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Summary
Background Nirmatrelvir-ritonavir (Paxlovid) and ensitrelvir are 3-chymotrypsin-like cysteine protease (3CLpro)
inhibitors which have been approved for the treatment of COVID-19 in 2021 and 2022, respectively. Previous
studies have identified 3CLpro mutations that are associated with reduced susceptibility to these antivirals. The
aim of the current study was to estimate the global prevalence of 3CLpro inhibitor-resistant SARS-CoV-2 strains.

Methods We compiled a list of 3CLpro mutations which have been associated with nirmatrelvir or ensitrelvir resis-
tance based on either viral replication or 3CLpro activity assays, and determined their prevalence among 13.4 million
sequences deposited in GISAID as of December 14, 2022, about 1 year after the approval of nirmatrelvir-ritonavir. We
analyzed the prevalence for different time periods, SARS-CoV-2 lineages and geographical locations.

Findings Overall, 0.5% (67,095/13,446,588) of the sequences contained at least one mutation that was shown to affect
the inhibitory activity of nirmatrelvir or ensitrelvir on viral replication or 3CLpro activity. We did not observe any
increasing trend of resistance after the widespread clinical use of nirmatrelvir-ritonavir. G15S (2070 per million)
and T21I (1386 per million) were the most prevalent mutations, and these mutations were dominant in some
SARS-CoV-2 lineages. E166V and S144E, previously shown to affect the inhibitory activity of nirmatrelvir on viral
replication or protease activity by > 100-folds, were found in <1 per million sequences.

Interpretation Our data suggest that 3CLpro inhibitor resistance is currently rare. However, continuous global
genotypic and phenotypic surveillance would be crucial in the early detection of resistant mutants.
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Introduction
Coronavirus Disease 2019 (COVID-19) pandemic
contributed to an estimated 14.83 million excess deaths
globally between 2020 and 2021.1 The case-fatality rate is
higher among older adults, individuals with comorbid-
ities and those who have not received COVID-19 vac-
cines.2 Pharmacological therapies, including antivirals
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and immunomodulatory agents, have shortened the
duration of hospitalization or reduced death rates.3,4

Among the virus-targeting antivirals, remdesivir and
monoclonal antibodies were the mainstay of treatment
in 2020 and 2021. However, these antivirals are given
via the intravenous route and are therefore only suitable
for treating hospitalized patients. Furthermore, most
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Research in context

Evidence before this study
Nirmatrelvir-ritonavir (Paxlovid), which inhibits SARS-CoV-2
3CL protease (3CLpro), has been approved in late 2021 for the
treatment of COVID-19. Ensitrelvir, another 3CLpro inhibitor,
has been approved in Japan. Several studies have identified
mutations in the 3CLpro which confer resistance to
nirmatrelvir or ensitrelvir. Since these 3CLpro mutations may
lead to treatment failure, it is important to know the
prevalence of these mutations among circulating strains. We
searched PubMed without language restrictions on 11th
January 2023 for articles using the terms “COVID-19” or
“SARS-CoV-2” and the terms “antiviral resistance”,
“nirmatrelvir”, or “ensitrelvir”. Several studies have isolated
nirmatrelvir or ensitrelvir-resistant strains by serially passaging
SARS-CoV-2 strains in the presence of these drugs, and have
identified the 3CLpro mutations that were associated with the
resistance. Some studies have reported the prevalence of
some mutations up to June 2022. However, the prevalence of
most of these mutations were not reported.

Added value of this study
By analyzing over 13 million SARS-CoV-2 sequences deposited
into a public database up to December 2022, we found that
about 0.5% of the viral sequences contain at least one
mutation that has been associated with resistance against
nirmatrelvir or ensitrelvir. We did not observe any significant
increase in resistance rate after the approval of Paxlovid. G15S
and T21I were the most frequently identified mutations
associated with 3CLpro inhibitor resistance, and these
mutations were fixed in some lineages.

Implications of all the available evidence
The low prevalence of 3CLpro inhibitor resistance suggest that
nirmatrelvir and ensitrelvir remain clinically useful. However,
since some of these mutations were fixed in certain lineages,
there is a potential for 3CLpro inhibitor-resistant viruses to
spread in the future. Continuous genotypic and phenotypic
surveillance is important for early detection of 3CLpro

inhibitor-resistant viruses.
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monoclonal antibodies are now ineffective due to the
emergence of immune escape mutants. In late 2021, two
oral antivirals, nirmatrelvir-ritonavir (Paxlovid) and
monulpiravir, were approved for clinical use, which have
made out-patient treatment possible. Since then, several
other oral antivirals have been found to be clinically
effective and have been approved in different countries,
including entrelsivir furamic acid (S-217622; approved in
Japan in November 2022), azvudine (approved in China
in August 2022) 5and deuremidevir hydrobromide
(VV116; approved in China in January 2023).6

Both nirmatrelvir-ritonavir and ensitrelvir furamic
acid inhibit the 3-chymotrypsin-like cysteine protease
(3CLpro), also known as main protease (Mpro) and non-
structural protein 5 (nsp5), cleaves the polyproteins
pp1a and pp1ab, a critical step in SARS-CoV-2 replica-
tion.7 In a phase 3 clinical trial, nirmatrelvir-ritonavir
was demonstrated to reduce the risk of severe dis-
ease.8 Ensitrelvir furamic acid was associated with lower
viral load in a hamster model and in a phase 2/3 clinical
trial.9,10

Antiviral resistance can result in treatment failure.
Although naturally-occurring nirmatrelvir-resistant
SARS-CoV-2 strains have not been reported,
nirmatrelvir-resistant mutants have been found after
serial passage in cell lines.11–13 Several studies have
demonstrated the effect of individual mutations on the
inhibitory activity of 3CLpro.11,13–20 Previous studies
assessing sequences deposited into public databases up
to June 2022 showed that mutations that affect nirma-
trelvir antiviral activity or mutations located at the
3CLpro inhibitor binding site were rarely found.11,16,21 In
the current study, we determined the prevalence of
SARS-CoV-2 mutants with reduced susceptibility to
nirmatrelvir or ensitrelvir based on 3CLpro genetic
mutations.

Methods
Compilation of a list of 3CLpro inhibitor mutation
First, based on studies or FDA reports published on or
before January 11, 2023, we compiled a list of mutations
which showed reduced susceptibility to nirmatrelvir or
ensitrelvir in terms of viral replication or 3CLpro activity
(Tables 1 and 2).11,13–20 We excluded mutations that were
only shown to affect binding or occurred in resistant
mutants but had not been experimentally verified to
affect viral replication or 3CLpro activity.

SARS-CoV-2 sequence analysis
We downloaded the metadata of SARS-CoV-2 se-
quences from GISAID on 14th December 2022.22 A
SARS-CoV-2 sequence was included if it had been
marked as complete in the metadata file, and was
directly obtained from a human clinical specimen
without in vitro passage. A sequence was excluded if
collection date information was not complete. All pro-
cessing was performed on Python v3.9.1223 (pandas
v1.4.2,24 numpy v1.22.4,25 openpyxl v3.0.10,26 json
v2.0.9) running on Anaconda Software Distribution v
4.11.0. The script started by loading the metadata into
the RAM in chunks of 10,000 sequences. The se-
quences in each chunk were selected for further anal-
ysis based on the inclusion and exclusion criteria. The
date strings were then converted into pandas datetime
objects, and each strain was then assigned with the
respective quarter that it was collected in.
www.thelancet.com Vol 91 May, 2023

www.thelancet.com/digital-health


Mutation Reduction in susceptibility of
SARS-CoV-2
replication (fold change)

Reduction in inhibition of
3CLpro

activity (fold change)

References

G15S N/A 4.4 14

T21I 1.1–4.6 N/A 11,13,14

L50F 1.4–4.2 N/A 11,13,14

Y54A N/A 24.0 14

Y54C 2.6–8.3 N/A 16

T135I N/A 3.2 14

F140A N/A 39.0 14

F140L N/A 5.4 14

S144A 2.2–12.2 20.5–92 11,14,18,19

S144E N/A 470.0 14

S144F/G/M/Y N/A 19.2–38.0 18

S144T N/A 160.0 14

H164N N/A 6.4 14

M165T N/A 29.9 18

E166A 3.3 10.0–33.0 14,17

E166G N/A 16.0–16.4 14,18

E166V 25.0–288 N/A 13–15

L167F 3.6–16.5 N/A 16,17

Del P168 5.1 N/A 19

H172Q/F N/A >42.0 18

H172Y 24 >133.7 14,18,20

A173T 4.1 N/A 19

A173V 0.9–11.6 26.0 11,14,19

V186G N/A 13.0 14

Q189K N/A 65.0 14

Articles
To calculate the prevalence of each mutation, the
strains containing the mutation identifier in their “AA
Substitutions” column were extracted. Then, the num-
ber of strains belonging to each continent was counted
using the value_counts () function. If we were to search
for the prevalence of a set of mutations, we would use a
pipe symbol ‘|’ to separate all the possible mutations, as
pandas.series.str.contains default supports regular
expression (regex) searching. The number of mutations
was then normalized to strain per million.

To extract the metadata of strains with 3CLpro E166V
or both E166V and L50F, each strain was searched for
the target mutation(s) within their “AA Substitutions”
column. If a target was found, the GISAID accession ID
and lineage was displayed on the screen. The number of
strains containing at least one 3CLpro inhibitor affecting
mutation was calculated using the same method by
counting the number of targets found.

Ethics
Ethical approval is not required as anonymised data
retrieved from GISAID were used in this study.

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Q192L 4.3 28.0 14,18

Q192P 7.6 33.0 14,18

Q192T/S/A/I/H/V/
W/C/F

N/A >22.2 18

D248E N/A 3.7 14

P252L 5.9 N/A 11,14

T304I 2.1–5.5 N/A 11,13,14

IC50: 50% inhibitory concentration; N/A, data not available. This table only shows the effect of single
mutations.

Table 1: 3CLpro mutations that were associated with reduced nirmatrelvir inhibitory activity of
SARS-CoV-2 replication or 3CLpro activity.
Results
A total of 14,157,266 SARS-CoV-2 sequences were
obtained from GISAID on 14th December 2022, of
which 13,446,588 satisfied our selection criteria.
67,095 (4990/million) sequences contained at least
one amino acid mutation that has been shown to affect
the inhibitory activity of nirmatrelvir or ensitrelvir on
viral replication or 3CLpro activity, including 36,072
(2683/million) sequences containing mutations that
affect the inhibitory activity of 3CLpro activity, 31,065
(2310/million) sequences with mutations that have
been shown to affect the inhibitory activity on viral
replication, and 279 (21/million) sequences with mu-
tations that have been shown to affect the inhibitory
activity on both viral replication and 3CLpro activity.
Nirmatrelvir-ritonavir (Paxlovid) was first approved on
22nd December 2021. We analyzed the prevalence of
the five most frequently identified mutations since
2020. However, we did not find any evidence of
increasing frequency of resistant mutations after
nirmatrelvir-ritonavir was clinically approved (Fig. 1).
There are also differences in the geographical distri-
bution of the prevalence of mutations. South America
has the highest proportion of sequences carrying
mutations associated with nirmatrelvir or ensitrelvir
resistance (29,032 per million), followed by Africa
(24,437 per million) and North America (4809 per
million) (Supplementary Table S1).
www.thelancet.com Vol 91 May, 2023
Overall, the most frequent mutation was G15S
(2070/million [27,828/13,446,588]) (Fig. 2 and
Supplementary Fig. S1), which conferred reduced sus-
ceptibility to nirmatrelvir 3CLpro inhibitory activity.14

G15S was present in almost all strains in the lineages
B.1.1.1, B.1.1.369, B.1.1.372, B.1.1.375, and lineage C,
including the Variant of Interest (VOI) Lambda [C.37])
(Supplementary Fig. S2a). Currently, there is no pub-
lished data on the effect of G15S mutation on the
inhibitory effect of 3CLpro inhibitor on viral replication.

The second most frequently found mutation was
T21I (1386/million [18,637/13,446,588]), which was
shown to affect the inhibitory effect of nirmatrelvir on
viral replication.11 T21I was present in almost all strains
in the B.1.1.318 lineage, a VOI prevalent in West Africa
in early 2021,27,28 and the Gamma variant sublineage
3
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Mutation Reduction in susceptibility of
SARS-CoV-2
replication (fold change)

Reduction in inhibition
of 3CLpro

activity (fold change)

References

T21I 1.7 N/A 11

T45I 4.1 N/A 19

D48Y 5.0 N/A 19

M49I/L/T/V 2.6–25.4 N/A 19

L50F 2.8 N/A 11

S144A 13–16.9 N/A 11,19

E166V 23 N/A 11

Del P168 6.8 N/A 19

A173V 1.7 N/A 11

P252L 1.9 N/A 11

T304I 1.6 N/A 11

This table only shows the effect of single mutations.

Table 2: 3CLpro mutations that were associated with reduced ensitrelvir inhibitory activity of
SARS-CoV-2 replication or 3CLpro activity.
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P.1.7.1, which was prevalent in South America
(Supplementary Fig. S2b). In a study assessing the
emergence of nirmatrelvir-resistant strains during serial
passage, T21I was shown to be one of the five precursor
mutations that were present in all resistant strains.11

Among mutations that have been shown to affect the
inhibitory activity of nirmatrelvir or ensitrelvir on viral
replication, E166V conferred the greatest reduction
in susceptibility (25-288-fold reduction for nirmatrelvir;
23-fold reduction for ensitrelvir) (Tables 1 and 2).
E166V was found in 13 sequences (0.97/million)
(Supplementary Table S2 and S3). Four were collected
from a 65-year-old man from Japan at 1-week intervals
between 30 May and 17 June 2022, and belonged to
BA.1.1 lineage. All other strains with E166V mutations
belonged to different lineages and were collected from
different places. Amino acid 166 is a key residue that
interacts with nirmatrelvir, including polar contact with
the pyrrolidone group and hydrogen bonds between the
tert-butyl moiety of nirmatrelvir.29,30 Previous studies
showed that E166V confers a loss of viral fitness, but can
be compensated by L50F mutation.11,13 Among the 13
sequences with E166V mutations, one (7.7%) sequence
also contained L50F mutation (0.07/million). Among
mutations that have been shown to affect the inhibitory
activity of nirmatrelvir or ensitrelvir on 3CLpro activity,
S144E confers the greatest reduction in the inhibition of
nirmatrelvir on 3CLpro activity (470-fold reduction in
3CLpro activity) (Table 1). However, it occurs in less than
1 per million (Supplementary Figure S1).

Discussion
3CLpro inhibitors represent a major breakthrough in the
treatment of COVID-19, especially for outpatient treat-
ment since these antivirals can be taken orally. Our
analysis indicates that 3CLpro inhibitor resistant mutations
remain rare and mostly sporadic up to one year after the
approval of Paxlovid. Only 0.5% of analyzed sequences
had mutations associated with 3CLpro inhibitor resistance.

There are several unique features in our study. First,
we have examined mutations or deletions at 23 amino
acid positions of the 3CLpro protein which have been
experimentally verified to affect either the viral replica-
tion or 3CLpro activity. Second, we have assessed the
prevalence of mutations up to January 2023, which is
more than 1 year after the approval of nirmatrelvir-
ritonavir. Third, we have performed subgroup analysis
on the prevalence of mutations in different sublineages.

While it is reassuring that 3CLpro inhibitors will
likely remain clinically effective, there are several rea-
sons why we should continue to monitor for 3CLpro

inhibitor resistance. First, the most frequent mutations,
G15S and T21I, were the dominant mutations within
some lineages, suggesting that these mutations do not
affect viral fitness and can be widely disseminated.
These mutations first appeared before the clinical use of
3CLpro inhibitors, suggesting that they can arise spon-
taneously and are not selected by the usage of protease
inhibitors. However, with higher selective pressure after
widespread use, these mutations may spread and
become fixed in a population. Second, the low preva-
lence of 3CLpro resistant mutations may be related to the
low consumption of nirmatrelvir-ritonavir after clinical
approval.31 Possible reasons for low consumption
include the fear of viral rebound and side effects. With
increasing use of 3CLpro inhibitors, resistance may
emerge in the future. Third, antiviral resistance can
occur suddenly. For example, oseltamivir was first
introduced in late 1990s as an antiviral for influenza, but
a major surge in oseltamivir resistance only occurred
about 10 years later, when oseltamivir resistance for
seasonal influenza A (H1N1) in 2008 suddenly jumped
from <10% before the 2006–2007 season to almost
100% in the 2008–2009 season.32 Fourth, there is a
growing concern that widespread use of molnupiravir,
another widely used oral antiviral for the treatment of
SARS-CoV-2 infection that acts by introducing viral
genome mutations, may accelerate the mutation rate of
circulating viruses.33,34

We found a difference in the geographical distribution
of SARS-CoV-2 3CLpro mutations, with South America
and Africa having the highest prevalence. The high
prevalence in these two continents is because some
mutations were present in widely circulating lineage in
those continents. Specifically, G15S was present in
Lambda variant which circulates widely in South America
in 2021, while T21I was present in the B.1.1.318 which
circulated widely in West Africa in early 2021.

There are several limitations in this study. First,
there could be other mutations that confer 3CLpro in-
hibitor resistance which have not been described pre-
viously. In the study, we compiled a list of mutations
that influence viral replication or 3CLpro activity, which
are associated with reduced susceptibility to nirmatrelvir
www.thelancet.com Vol 91 May, 2023
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Fig. 1: Global temporal trend of 3CLpro mutations that have been shown to affect the inhibitory activity of nirmatrelvir or ensitrelvir on viral
replication or 3CLpro activity. Only the 5 most frequently found mutations are shown. Solid line indicates 3CLpro mutations which have been
demonstrated to affect inhibitory activity of nirmatrelvir and/or ensitrelvir on viral replication. Dotted line indicates 3CLpro mutations which
have been demonstrated to affect inhibitory activity of nirmatrelvir or ensitrelvir on protease activity only, but without data on viral replication.

Articles
or ensitrelvir from previous studies and FDA reports
published on or before January 11, 2023 (Tables 1
and 2). We only included the mutations that were pre-
viously experimentally investigated with fold change in
viral replication and inhibition of 3CLpro activity. Some
mutations, such as substitutions at G143,21 were not
experimentally tested, therefore fold change results were
not available. The effects of multiple mutations were
also not considered in our study. Second, as the
genomic surveillance is poorer in some countries,
emergence of resistance in these places could be missed
if the sequences and metadata are not published online.
Third, as GISAID is an open public database, it is
Fig. 2: Frequency of 3CLpro mutations (sequences per million) among sequ
most frequently found mutations affecting the inhibitory activity of nirm

www.thelancet.com Vol 91 May, 2023
possible that the sequences retrieved can be duplicated
or from the same person. Fourth, the 3CLpro sequences
obtained from clinical specimens available on GISAID
do not contain information regarding the viability of the
viral strains. Our analysis would not be able to estimate
the proportion of strains with mutations that are from
infectious virus particles.

In conclusion, our study shows that the prevalence of
protease inhibitor resistance remain low one year after
the approval of nirmatrelvir-ritonavir. Early detection of
the emergence of 3CLpro inhibitor resistance would
require a global effort in genomic and phenotypic char-
acterization with prompt dissemination of information.
ences deposited onto GISAID up to 14th December 2022. Only the 10
atrelvir or ensitrelvir are shown.
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