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ARTICLE INFO ABSTRACT

Keywords: Endemic seasonal coronaviruses cause morbidity and mortality in a subset of patients, but no specific treatment

Molnupiravir . is available. Molnupiravir is a promising pipeline antiviral drug for treating SARS-CoV-2 infection potentially by

;zz;sonal coronavirus targeting RNA-dependent RNA polymerase (RARp). This study aims to evaluate the potential of repurposing
p

molnupiravir for treating seasonal human coronavirus (HCoV) infections. Molecular docking revealed that the
active form of molnupiravir, p-D-N*-hydroxycytidine (NHC), has similar binding affinity to RdRp of SARS-CoV-2
and seasonal HCoV-NL63, HCoV-OC43 and HCoV-229E. In cell culture models, treatment of molnupiravir
effectively inhibited viral replication and production of infectious viruses of the three seasonal coronaviruses. A
time-of-drug-addition experiment indicates the specificity of molnupiravir in inhibiting viral components.
Furthermore, combining molnupiravir with the protease inhibitor GC376 resulted in enhanced antiviral activity.
Our findings highlight the great potential of repurposing molnupiravir for treating seasonal coronavirus infected

Drug repurposing

patients.

Coronaviruses constitute a large family of single-stranded positive-
sense RNA viruses infecting mammals and birds. There are currently
seven types of coronaviruses known to infect humans, although all of
them are thought to have originated in animals. The three highly
pathogenic members—MERS-CoV, SARS-CoV-1 and SARS-CoV-2—can
cause severe acute respiratory diseases. The four endemic seasonal
human coronaviruses (HCoV)—NL63, 0C43, 229E and HKU1—usually
but not exclusively cause mild and self-limiting respiratory tract in-
fections (Ma et al., 2020).

Endemic seasonal HCoVs have been neglected by both public and
research communities. Globally, the four seasonal HCoVs contribute to
5% of the several billion upper respiratory infections each year (Li et al.,
2020b). Systematic analysis of reported clinical studies estimated that
about 25% of patients infected with seasonal HCoVs will actually
develop pneumonia potentially resulting in serious complications (Li
et al., 2020a), although such estimation likely has bias due to limited
data available. Importantly, fatality has been reported usually in
vulnerable populations but also in healthy individuals (Veiga et al.,

2021). The clinical burden of seasonal HCoVs infection is clearly un-
deniable, but there is no therapeutic option available.

Based on the close genetic relationship among different coronavi-
ruses (Ma et al., 2020), we hypothesize the feasibility of repurposing
anti-SARS-CoV-2 agents for treating seasonal HCoVs infections. The
ribonucleoside  analog  p-D-N4-hydroxycytidine = (NHC)  has
broad-spectrum antiviral activity against various RNA viruses, including
hepatitis C virus, Ebola virus and influenza viruses (Reynard et al., 2015;
Stuyver et al., 2003; Toots et al., 2019). Molnupiravir (EIDD-2801 or
MK-4482), the pro-drug of NHC, has been shown to potently inhibit the
replication of SARS-CoV-2 in human airway cell culture and animal
models (Cox et al., 2021; Wahl et al., 2021). Importantly, recent results
of a Phase 2a trial has demonstrated that as the first oral, direct-acting
antiviral, molnupiravir is highly effective in reducing nasopharyngeal
SARS-CoV-2 infectious virus and viral RNA levels, and has a favorable
safety and tolerability profile (Fischer et al., 2021). It thus represents as
one of the most promising pipeline antiviral drug candidates for treating
COVID-19, the disease caused by SARS-CoV-2 infection. This study aims

* Corresponding author. Department of Gastroenterology and Hepatology, Erasmus MC, room Na-1005, Wytemaweg 80, NL-3015, Rotterdam, CN, the Netherlands.
** Corresponding author. Discipline of Biosciences and Biomedical Engineering (BSBE), Indian Institute of Technology Indore (IITI), Indore, MP, 453552, India.

E-mail addresses: msb.iit@iiti.ac.in (M.S. Baig), q.pan@erasmusmc.nl (Q. Pan).

https://doi.org/10.1016/j.virol.2021.09.009

Received 16 August 2021; Received in revised form 29 September 2021; Accepted 29 September 2021

Available online 2 October 2021

0042-6822/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:msb.iit@iiti.ac.in
mailto:q.pan@erasmusmc.nl
www.sciencedirect.com/science/journal/00426822
https://www.elsevier.com/locate/virology
https://doi.org/10.1016/j.virol.2021.09.009
https://doi.org/10.1016/j.virol.2021.09.009
https://doi.org/10.1016/j.virol.2021.09.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virol.2021.09.009&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Y. Wang et al.

SARS-CoV-2

Virology 564 (2021) 33-38

HCoV-NL63

Interactions
- Pi-Pi Stacked - Unfavorable Doner-Doner - Unfavorable Acceptor-Acceptor

D van der waals D Pi-Alkyl

- Conventional Hydrogen Bond D Carbon Hydrogen Bond
- Pi-Sigma - Pi-Sulfur

RdRp Dock Active Site Amino Acids Interacting  B.E.
Amino acids
SARS CoV2  With RNA 545-555 545, 555 1.7
NL63 With RNA  540-550 540, 550 -84
229E With RNA  540-550 540, 541 1.7
0C43 With RNA  541-551 540, 542 -8.0

Fig. 1. Site specific binding mode of NHC to coronavirus polymerase-RNA complex. The active form of molnupiravir (3-D-N*-hydroxycytidine triphosphate;
NHC), binding to the RdRp-RNA complex (atom color ribbons) of SARS-CoV-2 (A), HCoV-NL63 (B), HCoV-229E (C) and HCoV-OC43 (D), is depicted as surface
representation. H-bond donor (purple) and acceptor (green) interactions are depicted. (E) Summary of binding mode and affinity index (B.E.). HCoV: human
coronavirus. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

to evaluate the potential antiviral activity of molnupiravir against three
seasonal HCoVs using molecular docking and cell culture models.
Because of the unavailability of HCoV-HKU1 cell culture system, it was
excluded in this study.

One possible antiviral mechanism of molnupiravir is to introduce
lethal mutagenesis during viral RNA replication (Sheahan et al., 2020).
Thus, it is intuitive to expect direct interactions between NHC (the active
form of molnupiravir) and coronavirus RARp. RdRp is virtually encoded
by all RNA viruses and can be targeted with a high degree of selectivity.
As a key virus-encoded enzyme in the viral replication cycle, RARp plays
an important role in transcribing mRNA from genome templates and acts
as a replicase to copy genomic RNA. Given the structural similarity
among RdRps and the conservation of their structural elements, it has
become one of the best targets for developing broad-spectrum antiviral
agents. To map such potential interactions, we retrieved the experi-
mentally solved crystal structure of SARS-CoV-2 RdRp, and successfully
modelled the RdRp structures of HCoV-NL63, HCoV-OC43 and
HCoV-229E (see details in supplementary methods). Through pre-
liminary blind docking, a grid was defined around the active regions
from 540 to 555 of the four RdRp structures (Fig. S1, Fig. 1 and Fig. S2).
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Site-specific docking of this region consistently indicated interactions
between NHC with the four RdRps (Fig. S1). As RdRp catalyzes the
replication of viral RNA, it is important to further confirm the binding
affinity of NHC on a polymerase-RNA complex. As the crystal structure
of polymerase-RNA complex of HCoV-NL63, HCoV-229E and
HCoV-0OC43 is not available, the polymerase was docked with RNA in
the HDOCK server. The resulting conformation was downloaded and
further docked with NHC (the active form of molnupiravir) (Fig. 1). As
the crystal structure of polymerase-RNA complex of SARS-CoV-2 (PDB
7C2K) is available, this polymerase was first docked with RNA in crystal
structure (Fig. S2A). To be consistent, this was also performed in the
HDOCK server (Fig. 1A). Overall, the binding scores of NHC with
polymerase-RNA complex compared to polymerase alone are substan-
tially higher, suggesting that the drug has higher affinity towards the
polymerase-RNA complex (Fig. S1E, Fig. 1E and Fig. S2B). Importantly,
NHC was found to form several conventional hydrogen bonds with the
residues of all the RARps, along with other electrostatic interactions such
as van der Walls (Fig. S1, Fig. 1 and Fig. S2). These results suggest that
NHC has comparable binding affinity towards the RdRp of SARS-CoV-2
and seasonal coronaviruses. This encouraged us to further assess the
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Fig. 2. Antiviral effects of molnupiravir against HCoV-NL63. (A) Dose-dependent inhibition of HCoV-NL63 replication in Caco2 cell line by molnupiravir
treatment. Intracellular viral RNA quantified by qRT-PCR was normalized to housekeeping gene GAPDH and presented relative to the control (CTR) (set as 1) (n = 6).
(B) Immunofluorescence microscopy analysis of dsSRNA (red), the intermediate of replicating HCoV-NL63 genomic RNA, upon treatment of different concentrations
of molnupiravir in Caco2 cell line. Nuclei were visualized by DAPI (blue). (C) Caco2 cells were infected with HCoV-NL63 at an MOI of 0.1 in the treatment of different
concentrations of molnupiravir for 48 h. Viral yield in the cell supernatant was quantified by qRT-PCR. Cytotoxicity was determined by MTT assay. The half
maximum effective concentration (EC50) and the half maximum cytotoxic concentration (CC50) were calculated based on the model Y = 100/(1 + 10"(LogEC50-X))
using GraphPad Prism 8.0.2 software. The left and right Y-axis of the graphs represent mean % inhibition of virus yield and cytotoxicity of the drugs, respectively. (n
= 6-16). (D) Caco2 cells were infected with HCoV-NL63 at the MOI of 0.5, and then untreated or treated with 5 pM molnupiravir for 5 days. Supernatant was
collected every day to quantify secreted viruses by qRT-PCR, calculated as genomic copy numbers (n = 6). Standard curve for calculation of genomic copy numbers is
included in Supplementary Fig. S3A. (E) Caco2 cells were infected with 0.5 MOI HCoV-NL63, and then untreated or treated with 5 or 50 pM molnupiravir for 48 h.
Virus titers from different groups were determined by TCID50 assay (n = 6). (F) HCoV-NL63 was serially passaged in Caco2 cells exposed to no molnupiravir (as
control) or increasing concentrations of molnupiravir for 20 passages. 5 pM molnupiravir was used in passage 1-10, which was increased to 10 pM at the subsequent
passages. The effect of molnupiravir (5 pM) on HCoV-NL63 harvested at passage 5, 10, 15 and 20 was quantified using qRT-PCR. Data represent as mean + SEM. *P
< 0.05; **P < 0.01; ***P < 0.001. HCoV: human coronavirus. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

antiviral activity in cell culture models of the three seasonal
coronaviruses.

Interestingly, HCoV-NL63 is the only member of seasonal HCoVs that
utilizes angiotensin converting enzyme 2 (ACE2) as its receptor for viral
entry (Hofmann et al., 2005), similar to SARS-CoV-1 and SARS-CoV-2. It
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was first isolated from a 7-month-old child suffering from bronchiolitis
and conjunctivitis in the Netherlands (van der Hoek et al., 2004). We
tested a series of concentrations (0.5-100 pM) of molnupiravir in
different cell models infected with HCoV-NL63 (Fig. 2A, Fig. S3A and
Fig. S3B). Molnupiravir treatment inhibited viral replication in a
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Fig. 3. Antiviral effects of molnupiravir against HCoV-229E and HCoV-OC43 infection. (A) and (D) Immunofluorescence microscope analysis of dsSRNA (red)
upon treatment with different concentrations of molnupiravir in A549 cell line. Nuclei were visualized by DAPI (blue). (B) and (E) A549 cells were infected HCoV-
229E or HCoV-0OC43 at an MOI of 0.1 in the treatment of different concentrations of molnupiravir for 48 h. The viral yield in the cell supernatant was then quantified
by qRT-PCR. Cytotoxicity was determined by MTT assay. The half maximum effective concentration (EC50) and the half maximum cytotoxic concentration (CC50)
were calculated based on the model Y = 100/(1 + 10"(LogEC50-X)) using GraphPad Prism 8.0.2 software. The left and right Y-axis of the graphs represent mean %
inhibition of virus yield and cytotoxicity of the drugs, respectively. (n = 6-16). (C) and (F) The supernatant and cells of each well under molnupiravir treatment was
harvested after freezing and thawing for three times. Virus titers from different groups were determined by TCID50 assay (n = 6). (G) and (H) A549 cells were
infected with HCoV-229E or HCoV-OC43 at the MOI of 0.1, and then untreated or treated with 5 pM molnupiravir for 5 days. Supernatant was collected every day to
quantify secreted viruses by qRT-PCR, calculated as genomic copy numbers (n = 6). Standard curve for calculation of genomic copy numbers is included in Sup-
plementary Figs. S3B and S3C. Data represent as mean £ SEM. *P < 0.05; **P < 0.01; ***P < 0.001. HCoV: human coronavirus. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

dose-dependent manner in all tested cell models. For example, treatment
with 50 pM molnupiravir for 48 h decreased intracellular virus RNA
level by 91.8 + 2.5% (mean + SEM, n = 6, p< 0.0001) in Caco2 cells.
This inhibitory effect was further confirmed by immunofluorescent
staining of dsRNA, an intermediate of genomic viral RNA replication
(Fig. 2B). Of note, high dose treatment with molnupiravir had moderate
effects on cell viability (Fig. S4A, Fig. S4B and Fig. S4C). The half
maximum effective concentration (EC50) of molnupiravir against
HCoV-NL63 replication was 8.8 uM and the half maximum cytotoxic
concentration (CC50) was above 100 pM, which resulted in a selective
index (SI) above 10, indicating a substantial therapeutic window
(Fig. 2C). We monitored the dynamic effects on virus production in a
consecutive 5-day course by treatment with 5 pM molnupiravir in Caco2
cells, and found significant inhibition of viral RNA release into culture
supernatant (Fig. 2D and Fig. S5A). Especially on day 4, there was 83.5
+ 4.7% (mean + SEM, n = 6, P < 0.0001) reduction of viral RNA release.
By harvesting Caco2 cells and culture supernatant at 48 h
post-treatment, we performed 50% Tissue Culture Infective Dose
(TCID50) assay to determine the titers of viruses treated with molnu-
piravir. Consistently, the titers of produced HCoV-NL63 with infectivity
were significantly reduced by different concentrations of molnupiravir
treatment (Fig. 2E). Treatment with 50 pM molnupiravir resulted in a
98.8 4+ 0.5% (mean + SEM, n = 6, P < 0.0001) reduction of viral titer.
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Importantly, serially passaging of HCoV-NL63 in the presence of
escalating concentrations (5 pM for passage 1-10 and 10 pM for passage
11-20) of molnupiravir maintained the sensitivity to the treatment
(Fig. 2F). Our results are in accordance with several previous studies
that molnupiravir exposure does not easily develop resistance in several
viral infection models, including influenza virus, Venezuelan equine
encephalitis virus, mouse hepatitis virus (beta-coronavirus) and MERS-
CoV (Agostini et al., 2019; Toots et al., 2019; Urakova et al., 2018).
All these studies failed to induce viral escape by dose escalation, sug-
gesting that molnupiravir has a high barrier against viral resistance
development.

To evaluate whether molnupiravir has pan-coronavirus antiviral
activity, we tested another two seasonal HCoVs, HCoV-229E and HCoV-
0C43, in human lung A549 cell model. Immunofluorescent staining of
viral dsRNA showed reduction of the number of infected cells by mol-
nupiravir treatment (Fig. 3A and Fig. 3D). The EC50 value against
HCoV-229E was 2.2 pM with CC50 value above 50 pM. The EC50 value
against HCoV-OC43 was 2.4 pM and CC50 was above 50 pM. The se-
lective indexes were above 20 for both viruses (Fig. 3B and E, Fig. S3C,
Fig. S3D and Fig. S4D). TCID50 assay demonstrated significant reduc-
tion of viral titers of produced infectious viruses by molnupiravir
(Fig. 3C and F). Treatment with 10 or 30 pM molnupiravir resulted in
nearly 90% reduction of HCoV-229E and HCoV-OC43 viral titers
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Fig. 4. Time-of-addition analysis of the antiviral activity of molnupiravir.
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molnupiravir in each group was determined by qRT-PCR. Data represent as
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. HCoV: human coronavirus.
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respectively. Molnupiravir (5 pM) significantly inhibited the release of
viral RNA into supernatant in a consecutive 5-day course (Fig. 3G and H,
Fig. S5B and Fig. S5C). Similar to HCoV-NL63, the inhibitory effect was
most prominent on day 4, and for example, the level of secreted 229E
viral RNA was reduced by 87.6 + 6.6% (mean + SEM, n = 6, P <
0.0001). Of note, the production of all three HCoVs was dramatically
decreased by day 5. One of the possible explanations could be the
cytopathogenic effect caused by coronavirus at the late stage of infection
in cell culture.

To explore which step(s) of the viral lifecycle is blocked by molnu-
piravir, we performed a time-of-drug-addition experiment (Daelemans
et al.,, 2011) (Fig. 4A). Pre-treatment and treatment during virus inoc-
ulation had minor effects on the three coronaviruses. Surprisingly,
virucidal treatment for 2 h resulted in comparable antiviral potency
when compared to post-infection treatment for 48 h (Fig. 4B, C and D).
For example, virucidal treatment (5 pM) resulted in reduction of NL63
viral RNA by 62.8 + 3.5% (mean + SEM, n = 6, P < 0.0001), whereas
post-infection treatment resulted in 52.2 + 7.5% (mean + SEM, n = 6, P
< 0.0001) inhibition. It is clear that potent antiviral activity by
post-infection treatment is attributed to inhibiting viral replication
through targeting RARp. However, the mechanism why virucidal treat-
ment exerted potent antiviral effects remains unclear. It is interesting to
be further explored.

Combination treatment is often used to enhance antiviral efficacy
and to avoid drug resistance development in clinical applications.
Intuitively, combining agents with distinct antiviral mechanisms would
be more likely to exert synergistic effects. GC376 is a viral protease in-
hibitor, which is currently at clinical development phase for treating
COVID-19 (Fu et al., 2020). We evaluated the combined antiviral effects
of molnupiravir with GC376 in cell culture models and calculated by
Synergy Finder based on mathematical modeling (Ianevski et al., 2020).
A moderate additive effect was observed for all three coronaviruses
(Fig. S6). The tested concentrations of the compounds had minimal
cytotoxicity on host cells (Fig. S7).

In summary, we have demonstrated that molnupiravir is a potent
inhibitor of HCoVs based on molecular docking with viral RdRp and
testing in cell culture models. Seasonal coronaviruses are imposing an
undeniable clinical burden in special populations with association of
fatalities in some cases (Veiga et al., 2021). We believe that repurposing
anti-SARS-CoV-2 drugs is a viable option for expeditiously developing
therapeutics for seasonal coronavirus infected patients. Currently,
remdesivir, an RdRp inhibitor, is the only FDA-approved antiviral for
treating hospitalized COVID-19 patients. However, whether remdesivir
actually has meaningful clinical benefits remains widely questioned
(Consortium et al., 2021). Another issue with remdesivir is that it is
intravenously administered, which limits its wide application in
particular for unhospitalized patients. In this respect, molnupiravir has
clear advantages, as it is orally active with potent antiviral activity
consistently shown in preclinical SARS-CoV-2 models. In addition, our
results in line with previous studies (Agostini et al., 2019; Toots et al.,
2019; Urakova et al., 2018) suggest molnupiravir has a high barrier to
the development of drug resistance variants. Combination with other
antivirals, such as GC376, may further enhance antiviral potency and
prevent drug resistance development. If the upcoming large clinical
trials would indeed prove that molnupiravir is highly effective for
treating COVID-19 patients, we would strongly recommend its repur-
posing for treating patients with severe seasonal coronavirus infection.
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