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A B S T R A C T   

Nirmatrelvir is the main component of Paxlovid, an oral antiviral drug approved for the treatment of COVID-19 
caused by SARS-COV-2 infection. Nirmatrelvir targets the main protease (Mpro), which is substantially conserved 
among different coronaviruses. Here, our molecular docking analysis indicates comparable affinity of nirma-
trelvir binding to the Mpro enzymes of SARS-CoV-2 and three seasonal coronaviruses (OC43, 229E and NL63). 
However, in cell culture models, we found that nirmatrelvir potently inhibited SARS-CoV-2, OC43 and 229E, but 
not NL63. The insensitivity of NL63 to nirmatrelvir treatment was demonstrated at both viral replication and 
infectious titer levels. The antiviral activity of nirmatrelvir against OC43 and 229E was further confirmed in 
human airway organoids. The combination of nirmatrelvir and molnupiravir exerted differential patterns of 
antiviral response against OC43 and 229E. These results revealed disparities in the ability of nirmatrelvir to 
inhibit different coronaviruses, and caution against repurposing of nirmatrelvir as a pan-coronavirus treatment.   

Coronaviruses are enveloped, single-stranded, positive-sense RNA 
viruses that widely circulate among mammals and birds. There are 
currently seven types of coronaviruses known to infect humans and 
cause diseases (Ma et al., 2020). The three highly pathogenic members 
are SARS-CoV, SARS-CoV-2 and MERS-CoV. The four seasonal mem-
bers—OC43, NL63, 229E and HKU1— generally cause only the common 
cold, but severe complications may occur in vulnerable populations (Li 
et al., 2021). Given the clinical need for treating severely infected pa-
tients irrespective of the type of coronavirus, an ideal scenario would be 
the identification of pan-coronavirus inhibitors (Wang et al., 2021). 
These agents are potent inhibitors of currently circulating human 
coronaviruses and are likely to be effective against new species that 
emerge in the future, thus constituting a key approach in pandemic 
preparedness. 

Coronaviruses encode a relatively conserved protease known as the 
main protease (Mpro) or 3C-like protease (3CLpro). Mpro processes the 
viral polyproteins into functional proteins to support the life cycle in 
host cells (Antonopoulou et al., 2022). Given its vital role and the con-
servation among different coronaviruses, Mpro represents an excellent 

target for the development of pan-coronavirus inhibitors (Dai et al., 
2020; Mengist et al., 2020; Yoshino et al., 2020). Nirmatrelvir 
(PF-07321332) is an orally bioavailable SARS-CoV-2 Mpro inhibitor 
(Owen et al., 2021; Singh et al., 2022), and is the main ingredient of 
Paxlovid, an oral antiviral drug approved for treating COVID-19. The 
potent antiviral activity of nirmatrevir against ancestral and emerging 
variants of SARS-CoV-2 has been extensively demonstrated in experi-
mental models (Li et al., 2022b). The efficacy of Paxlovid has been 
demonstrated in clinical trials to reduce the risk of severe COVID-19 or 
death (Najjar-Debbiny et al., 2022; Vassilopoulos and Mylonakis, 2022). 
Here, we aim to comprehensively assess the potential pan-coronavirus 
antiviral activity of nirmatrelvir. 

Mechanistically, nirmatrelvir firmly binds to SARS-CoV-2 Mpro and 
disrupts the His41–Cys145 catalytic dyad (Ahmad et al., 2021). We first 
comparatively evaluated the binding activity of nirmatrelvir to the Mpro 

of SARS-CoV-2, 229E, NL63 and OC43 by molecular docking. These 
protein structures of Mpro were retrieved from public database or 
modelled in silico (Supplement methods; Fig. S1). These structures were 
submitted to the GLIDE module of Schrodinger suite (Friesner et al., 
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2006) for docking with nirmatrelvir. The GLIDE results indicate that 
nirmatrelvir has the highest binding affinity towards Mpro of NL63 (Dock 
Score: − 6.2), followed by Mpro of 229E, SARS-CoV-2 and OC43 (Fig. 1; 

Table S1). The 2D interaction analyses in maestro showed that His41 
and Cys144/145 of all the Mpro structures are involved in the interaction 
with the ligand molecule (Fig. 1, Table S1). Apart from these two 

Fig. 1. Molecular docking of the main protease of SARS-CoV-2, 229E, NL63 and OC43 with nirmatrelvir. 
The interacting interface of the receptor with the ligand and its corresponding 2D interaction with the Mpro of (A) SARS-CoV-2, (B) 229E, (C) NL63 and (D) OC43 
along with the dock scores. Interactions of the catalytic dyad residues present on the receptor (His41 and Cys144/145) with the ligand are highlighted. Corre-
sponding bonding patterns are shown in different color codes. 

Fig. 2. Antiviral activity of nirmatrelvir against four coronaviruses in cell culture models. 
(A) The effects of nirmatrelvir on intracellular viral RNA levels of SARS-CoV-2 in Calu-3 cells, OC43 and 229E in Huh7 cells and NL63 in LLC-MK2 cells (n = 4–9). (B) 
Virus replication curves of these coronaviruses in Calu-3, Huh7 and LLC-MK2 cells treated with nirmatrelvir (n = 4–9). (C) TCID50 assay quantifying titers of secreted 
infectious virus particles at 48 h post-treatment of nirmatrelvir (n = 4–5). (D) The effects of nirmatrelvir on intracellular viral RNA levels of OC43 and 229E in human 
airway organoids (hAOs) (n = 5). (E & F) Immunofluorescence staining of OC43 and 229E viral dsRNA, cytomembrane marker EpCAM and DAPI in hAOs. 
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identical residues, each coronavirus has unique residues to interact with 
nirmatrelvir. Some of these residues are in the same position but 
appeared as different amino acids among different coronaviruses 
(Table S2). Docking analysis in AutoDock Vina (Trott and Olson, 2010) 
revealed similar results (Fig. S2). These in silico analyses support the 
pan-coronavirus antiviral activity of nirmatrelvir. 

Next, we attempted to validate the pan-coronavirus antiviral activity 
of nirmatrelvir in widely used cell culture models. Intracellular viral 
RNA levels and infectious titer of produced viruses in the medium were 
quantified by qRT-PCR and TCID50 assay, respectively. A potent and 
dose-dependent inhibition of SARS-CoV-2 in Calu-3 cells, and OC43 and 
229E in Huh7 cells were observed. For example, nearly complete inhi-
bition of SARS-CoV-2 replication was observed by treatment with 5 μM 
nirmatrelvir for 48 h, whereas complete inhibition of OC43 and 22E was 
achieved already at 1 μM concentration (Fig. 2A). The half maximum 
effective concentrations (EC50) of nirmatrelvir against SARS-CoV-2, 
OC43 and 229E were 0.45 μM, 0.09 μM and 0.29 μM, respectively 
(Fig. 2B), without major effect on cell viability (Fig. S3B). This potent 
inhibition was further confirmed by a reduction of up to 2–3 log10 in-
fectious virus titers on SARS-CoV-2, OC43 and 229E (Fig. 2C). 

Surprisingly, by qRT-PCR quantification of viral genomic RNA, nir-
matrelvir showed limited inhibition on NL63 replication in LLC-MK2 
cells (Fig. 2A and B). Consistently, we observed only mild inhibitory 
effect of nirmatrelvir on NL63 production in the culture medium as 
quantified by TCID50 assay (Fig. 2C). In human intestinal Caco2 cells 
infected with NL63, nirmatrelvir did not show any significant antiviral 
activity at concentrations ranging from 0 to 5 μM (Fig. S3A). 

Primary human airway organoids (hAOs) represent an advanced 

model for coronavirus infection and antiviral drug testing (Han et al., 
2022; Li et al., 2022a, 2022b). To validate the distinct potency of nir-
matrelvir against different coronaviruses in cell culture models, we 
inoculated hAOs with the three seasonal coronaviruses. A potent inhi-
bition of viral RNA replication was observed in 229E and OC43 infected 
organoids treated with nirmatrelvir (Fig. 2D), whereas no inhibition was 
observed in NL63 infected organoids by the treatment (Fig. S3C). 
Immunofluorescence staining of the viral double-stranded RNA (dsRNA) 
confirmed the potent antiviral effect of nirmatrelvir against 229E and 
OC43 (Fig. 2E and F). 

Antiviral monotherapies are commonly found to be suboptimal in 
clinical settings, whereas combination therapies are increasingly being 
explored for treating viral infections in the clinic. Combining antiviral 
therapies with complementary antiviral mechanisms often exhibit syn-
ergism. Furthermore, these antiviral combinations could prevent the 
development of drug-resistant strains by entirely halting viral replica-
tion, an advantage seldom achieved with monotherapies (Ianevski et al., 
2022b). Molnupiravir, a small-molecule prodrug of the nucleoside de-
rivative N-hydroxycytidine (NHC) targeting the viral RNA-dependent 
RNA polymerase (RdRp), is the first approved oral antiviral drug for 
treating COVID-19 (Jayk Bernal et al., 2022). The combinational treat-
ment with molnupiravir and nirmatrelvir has been shown synergistic 
antiviral activity against both ancestral and Omicron variant of 
SARS-CoV-2 (Li et al., 2022b). Here, we explored the combination of 
molnupiravir and nirmatrelvir with a series of doses, and visualized the 
potential synergistic activity by SynergyFinder 3.0 tool (Ianevski et al., 
2022a). We found this combination resulted in moderate synergism in 
Huh7 cells with 229E (synergy score: 4.908) (Fig. 3C and D), whereas no 

Fig. 3. Combinational effects of nirmatrelvir and molnupiravir against OC43 and 229E coronaviruses. 
(A) The antiviral effects of combining nirmatrelvir and molnupiravir in OC43-infected Huh7 cells based on intracellular viral RNA levels (n = 4–7). (B) Synergy 
distribution of pairwise combination of nirmatrelvir and molnupiravir in OC43-infected Huh7 cells (n = 4–7). (C) The antiviral effects of combining nirmatrelvir and 
molnupiravir in 229E-infected Huh7 cells based on intracellular viral RNA levels (n = 4–9). (D) Synergy distribution of pairwise combination of nirmatrelvir and 
molnupiravir in 229E-infected Huh7 cells (n = 4–9). 
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synergistic effect was observed in Huh7 cells infected with OC43 
(Fig. 3A and B). 

A recent study reported that nirmatrelvir can potently inhibit sea-
sonal coronaviruses OC43, NL63 and 229E, advocating it as a broad- 
spectrum coronavirus inhibitor (Weil et al., 2022). However, their 
conclusion was solely based on immunodetection of the viral nucleo-
capsid protein by in-cell ELISA, a new method that they developed for 
quantification of seasonal coronavirus infection. In our in silico analysis, 
we also observed high affinities of nirmatrelvir binding to the Mpro of the 
four coronaviruses including NL63 (Fig. 1). However, in cell culture and 
hAOs models infected with these viruses, by quantifying both viral RNA 
levels as an indicator of replication and infectious virus production, we 
demonstrated distinct potency of nirmatrelvir with minimal inhibitory 
activity on NL63. Although in silico analysis identified comparable af-
finities of nirmatrelvir to Mpro of these coronaviruses, different residues 
in each coronavirus contacting with nirmatrelvir may contribute to the 
distinct inhibitory activity. The NL63 strain used in this study was 
originally isolated from a patient in the Netherland in 2006 (Amster-
dam, GenBank: DQ445912.1). We performed sanger sequencing and 
identified an R221C (Arginine to Cysteine) mutation in Mpro sequence, 
compared to the original sequence and other strains (Fig. S4). However, 
this R221C is not involved in the interaction with nirmatrelvir according 
to molecular docking (Table S2), which does not explain the insensi-
tivity of NL63 to nirmatrelvir treatment. 

Fluorescence resonance energy transfer (FRET) assay is a robust 
technique for identifying molecular interactions (Piston and Kremers, 
2007). The interactions between nirmatrelvir and the Mpro of various 
coronaviruses including SARS-CoV-2, MERS-CoV, 229E, OC43 and NL63 
have been well characterized by FRET-based biochemical assays in a 
previous study. However, in their study, the antiviral activity of nir-
matrelvir was only validated in experimental models of SARS-CoV-2, 
MERS-CoV and 229E, but not OC43 and NL63 infection (Owen et al., 
2021). Considering the limited inhibitory effects of nirmatrelvir against 
NL63 infection in our in vivo models, we highlight the need of validating 
the antiviral activity in bona fide experimental models, in addition to 
assays such as FRET or molecular docking. 

In summary, molecular docking predicted high affinity of nirma-
trelvir towards the Mpro enzymes of SARS-CoV-2, OC43, 229E and NL63. 
However, the bona fide antiviral activity in cell culture and organoid 
models varies dramatically with minimal activity against NL63. 
Although we are unable to elucidate the underlying mechanisms 
explaining the disparities between the molecular docking and experi-
mental results, we urge caution in defining nirmatrelvir as a pan- 
coronavirus inhibitor and repurposing it for treating all coronavirus 
patients. 
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