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ABSTRACT In vitro selection of remdesivir-resistant severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) revealed the emergence of a V166L substitution, located
outside of the polymerase active site of the Nsp12 protein, after 9 passages of a single
lineage. V166L remained the only Nsp12 substitution after 17 passages (10 mM remdesivir),
conferring a 2.3-fold increase in 50% effective concentration (EC50). When V166L was intro-
duced into a recombinant SARS-CoV-2 virus, a 1.5-fold increase in EC50 was observed,
indicating a high in vitro barrier to remdesivir resistance.
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Remdesivir (RDV; VEKLURY), a nucleotide prodrug inhibitor of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) RNA-dependent RNA polymerase (Nsp12), is one

of the few approved antiviral drugs for the treatment of coronavirus 19 (COVID-19) (1, 2).
Characterization of clinical resistance development to this compound is currently in progress.
So far, in vitro resistance to this antiviral has been rarely reported in SARS-CoV-2 and other
viruses (3–5).

In this study, we sought to select an RDV-resistant virus by serial passaging of a wild-type
(WT) SARS-CoV-2 Canadian isolate in the presence of increasing concentrations of RDV in
cell culture.

The V166L substitution located in the Nsp12 protein was detected after 9 passages reaching
6 mM RDV (Table 1). This mutation was not present in the WT virus passaged in parallel in
the absence of drug. The same substitution was detected at passages 11 and 17 (in the pres-
ence of 8 and 10 mM RDV, respectively) of a single lineage. Deep sequencing revealed no
other emergent Nsp12 mutations, but substitutions were detected in other genes (F184V
in nsp6, Q992H and S1142L in Spike, P10S in ORF10) at passages 9 and 17, which were not
present in strains passaged in the absence of RDV (GenBank accession numbers ON072482-
ON072487). Further passages beyond 10 mM RDV resulted in tiny plaques or absence of
cytopathic effects. Virus isolates from passages 6, 10, and 17 exhibited a 3.9-, 2.7-, and 2.3-fold
reduced susceptibility to RDV compared to the WT isolate using a plaque reduction assay in
Vero E6 cells. The V166L substitution remained the only Nsp12 mutation that emerged in
the presence of RDV throughout the resistance selection process.

When introduced into a SARS-CoV-2-Nluc recombinant WT WA1 virus, the Nsp12 P323L
substitution (present at baseline in the passaged virus SARS-CoV-2/Québec/21697/2020 and
predominant in currently circulating strains of SARS-CoV-2) plus the V166L Nsp12 substitution
(identified in the RDV-selected virus population) minimally increased the RDV 50% effective
concentration (EC50) value by 1.5-fold relative to the WT reference virus using a luciferase assay
(EC50 Nsp12-V166L/P323L = 0.09 6 0.01 mM; Nsp12-WT = 0.06 6 0.01 mM; Table 2 and
Fig. 1A). To determine the effect of the resistance-selected Nsp12 substitution V166L on
replication kinetics, viral replication assays were performed. SARS-CoV-2-Nluc expressing the
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Nsp12-P323L substitution exhibited similar replication kinetics to Nsp12-WT reporter virus.
However, the RDV-selected Nsp12 substitution Nsp12-V166L/P323L demonstrated signifi-
cant reduction in titer for the 72- and 96-h time points compared to Nsp12-WT (Fig. 1B).

A structural analysis identified residue 166 as located outside of the polymerase active
site (Fig. 2), but contacts residues in the active site Motifs A and D. Modeling suggests V166L
provides only a modest perturbation of Motif D; therefore, any impact from this substitution
on RDV potency is suspected to be indirect. Furthermore, an extensive search in sequencing
databases in April 2022 identified the V166L substitution in 0.003% (332/10236858) of SARS-
CoV-2 sequences reported.

RDV is a broad-spectrum RNA polymerase inhibitor of several viral families including
Coronaviridae, Filoviridae, Pneumoviridae, and Paramyxoviridae (6, 7). Furthermore, it is the
first antiviral approved by the FDA for the treatment of hospitalized and nonhospitalized cases
of COVID-19. RDV resistance has been rarely documented (3–5). Passaging SARS-CoV-2 in vitro
in the presence of increasing concentrations of RDV selected a single substitution (V166L) in
the viral polymerase Nsp12 protein, which was associated with a minimal 1.5-fold increase in
the RDV EC50 value after introduction into a recombinant virus. The low level of resistance was
similar between the recombinant V166L virus and the various passages of the drug-selected
strains (i.e., 1.5-fold and 2.3-fold to 3.9-fold). A comparison of growth kinetics to the reference
strain (WA1) revealed that introduction of the V166L substitution decreased viral fitness.
Whole genome sequencing of the serially passaged viral populations revealed additional
substitutions in Nsp6, Spike, and ORF10, which may have arisen as compensatory substitutions
to alleviate potential strains caused by the V166L substitution on replication. It is possible that
these additional changes in the selected virus population outside of Nsp12 or differences
in the assays used to evaluate RDV antiviral activity may have contributed to these slight
differences in fold change and/or replication kinetics observed.

Recently, in an immunocompromised patient with prolonged SARS-CoV-2 shedding, the
V166L substitution in Nsp12 was observed after treatment with two 10-day courses of RDV
and two units of convalescent plasma (unknown phenotype) (8). The population carrying this
substitution was eventually outcompeted by virus with substitutions and deletions within

TABLE 1 EC50 values and nonsynonymous emergent substitutions present in SARS-CoV-2/Québec/21697/2020 after serial passaging in the
presence of RDVa

Passage no.b
RDV
concentration (mM)

Average RDV
EC50 ± SD (mM)c

EC50 fold change
from wild type

Nsp12 emergent substitutions
detected (% of reads)

0 (WT; Québec) 1.356 1.00d 1.0
4 4 ND ND None
9 6 5.27e 3.9 V166L (83%)
11 8 3.75e 2.7 V166L (ND)
17 10 3.086 0.95d 2.3 V166L (97%)
aEC50, 50% effective concentration; MOI, multiplicity of infection; ND, not determined; RDV, remdesivir; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; WT,
wild type.

bA single lineage was passaged in the presence of gradually increasing concentrations of RDV.
cRDV susceptibilities of the selected virus populations from passages 9, 11, and 17 were determined by plaque reduction assay in Vero E6 cells infected with an MOI of 0.001.
dData from 3 independent experiments.
eData from single experiment.

TABLE 2 RDV potencies against recombinant SARS-CoV-2-Nluc WA1 and Nsp12 substituted
viruses

Nsp12 substitution
Mean
EC50 ± SD (mM)a

Mean EC50 fold
change± SD fromWTb

WT (WA1) 0.066 0.01 1.0
P323L 0.076 0.02 1.26 0.04
V166L/P323L 0.096 0.01 1.56 0.29
aRDV susceptibilities of recombinant SARS-CoV-2-Nluc WA1 with indicated substitutions were determined by
relative luciferase units in A549-hACE2 cells infected at MOI 0.05. Data represent the mean and SD from 2
independent experiments.

bFold change was calculated for each independent experiment and mean fold change6 SD was calculated with
these values.
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spike and contained a WT Nsp12 after a third course of RDV treatment in conjunction with
an additional unit of convalescent plasma. This case study demonstrates the instability of
the V166L substitution in a treatment setting as well as complements our finding that there
is a fitness cost associated with V166L such that the virus has a propensity to revert to WT.
Additionally, in vitro resistance selection experiments conducted by serially passaging SARS-
CoV-2 in the presence of GS-441524 resulted in amino acid change Nsp12-V166A coselected
with Nsp12 substitutions N198S, S759A, and C799F after 13 passages (5). Based on its struc-
tural location in Nsp12, V166A alone may only cause mild perturbation of Motif D and may
require additional substitutions to confer the 10-fold reduced susceptibility observed in line-
age 1 of the GS-441524-selected virus population (5).

In another case report, virus isolated from an immunocompromised patient who
received 10 days of RDV contained the E802D substitution in Nsp12 (9). Recently, the
E802D substitution was selected after serial passage of SARS-CoV-2 in the presence of RDV
in vitro and conferred a 2.5-fold increase in EC50 value. Notably, this substitution was also
associated with a fitness cost (4).

Additional in vitro studies have been conducted with coronaviruses that identified
substitutions associated with resistance to RDV. Passage of the murine hepatitis virus in
the presence of GS-441524 (the parent nucleoside analog of RDV) selected two substitutions

FIG 2 Model of preincorporated RDV triphosphate (RDV-TP) with a V166L substitution (magenta) in
SARS-CoV-2 Nsp12 (green). V166L is outside of the active site but contacts Motif A (cyan) and Motif D
(pink) residues. Nsp7 and Nsp8 are visible in white and yellow, respectively. The nascent RNA strand
is in red and the template strand is in blue. The software Maestro, Prime, and Macromodel, within
the Schrödinger software suite, were used to perform structural analysis.

FIG 1 Antiviral assays and replication of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-Nluc viruses. (A) Activity of remdesivir
(RDV) against SARS-CoV-2-Nluc WA1 expressing Nsp12-WT, Nsp12-P323L, and RDV-selected substitution Nsp12-V166L/P323L in A549-hACE2 cells
infected at MOI 0.05. Dose-response curves are based on at least 2 independent experiments with two technical replicates each and fit based on
a nonlinear regression model using GraphPad Prism 8. (B) Viral replication kinetics of SARS-CoV-2-Nluc WA1 expressing Nsp12-WT, Nsp12-P323L,
and RDV-selected substitution Nsp12-V166L/P323L in A549-hACE2-TMPRSS2 cells infected at multiplicity of infection of 0.01. Viral titer for each
indicated time point was determined by plaque-reduction assays performed in Vero-TMPRSS2 cells in triplicate. EC50, 50% effective concentration.
Statistical analysis was performed by two-way ANOVA with Tukey’s post hoc comparison tests. (NS, not significant; ****, P # 0.0001).
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(F476L and V553L) after 23 passages that conferred low-level (5.6-fold) resistance to RDV.
Introduction of the orthologous substitutions into SARS-CoV resulted in 6-fold reduced suscep-
tibility to RDV in vitro in addition to attenuated pathogenesis in a mouse model (3).

The high number of passages reached at which only a single V166L substitution emerged
and the minimal change in susceptibility to RDV associated with this substitution in addition
to its fitness cost highlight the high genetic barrier of resistance for RDV.

The SARS-CoV-2/Québec/21697/2020 strain was used for the resistance selection
experiments described in this study. This strain of SARS-CoV-2 contains the D614G sub-
stitution in the spike protein as well as A250V and P323L substitutions in the Nsp12 polymer-
ase when compared with the lineage A WA1 reference strain. The virus was isolated from a
clinical sample at CHUL, Québec City, Canada and was passaged as a single lineage in Vero E6
cells initially in the presence of 1mM RDV followed by increasing the drug concentration until
clear virally induced cytopathic effects were noted. A control virus was passaged concomi-
tantly in the absence of drug during all the selection procedure. At specified RDV concentra-
tions, EC50 values were determined by a plaque reduction assay (10), and the Nsp12 genotype
was determined by PCR amplification followed by Sanger sequencing. In addition, complete
sequences of viral genomes at selected passages were determined using a published SARS-
CoV-2 protocol (11) and MinION flowcells on a GridION X5 sequencer (Oxford Nanopore
Technologies). Internally developed software at Gilead Sciences was used to process and align
Oxford Nanopore deep sequencing data via a multistep method. Oxford Nanopore deep
sequencing reads were filtered to exclude human RNA transcripts and then aligned to
Wuhan-Hu-1 (NC_045512) using minimap2 v2.17. Nucleotide variants were reported per
genome position at frequency $15%, excluding any variants overlapping with primers,
average phred score,10, forward strand ratio,0.1 or.0.9, and read depth,50.

The P323L and emergent Nsp12 substitutions were introduced into a recombinant WA1
(2019-nCoV/USA_WA1/2020; GenBank accession number QHU79204) SARS-CoV-2-Nano lucif-
erase (Nluc) reporter virus. The reverse genetics system was kindly provided by the University
of Texas Medical Branch (Galveston, TX), and the procedures required to assemble and pro-
duce SARS-CoV-2 infectious strains have been previously described in detail by Xie et al. (12).
Antiviral activity (EC50 value) of RDV against SARS-CoV-2-Nluc was evaluated with a luciferase
assay as reported (13) with somemodifications (14).

To determine the impact of substitutions on replication kinetics, A549-hACE2 cells express-
ing TMPRSS2 (InvivoGen, San Diego, CA) were seeded into 48-well plates at 5 � 104 cells/well
with media containing 10% FBS, 0.5mg/mL puromycin, and 100mg/mL hygromycin. On the
following day, cells were adsorbed with either WT or Nsp12-substituted SARS-CoV-2-Nluc
viruses at MOI 0.01 for 30 min on a rocker at 37°C with 5% CO2. The inoculum was then
removed, and cells were washed three times with prewarmed PBS and replaced with DMEM
containing 2% FBS. Supernatants were harvested at times 0, 8, 24, 48, 72, and 96 h postinfec-
tion. Titers were determined for each time point by plaque assay (14). The data represent
three individual experiments for each time point for each recombinant virus. Two-way
ANOVA with Tukey’s post hoc multiple comparisons tests were used to assess statistical dif-
ferences between samples using the GraphPad Prism 8 software package.

A structural model of the SARS-CoV-2 polymerase complex with preincorporated RDV
triphosphate (RDV-TP) was generated from the cryo-EM structure 6XEZ (15) as described
elsewhere (16). V166 was substituted to an L, and all residues within 5 Å of this residue were
conformationally sampled and minimized for both WT and V166L, using Maestro, Prime, and
Macromodel, within the Schrödinger software suite (17).

A total of n = 10,236,858 genome sequences were deposited in GISAID database as of
April 21, 2022. The tabulated amino acid substitutions from Wuhan-Hu-1 reference sequence
(NC_045512) for each SARS-CoV-2 sequence (variant surveillance package) were downloaded
through GISAID web portal (https://www.gisaid.org/) to assess the prevalence of the mutation.
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