A and C) or nasal 
swab (B and D) supernatants from mock-treated (blue 
circles), 75 mg/kg/treatment molnupiravir treated 
(red squares), and 250 mg/kg/treatment molnupir-
avir treated (green diamonds) subjects. A horizontal 
hash-mark indicates the mean with standard devia-
tion error bars. DPI – Days post-infection.   
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measured at any time (Fig. 2D). 

3.2. Clinical chemistry results 

Clinical chemistry and hematological analysis were undertaken to 
attempt to observe biomarkers of SARS-CoV-2 infection in the NHP 
model. Limited differences in clinical chemistry parameters were 
observed between the groups. While there was not a significant differ-
ence in blood urea nitrogen (BUN) among groups over time, there was a 
trend for increased levels compared to baseline in all groups on days 1, 3 
and 5 post-challenge (Fig. 3A). There were significant differences in 
creatinine levels (CRE) among groups at baseline and Day 5 post- 
challenge (Fig. 3B). At baseline, Group 1 (mock-treated) had a signifi-
cantly lower average CRE than group 3 (250 mg/kg/dose molnupiravir). 
At day 5 post-challenge, Group 1 (mock-treated) demonstrated a 
significantly higher average CRE than Group 3 (250 mg/kg/dose mol-
nupiravir). There were significant differences in sodium (Na+) among 
groups at Days 1 and 5 post-challenge. Group 1 (mock-treated) had a 
significantly lower level than Group 2 (75 mg/kg/dose molnupiravir) at 
Day 1; Group 1 had a significantly higher level than Group 3 (250 mg/ 
kg/dose molnupiravir) at day 5 post-challenge. No significant differ-
ences in albumin, alkaline phosphatase, alanine phosphatase, amylase, 
calcium, globulin, glucose, potassium, phosphorous, total bilirubin, or 
total protein were detected (Supplemental Fig. 1). 

3.3. Hematology results 

Mean total white blood cell count results demonstrated a decrease 
from day 1 to day 3 post challenge in all groups (Fig. 4A). There were 
significant differences in neutrophil counts among groups at baseline 
versus day 1 post-challenge (Fig. 4B). Group 1 (mock-treated) demon-
strated a significantly lower level of neutrophils than Groups 2 and 3 (75 
and 250 mg/kg/dose molnupiravir) at baseline. Group 1 (mock-treated) 
had significantly higher neutrophil levels than Group 2 (75 mg/kg/dose 
molnupiravir) at Day 1. There were significant differences in lympho-
cyte counts among groups at baseline and on Days 3, 5, 7, 10 and 14 
post-challenge (Fig. 4C). Group 1 (mock-treated) had consistently 
higher lymphocytes than Groups 2 and 3 (75 or 250 mg/kg/dose mol-
nupiravir). There were significant differences in red blood cell (RBC) 
counts among groups on Day 5 post-challenge (Fig. 4D). Group 1 (mock- 
treated) had a significantly lower RBC counts than Groups 2 and 3 (75 or 
250 mg/kg/dose molnupiravir). No significant differences in mono-
cytes, basophils, eosinophils, or platelets were detected (Supplemental 
Fig. 2). 

3.4. Viral load results 

There were significant differences in the viral RNA levels in BAL 
samples among groups at Days 7 and 10 post-challenge (Fig. 5A). On 
both days, Group 1 (mock-treated) and Group 2 (75 mg/kg/dose mol-
nupiravir) had significantly higher viral genome equivalents per 
microliter (GEq/μL) than Group 3 (250 mg/kg/dose molnupiravir) (p <
0.05, Tukey). There were significant differences in the level of viral RNA 
in nasal swabs among groups at Day 10 post-challenge. Specifically, 
Group 3 (250 mg/kg/dose molnupiravir; 1.626 × 104 GEq/μL) had 
significantly higher values than Group 1 (mock-treated; 1.862 × 101 

GEq/μL and 2 (75 mg/mg/dose molnupiravir; 9.168 × 102 GEq/μL) (p 
< 0.05, Tukey) (Fig. 5B). 

Supernatant from collected BAL were assayed for viable virus via 
TCID50 assay (Fig. 5C). There were no significant differences among 
groups over time, although it should be noted that minimal viable virus 
was detected across all collected samples. The only positive samples 
were: RA3886 (Group 1, mock-treated, 4.22 × 102 TCID50/mL), 
T151543 (Group 3, 250 mg/kg/dose molnupiravir, 6.81 × 102 TCID50/ 
mL), RA3489 (Group 1, mock-treated, 3.16 × 102 TCID50/mL), RA3662 
(Group 3, 250 mg/kg/dose molnupiravir, 1.47 × 102 TCID50/mL), and 

RA3882 (Group 3, 250 mg/kg/dose molnupiravir, 1.78 × 102 TCID50/ 
mL), and T151807 (Group 3, 250 mg/kg/dose molnupiravir, 1.47 × 102 

TCID50/mL). Nasal, oral and rectal swab samples were also assayed for 
viable virus. RA3691 (Group 1, mock-treated, day 1) and RA3886 
(Group 1, mock-treated, day 1), RA3900 (Group 2, 75 mg/kg/dose 
molnupiravir, day 1) and RA3887 (Group 3, 250 mg/kg/dose molnu-
piravir, day 1 and 2) all had 3.16 × 102 TCID50/mL in the oral swabs. 
These were the only positive oral swab samples. There were significant 
differences in viral loads in nasal swab samples between groups on days 
1, 2, 3 and 4 post-challenge (Fig. 5D). On days 1 and 2, Group 1 (mock- 
treated) demonstrated significantly higher viral loads versus Group 2 
(75 mg/kg/dose molnupiravir). Similarly, Group 2 demonstrated 
significantly higher viral loads than Group 3 (250 mg/kg/dose molnu-
piravir). On day 3, Group 1 demonstrated significantly higher virus 
levels than Group 3. On day 4, Group 3 had significantly higher virus 
levels than Group 2. 

3.5. Radiography results 

Radiographs were read by a veterinary radiologist and the conclu-
sions for each subject are listed in Supplemental Table 1. Because of the 
variability in the radiographic findings, no clear group differences could 
be identified; however, diffuse interstitial infiltrates characteristic of 
COVID-19 were observed in most Group 1 (mock-treated) subjects while 
findings in Groups 2 and 3 (75 and 250 mg/kg/dose molnupiravir) 
ranged from benign to diffuse interstitial infiltrates similar to those 
observed in Group 1. 

3.6. Pathology results 

In general, when assessing across cohorts, lung tissue collected from 
Groups 2 and 3 male subjects demonstrated a mild decrease in alveolar 
inflammation severity whereas perivascular infiltrates (mixed or 
mononuclear) appeared equal in severity across groups when compared 
to Group 1. Lung tissue collected from female subjects across the three 
groups presented with alveolar inflammation and perivascular in-
filtrates of equivalent severity. Fibrosis and/or bronchoalveolar hyper-
plasia was observed in Groups 1 and 3 males and/or females at minimal 
incidence and severity. These observations can be considered back-
ground spontaneous lesions. Therefore, due to their minimal incidence 
and severity, it is unclear if these findings are background lesions or 
related to SARS-CoV-2 infection (Chamanza 2011) (Supplemental Fig. 
3). Proteinaceous alveolar fluid was observed in the lung of the majority 
of NHPs; however, fluid was not considered related to SARS-CoV-2 
infection or treatment. 

4. Discussion 

The variability of disease observed in the rhesus macaque model of 
COVID-19, along with the mild-to-moderate disease caused, led to some 
issues with data analysis for this study (Munster et al., 2020; Yu et al., 
2020). Treatment with the molnupiravir protected the NHPs from 
developing a fever after challenge in Cohort 1. However, there was no 
difference in Cohort 2 because the control animals did not develop a 
febrile response to the challenge. Radiographic analysis showed diffuse 
interstitial infiltrates in control animals while the findings in treated 
ranged from benign to diffuse interstitial infiltrates as seen in the control 
animals. While some evidence is presented that treatment may have 
impacted the clinical course of disease, overall, no systemic pattern 
emerged between treated and untreated NHPs. No clinical chemistry 
results indicated any potential issue with drug toxicity, although this 
model was not designed to evaluate the pharmacokinetics or adverse 
drug reactions. A limitation of this study is that it does not include 
pharmacokinetics. Neither clinical chemistry nor hematology provided 
parameters which appeared to be useful biomarkers for the prediction of 
SARS-CoV-2 related pathology. No signs of mutational pressure due to 
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treatment were observed in terms of worsening disease compared to 
mock treatment or in terms of persistent active viral infection at the end 
of the study. 

Histopathology suggested that treatment with molnupiravir may 
have had a mild decrease in severity of alveolar inflammation compared 
to non-treated control animals. However, inflammation in association 
with foreign material most likely introduced during gavage procedures 
was observed in multiple groups. This observation complicated the 
interpretation as inflammation caused by viral exposure cannot be 
separated from that caused by inhaled foreign material. In future 
studies, an additional control group of lavaged non-SARS-CoV2 chal-
lenged animals would assist in delineating between spontaneous back-
ground lesions and those occurring due to test article or viral exposures. 
Increased animal numbers in control and challenged groups may also 
assist in providing a greater magnitude of difference between control 
and treated groups. Alternatively, designating separate groups for BAL 
and pathology would ameliorate this issue. It is difficult to justify 
extensive control groups ethically and financially in NHP studies. A 
limitation of this studies is that given the mild course of SARS-CoV-2 
disease in the NHP model, it is possible that some findings are related 
to treatments and sedation, which was common across all group rather 
than SARS-CoV-2 infection. The increased respiration rates, particularly 
in the mid-dose treatment group are likely not biologically relevant, 
especially considering the variability in this parameter observed prior to 
treatment and the close approximate value of the day 14 respiration rate 
and day − 5 respiration rates in this group. The reduction in alveolar 
inflammation may provide some histopathological evidence in support 
of additional study of the early use of molnupiravir in mild to moderate 
COVID-19 clinical care (Grillo et al., 2021; McDonald, 2021). 

Differences observed in the viral load measured by qRT-PCR between 
treated and untreated subjects suggests there may be subtle differences 
in in vivo viral replication kinetics due to molnupiravir treatment. In the 
case of BAL, viral load by qRT-PCR (performed on the cellular fraction 
recovered from BAL) may be a better indicator of SARS-CoV-2 replica-
tion than the viral load by TCID50 (performed on the acellular, fluid 
fraction recovered from BAL) due to dilution of the virus in the media 
used to perform the BAL procedure. Meta-analysis of clinical studies of 
molnupiravir suggest that it reduces the absolute risk of hospitalization 
or death from 14.1% to 7.3% in high-risk patients provided that treat-
ment is started early in the course of infection (Singh et al., 2021). This 
relatively small clinical improvement is in line with the relatively small 
clinical improvements reported in this study. The differences in viral 
load from respiratory tract sampling found in this study may be a useful 
prognostic tool in the clinical evaluation of molnupiravir in clinical 
trials. It remains unclear what effect reduced viral load in the lung has 
on the transmission of SARS-CoV-2. 

The justification for conducting this study was to provide pre-clinical 
regulated data in support of regulatory approval for molnupiravir in 
humans. This study demonstrated the efficacy of oral treatment with 
molnupiravir in the rhesus macaque model of SARS-CoV-2 infection. A 
total of twenty NHPs were successfully challenged with SARS-CoV-2 and 
treated with twice daily with molnupiravir. The efficacy of molnupiravir 
was demonstrated in the significant reduction of viral RNA levels in BAL 
samples from treated subjects compared to controls. 

Considering the variability of clinical presentations and radiological 
findings in the controls between cohorts, viral load in the lung may be 
the most important parameter to measure for pharmaceutical efficacy. 
Future studies should focus on BAL sampling at more time points. Also, 
comparing treated and non-treated subjects to nonchallenged controls at 
different times post-infection may be more informative in determining 
differences in lung pathology amongst the groups. Ultimately, this 
study, although rigorously conducted, showed relatively minor differ-
ences between the treatment groups. However, molnupiravir use in 
humans has documented efficacy for certain indications of SAR-CoV-2 
infection (Caraco et al., 2022). From this, we can conclude that 
smaller differences in the rhesus macaque model of SARS-CoV-2 may 

play an important role in the evaluation of new COVID-19 therapeutics. 
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