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Introduction: Various therapeutic agents are being developed for the treatment of coronavirus disease 2019 (COVID-19). Therefore, 
it is crucial to accumulate information regarding the features of drug-resistant viruses to these antiviral drugs.
Methods: We investigated the emergence of dual-drug resistance in a kidney transplant recipient who received sotrovimab 
(from day 0) and remdesivir (RDV) (from day 8 to day 17). We sequenced the whole viral genomes from nasopharyngeal swabs 
taken on day 0 and seven points after starting treatment (on days 12, 19, 23, 37, 43, 48, and 58). The genetic traits of the wild-type 
(day 0) and descendant viruses (after day 12) were determined by comparing the genomes with those of a Wuhan strain and the day 0 
wild-type strain, respectively. Three viral isolates (from samples collected on days 0, 23, and 37) were investigated for their escape 
ability and growth kinetics in vitro.
Results: The sotrovimab resistant mutation (S:E340K) and the RDV resistant mutation RdRp:V792I (nt: G15814A) emerged within 
12 days (day 12) and 11 days (day 19) after the treatment, respectively. The day 23 isolate harboring S:E340K/RdRp:V791I was 
resistant to both sotrovimab and RDV, showing 364- and 2.73-fold higher resistance respectively, compared with the wild-type. 
Moreover, compared with the day 23 isolate, the day 37 isolate accumulated multiple additional mutations and had a higher level of 
resistance to both drugs.
Conclusion: Drug-resistant variants with double mutations (S:E340K/RdRp:V791I) became dominant within 23 days after starting 
treatment, suggesting that even a combination therapy involving sotrovimab and RDV, dual-drug resistant viruses may emerge rapidly 
in immunocompromised patients. The dual-resistant variants had lower virus yields than those of the wild-type virus in vitro, 
suggesting that they paid a fitness cost.
Keywords: SARS-CoV-2, sotrovimab, remdesivir, drug resistance, immunosuppression therapy

Introduction
Treatment methods for COVID-19 have been established since the pandemic was first described. Current treatments are 
effective in many patients; however, immunocompromised patients require long-term treatment, and emerging resistant 
variants occur more frequently. Resistant variants against sotrovimab, a therapeutic monoclonal antibody, have been 
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reported during its initial administration.1–5 Major escape amino acid mutations from sotrovimab occur at residues 337 
and 340 of the spike protein in immunosuppressed patients, such as those undergoing organ transplants.2–5 Variants 
resistant to RDV, an RNA-dependent RNA polymerase (RdRp) inhibitor, have a V792I mutation in nonstructural protein 
12 (nsp12:RdRp) that emerged earlier than other mutations in this protein.6

Here, we report the accumulation of SARS-CoV-2 genome mutations within 2 months of treatment with sotrovimab 
and RDV infusions in a kidney transplant recipient. Amino acid mutations were evaluated at eight time points, just before 
the initiation of treatment (day 0) to 58 days after starting treatment, using whole-genome sequencing. We detected 
variants with mutations for resistance against these two drugs, E340A in the spike protein and V792I in RdRp. We also 
isolated viruses from nasopharyngeal swabs, and viral growth and resistance to sotrovimab or RDV were evaluated by 
in vitro infection assays.

Materials and Methods
Sample Donor
A 62-year-old woman presented with sore throat and fever as her chief complaints. She had a history of renal failure due 
to polycystic kidney disease and was a living-donor kidney transplant recipient, receiving immunosuppressive therapy 
with prednisolone, mycophenolate mofetil, and everolimus. Due to worsening symptoms, she was admitted to hospital 7 
days after the illness onset. She was diagnosed with COVID-19 based on a positive reverse-transcription polymerase- 
chain reaction (RT-PCR) result for SARS-CoV-2 using a nasopharyngeal swab sample. Computed tomography revealed 
multiple, localized ground-glass opacities in the peripheral lung fields bilaterally. Genetic analysis revealed that SARS- 
CoV-2 was a Delta variant. Owing to her age and immunosuppressed status, she received sotrovimab on day 0 (the day of 
admission). However, her clinical condition worsened and oxygen supplementation was started on day 6 together with 
dexamethasone (6.6 mg/day). Furthermore, RDV was also started on day 8, and hemodialysis was started on day 9. The 
respiratory condition deteriorated and the patient was intubated and started on mechanical ventilation on day 13. Sputum 
culture taken at that time was positive for Aspergillus niger and Aspergillus galactomannan antigen in the blood. The 
patient was diagnosed with COVID-19-associated invasive pulmonary aspergillosis and treatment was started using 
voriconazole. The patient’s respiratory condition subsequently improved, and she was extubated and weaned from the 
ventilator on day 16. RDV was discontinued after 10 days (until day 17), and dexamethasone was administered (until day 
42) and then tapered. Nasopharyngeal swabs were collected from one nostril just before treatment (day 0) and on days 
12, 19, 23, 37, 43, 48, 58, and 71 after treatment (Supplementary Figure 1) and stored in a viral transport medium in 
a 4°C refrigerator on day 1 and then stored in a −80°C freezer until testing. SARS-CoV-2 was no longer detected using 
real-time RT-PCR on day 71, remaining undetected the next day. The patient was discharged from hospital on day 84.

Cell Culture and Viral Isolation
VeroE6/TMPRSS2 cells (JCRB Cell Bank: JCRB1819) and a Calu-3 human lung cell line (ATCC HTB-55) were 
cultured and maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/ 
mL streptomycin, and 250 ng/mL amphotericin B. Each nasopharyngeal swab was filtered using a 0.45 μm membrane 
filter, and then adsorbed onto VeroE6/TMPRSS2 cells to isolate the virus for virological use as described below.

RNA Extraction and Real-Time PCR
The diagnosis of COVID-19 was confirmed by PCR testing. Briefly, total RNA was extracted from a 0.25 mL 
nasopharyngeal swab sample (days 12, 19, 23, 37, 43, 48, 58, and 71) using TRIzol LS reagent and the PureLink 
RNA Mini kit (Thermo Fisher Scientific, MA, USA), according to the manufacturer’s protocols. The extracted RNA was 
then amplified using real-time RT-PCR using the COBAS SARS-CoV-2 kit and the COBAS 6800 system (Roche, Basel, 
Switzerland) to quantify the cycle threshold (Ct) value.
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Viral Genome Sequencing and Alignment Analysis
For SARS-CoV-2 genotyping, whole-viral genome sequences extracted from nasopharyngeal swab samples (on days 0, 
12, 19, 23, 37, 43, 48, and 58) were determined using the MinIon Mk1C next-generation sequencer (Oxford Nanopore 
Technologies, Oxford, UK). Library preparation was performed using the NEBNext ARTIC SARS-CoV-2 Companion kit 
(New England Biolabs, MA, USA) and sequencing was performed according to the manual of the National Institute of 
Infectious Diseases (https://www.niid.go.jp/niid/images/lab-manual/SARS- 
CoV2_genome_analysis_manual_Nanopore_NEB_ver_1_6_220127.pdf). Sequence data were obtained for each sample. 
Aligning each read to the SARS-CoV-2 Wuhan strain sequence (NC_045512.2) was performed using NanoPipe,7 and 
consensus sequences were obtained for each sample. Mutations in the whole viral genome were detected by NextClade 
(https://clades.nextstrain.org/) using each consensus sequence.

Growth Kinetics of Isolated Viruses
Whole-viral genome sequencing revealed that mutations accumulated between days 23 and 37; therefore, virus isolates from 
nasopharyngeal swab on days 0, 23 and 37 (named vD0, vD23, and vD37, respectively) were used for further virological 
analysis in this study. The virus titration was performed by measuring focus-forming units (FFU) in focus-forming assays on 
VeroE6/TMPRSS2 cells.8 Calu-3 cells without air–liquid interface conditions were the infected with the three isolates at 
a multiplicity of infection of 0.001. After adsorption for 1 h, the cells were washed twice, maintained in DMEM/F-12 medium 
containing 0.2% bovine serum albumin, and incubated at 37°C. Supernatants were collected at the same infected wells at each 
time post-infection, and progeny virus titers were determined using focus-forming assays, as described above.

Focus Reduction Neutralizing Test (FRNT)
The neutralization activities of the three isolates (vD0, vD23, and vD37) were measured using a focus reduction neutralization 
assay as previously described.9 Briefly, serial dilutions of sotrovimab (starting concentration, 40,000 ng/mL) were mixed with 100 
focus-forming units (FFU) of each isolate and incubated for 1 h at 37°C. The mixture was then adsorbed onto VeroE6/TMPRSS2 
cells in 96-well plates for 1 h at 37°C. The cells were washed to remove inoculum and overlaid with 1% methylcellulose in 
DMEM containing 0.2% bovine serum albumin. The cells were cultured for 12 h at 37°C, washed, and fixed in 4% paraformal
dehyde. Immunofluorescence assays were performed with a mouse monoclonal antibody against SARS-CoV-1/2 nucleoprotein 
clone 1C7C7 (Sigma-Aldrich, St. Louis, MO, USA) and Alexa Fluor 488 secondary antibody. Foci were counted using an 
inverted fluorescence microscope (Nikon ECLIPSE Ti2 system; Tokyo, Japan). The results were expressed as the 50% focus 
reduction neutralization titer (FRNT50). These values were calculated using GraphPad Prism 8 software (GraphPad Software, 
Boston, MA, USA).

Inhibitory Effect of Remdesivir Against SARS-CoV-2 in vitro
RDV susceptibility of the three isolates (vD0, vD23, and vD37) was determined using a previously reported focus 
reduction assay.10 Equal titers of 100 FFU virus/well were adsorbed onto VeroE6/TMPRSS2 cells in 96-well plates for 1 
h at 37°C. The cells were then washed and overlaid with 1% methylcellulose in culture medium containing serial 
dilutions of active components of RDV (GS-441524, Selleck Chemicals; Houston, USA) dissolved in dimethyl sulfoxide. 
The cells were cultured for 12 h at 37°C, washed and fixed using 4% paraformaldehyde. Immunofluorescence assays 
were performed as described above for FRNT. The results were expressed as the 50% inhibitory concentration (IC50). 
The IC50 values were calculated using GraphPad Prism 8.

Deep Mutational Scanning (DMS)
Deep mutational scanning (DMS) was performed to evaluate the development of sotrovimab resistance using the 
receptor-binding domain (RBD) of Wuhan strain spike protein.11 Briefly, the hemagglutinin-tagged spike protein library 
(residues F329 to C538) encompassing all 20 amino acid substitutions in the RBD was transfected into Expi293F cells 
(Thermo Fisher Scientific, Waltham, MA, USA). These library cells were infected with an ACE2-harboring green 
fluorescent protein (GFP)-reporter virus derived from a lentiviral vector in the presence or absence of sotrovimab. GFP- 
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positive cells and control GFP-negative cells were harvested by fluorescence-activated cell sorting (FACS). RNA was 
extracted from the harvested cells, and the genotype of one amino acid substitution-induced RBD in the library cells was 
determined by RNA sequencing (RNA-Seq) using the next-generation sequencer Novaseq 6000 (Illumina, CA, USA). 
The escape value of each amino acid substitution from sotrovimab was estimated by dividing the reads-number of GFP- 
positive cells by that of GFP-negative cells. Each escape value was normalized to the wild-type escape value.

Statistical Analysis
Data were expressed as the mean ± standard error of the mean (SEM). The FRNT50 and IC50 values were calculated 
using GraphPad Prism 8 software. All statistical analyses were performed via by ANOVA with Tukey’s tests using Origin 
9.1 software (OriginLab Corporation, MA, USA). Results with P-values <0.05 were considered statistically significant.

Results
Whole Genome Analysis of SARS-CoV-2 Isolated from a Kidney Transplant Patient 
Identifies Multiple Mutations in S, ORF1a, ORF1b and N
Consensus viral genome sequences of the eight nasopharyngeal swabs from days 0 to 58 of treatment initiation were obtained 
by MinIon Mk1C sequencing. Sequencing analysis identified a SARS-CoV-2 Delta variant with L452R, T478K, D614G, and 
P681R mutations in the spike protein on day 0 sample compared with the Wuhan strain (NC_045512.2) (Table 1; a total of 38 
amino acid differences). The infectious virus was recovered on days 0, 12, 23, 37, and 43, but not on days 19, 48, and 58. The 
numbers of amino acid changes in the specimens, which were commonly detected through day 37, 43, 48 and 58, were 4 in the 
S (I101T, D178N, E340K/A, S494P), 4 in the ORF1a (L631I (nsp2:L451L), E1209G (nsp3:E391G), R3012K (nsp4:R249K), 

Table 1 Deduced Amino Acid Mutations Detected by Whole Viral Genome Sequencing

Gene Days Since Treatment Initiation

0 12 19 23 37 43 48 58

S #T19R T19R T19R T19R T19R T19R T19R T19R

S T95I T95I T95I T95I T95I T95I T95I T95I
S I101T I101T I101T I101T
S G142D G142D G142D G142D G142D G142D G142D G142D

S #E156- E156- E156- E156- E156- E156- E156- E156-
S #E157- E157- E157- E157- E157- E157- E157- E157-

S D178N D178N D178N D178N
S E340K E340A E340A E340A E340A E340A
S Q414R Q414R Q414R Q414R Q414R Q414R Q414R Q414R

S #L452R L452R L452R L452R L452R L452R L452R L452R

S #T478K T478K T478K T478K T478K T478K T478K T478K
S S494P S494P S494P S494P
S #D614G D614G D614G D614G D614G D614G D614G D614G

S #P681R P681R P681R P681R P681R P681R P681R P681R
S #D950N

ORF1a V378L V378L V378L V378L V378L V378L V378L V378L

ORF1a L631I L631I L631I L631I
ORF1a E1209G E1209G E1209G E1209G
ORF1a #A1306S A1306S A1306S A1306S A1306S A1306S A1306S A1306S

ORF1a V1750A V1750A V1750A V1750A V1750A V1750A V1750A V1750A
ORF1a E1909D

ORF1a #P2046L P2046L P2046L P2046L P2046L P2046L P2046L P2046L

ORF1a #P2287S P2287S P2287S P2287S P2287S P2287S P2287S P2287S
ORF1a #V2930L V2930L V2930L V2930L V2930L V2930L V2930L V2930L

(Continued)
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L4319F (nsp10:L66F)), 4 in the ORF1b (V783I (nsp12: V792I), R1078C (nsp13:R155C), R1502K (nsp13:R579K), V2287I 
(nsp15:V236I)), and 1 in the N (S202N) compared with the wild-type virus (day 0) (Table 1 and Supplementary Table 1). 
Among the mutations in the spike protein at S:I101T, S:D178N, S:E340K/A, and S:S494P, S:E340K/A and S:S494P were 
located in the RBD (residues R319 to P541). Further intensive analysis of sequencing data by MinIon Mk1C showed another 
mutant, S:E340V, in addition to S:E340K/A, in the specimens between day 12 and day 19 (Table 2). After day 23, the E340A 
mutation was predominant (more than 95%) with E340V detected at 4.4% on day 37 (Table 2). Conventional ABI-Sanger 
sequencing showed a mixed signal of residue 340 (nt:22580–22582) on days 0 to 23 (Supplementary Figure 2).

The RdRp mutation was identified as ORF1b V783I (nt: G15814A). Nsp12-16 proteins are translated as ORF1ab in 
SARS-CoV-2 and are subsequently generated into individual proteins by proteases. This mutation (ORF1b:V783I) is at 
residue 792 on nsp12 (RdRp), RdRp:V792I, was indicated as a drug-resistant mutation in COVID-19 patients after RDV 
administration.6 In this study, only the wild type was detected in the specimens of day 0, before a ten-day course of RDV 
(from day 8 to day 17). RdRp:V792I was detected in approximately 2% and 8% of sequences on day 12 and day 19, 
respectively, and subsequently became dominant after day 23 (>90% of sequences, Table 2).

Table 1 (Continued). 

Gene Days Since Treatment Initiation

0 12 19 23 37 43 48 58

ORF1a R3012K R3012K R3012K R3012K
ORF1a #T3255I T3255I T3255I T3255I T3255I T3255I T3255I T3255I
ORF1a D3526E D3526E D3526E D3526E D3526E D3526E D3526E D3526E

ORF1a #T3646A T3646A T3646A T3646A T3646A T3646A T3646A T3646A

ORF1a L4319F L4319F L4319F L4319F L4319F
ORF1b #P314L P314L P314L P314L P314L P314L P314L P314L

ORF1b #G662S G662S G662S G662S G662S G662S G662S G662S

ORF1b V783I V783I V783I V783I V783I
ORF1b #P1000L P1000L P1000L P1000L P1000L P1000L P1000L P1000L

ORF1b R1078C R1078C R1078C R1078C
ORF1b R1502K R1502K R1502K R1502K
ORF1b #A1868V A1868V A1868V A1868V A1868V A1868V A1868V A1868V

ORF1b #A1918V A1918V A1918V A1918V A1918V A1918V A1918V A1918V

ORF1b V2287I V2287I V2287I V2287I
ORF3a #S26L S26L S26L S26L S26L S26L S26L S26L

ORF3a A54S A54S A54S A54S A54S A54S A54S A54S

ORF7a #V82A V82A V82A V82A V82A V82A V82A V82A
ORF7a #T120I T120I T120I T120I T120I T120I T120I T120I

ORF7b #T40I T40I T40I T40I T40I T40I T40I T40I

ORF8 P93S P93S P93S P93S P93S P93S P93S P93S
ORF8 D119- D119- D119- D119- D119- D119- D119- D119-

ORF8 F120- F120- F120- F120- F120- F120- F120- F120-

M #I82T I82T I82T I82T I82T I82T I82T I82T
N R10Q

N A90S A90S A90S A90S A90S A90S A90S A90S

N S202N S202N S202N S202N
N #R203M R203M R203M R203M R203M R203M R203M R203M

N #G215C G215C G215C G215C G215C G215C G215C G215C

N #D377Y D377Y D377Y D377Y D377Y D377Y D377Y D377Y

Notes: #Shows commonly observed amino acid mutations (over 85% on GISAID) in Delta variant. Bold shows amino acid changes, which were commonly detected in the 
specimens through day 37, 43, 48 and 58. S: E156- and E157- and ORF8: D119- and F120- show amino acid deletions.
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In vitro Growth Kinetics of SARS-CoV-2 Variants Isolated After the Treatments
Isolates on days 23 and 37, which corresponded to time when mutations accumulated in the whole-genome sequencing, 
were selected for further analysis (named vD23 and vD37, respectively). The wild-type virus (vD0) was also included for 
comparison. The vD23 had S:E340A, ORF1a:L4319F, and RdRp:V792I mutations, whereas the vD37 further accumu
lated multiple mutations, especially in S, ORF1a, and ORF1b (Table 1). We investigated the replication ability of the 
three isolates using human lung Calu-3 cells. Both vD23 and vD37 showed less replication than vD0, with the most 
reduced growth observed for vD37 (Figure 1).

The Spike E340A Mutation Induced Larger Escape of SARS-CoV-2 Variants from 
Sotrovimab
Sotrovimab neutralized vD0 with a low FRNT50 value (0.038 μg/mL), but showed strikingly higher, 364-fold, FRNT50 

values (13.845 ± 1.189 μg/mL and 16.803 ± 3.233 μg/mL) against vD23 and vD37, respectively (Figure 2A). The 
additional S:S494P mutation in the RBD of vD37 did not show a significant increase in the FRNT50 value compared with 
that of vD23 (Figure 2B). To comprehensively understand the mutations escaping sotrovimab, we conducted a DMS in 
a region spanning residues 329 to 538 of the RBD using the inverted infection assay, where ACE2-harboring viruses 

Table 2 Proportion of Each Variant at Each Date

Days since  
treatment  
initiation

Spike RdRp (nsp12) Ct value

Wild Type (%) Variants (%) Wild type (%) Variant (%)

S:E340 S:K340 S:A340 S:V340 RdRp:V792 RdRp:I792

0 94.2 97.6 N/A

12 78.5 17.0 2.7 97.3 2.1 17.5

19 61.0 16.7 20.0 91.3 8.3 27.2
23 96.6 5.3 91.3 24.0

37 92.4 4.4 4.0 92.5 17.4

43 96.6 96.9 16.5
48 96.2 95.3 28.3

58 95.4 95.8 26.3

71 N.D.

Notes: The patient was treated with sotrovimab on day 0, followed by a ten-day course of RDV (from day 8 to day 17). Based on the next 
generation sequencing analysis of the isolated viruses (data not shown), the cutoff value was set at 2% or less. N/A shows not available. N. 
D. shows not detected.

Figure 1 Isolated viruses on days 23 and 37 showed reduced replication in vitro. Three types of isolated variants were analyzed. vD0, vD23, and vD37 were isolated from 
nasopharyngeal swabs on days 0, 23, and 37. Calu-3 cells were infected with each variant at a multiplicity of infection of 0.001. Viral supernatant titers were determined using 
focus-forming assays at the indicated time points. The data represent the mean ± SEM of the three experimental replicates. Statistically significant differences compared with 
the virus titers of vD0 (*P < 0.05) and vD23 (#P < 0.05) were determined by analysis of variance (ANOVA) with Tukey's multiple comparison test.
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Figure 2 Isolated viruses on days 23 and 37 with the Spike E340A mutation are resistant to sotrovimab. Sotrovimab resistance was assessed using a focus reduction 
neutralization assay. Each diluted sotrovimab sample was mixed with 100 FFU of each variant for neutralization. After 1 h, the mixture was adsorbed onto VeroE6/TMPRSS2 
cells for 12 h. (A) Inhibition rate from the focus numbers at the indicated sotrovimab concentration. (B) The 50% focus reduction neutralization titer (FRNT50). The data 
represent the mean ± SEM of the three experimental replicates (*P < 0.05). (C) A deep mutational scanning (DMS) was performed in a region spanning residues 329 to 538 
of the RBD using the inverted infection assay as previously described.11 The library cells, containing the hemagglutinin-tagged RBD encompassing all 20 amino acid 
substitutions, were infected with an ACE2-harboring green fluorescent protein (GFP)-reporter virus derived from a lentiviral vector, both in the presence and absence of 
sotrovimab. Subsequently, GFP-positive cells and control GFP-negative cells were individually harvested through fluorescence-activated cell sorting. RNA was then extracted 
from the harvested cells for RNA-Seq, which determined the genotype of RBD induced by each amino acid substitution in the library cells. The escape value of each amino 
acid substitution was estimated by dividing the reads number of GFP-positive cells by that of GFP-negative cells. Log10 enrichment ratios for all individual mutations were 
calculated and normalized with the wild type. The heatmap illustrating how all single mutations affect the escape from sotrovimab. Squares are colored by mutational effect 
according to scale bars on the right, with red indicating higher escapability. Squares with a diagonal line through them indicate Wuhan strain amino acid. The black dot size 
reflects the frequency in the virus genome sequence according to the GISAID database as of 17th Sep 2022. ACE2 and sotrovimab footprints are highlighted in magenta and 
light green, respectively. Footprints on RBDs were defined according to the 5A distance from ACE2- or monoclonal antibody-contacting residues.12
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infected spike-expressing cells.11 This approach can directly analyze the viral escape reflecting both alterations of 
antibody binding and infectivity. The result indicated that several amino acid mutations at positions 337, 340, and 346 
of the spike protein-induced resistance to sotrovimab (Figure 2C and Supplementary Table 2) and within these three 
mutations, the first two amino acid changes have been reported as critical sites for sotrovimab resistance in vivo.5 Among 
amino acid substitutions in 340 of the spike, E340A had the highest escape value (Supplementary Table 2). Majority of 
the spike 337 residue mutations were synonymous substitutions of P337 or had escape values lower than that of the wild- 
type. However, an escape value of P337R showed higher than that of the wild-type, although S:P337R mutation was not 
detected in this study. In addition, despite a series of comprehensive mutations at position 494, no higher escape values 
were observed compared with the wild-type S:S494 (Figure 2C).

The RdRp V792I Mutation Reduced Remdesivir Susceptibility of SARS-CoV-2 Variants
Next, we examined the RDV susceptibility of the three isolates (vD0, vD27, and vD37) by determining their IC50 values. 
vD23 and vD37 had higher IC50 values than vD0 (Figure 3A) with RDV, indicating that the both variants have reduced 
susceptibility to RDV. The median IC50 variant values were 2.61, 7.14, and 8.21 µM for vD0, vD23, and vD37, 
respectively. The fold changes in IC50 were 2.73 for vD23 and 3.14 for vD37 compared with vD0. The highest IC50 

was observed for vD37, although there were no significant differences between vD23 and vD37 (Figure 3B). No 
additional mutations were detected in the RdRp (nsp12) of vD37 compared with that of vD23 (Table 1 and 
Supplementary Table 1).

Discussion
It has been reported that SARS-CoV-2 has acquired treatment-specific resistance mutations against antiviral drugs.2–6 

This study reported the emergence of dual-drug resistant SARS-CoV-2 variants after exposure to sotrovimab and RDV in 
a kidney transplant recipient. Neutralizing antibodies became detectable after sotrovimab infusion, whereas they were not 
detectable after SARS-CoV-2 vaccinations in the patient (data not shown). Therefore, it is likely that almost all of them 
might have derived from the infused sotrovimab, and they remained stable for 7 weeks after the treatment (data not 

Figure 3 Isolated viruses on days 23 and 37 with the RdRp (nsp12) V792I mutation are also resistant to remdesivir. Remdesivir susceptibility was assessed using a focus 
reduction neutralization assay. VeroE6/TMPRSS2 cells were infected with 100 FFU of each variant and the cells were cultured in a medium containing serial dilutions of active 
components of remdesivir. (A) The focus numbers were counted, and the inhibition rate was calculated after 12 h culture. (B) The 50% inhibitory concentration (IC50). The 
data represent the mean ± SEM of the three experimental replicates (*P < 0.05).
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shown). Such a prolonged presence of sotrovimab may be associated with a risk for inducing drug-resistant variants and 
selecting the highest escape mutation in immunocompromised patients.

In this study, mutations at S:E340K/A/V were found on day 12, and S:E340K was detected 50% more frequently than 
S:E340A/V (as shown in Table 2). Transition mutations (purine to purine or pyrimidine to pyrimidine) are more likely 
than transversions (purine to pyrimidine or pyrimidine to purine); therefore, it is possible that the S:E340K transition 
mutation (nt:22580–22582 GAA to AAA) appeared earlier than the S:E340A and S:E340V transversion mutations (GAA 
to GCA and GAA to GTA) (as shown in Supplementary Table 2), consistent with a previous report demonstrating that the 
S:E340K mutation initially emerged in three out of four patients.2 We previously demonstrated a DMS approach to 
evaluate escape from neutralizing antibodies, such as casirivimab11 and performed a similar analysis in this study to 
evaluate escape mutations against sotrovimab. The S:E340A mutant showed the highest resistance to sotrovimab among 
the S:E340D/G/K/A/V resistant mutations previously reported in vivo according to DMS analysis (as shown in 
Supplementary Table 2 and Figure 2C). In addition, the isolated variants (vD23 and vD37) with the S:E340A mutation 
showed a > 360-fold reduction in the neutralizing activity of sotrovimab compared with that of the wild-type virus (vD0) 
(as shown in Figure 2A and B). Destras et al4 indicated that the selection of sotrovimab-resistant escape variants was 
linked to persistent SARS-CoV-2 excretion for up to 43 days. In our case, the cycle threshold (Ct) value was still under 
30 through 58 days after the sotrovimab treatment (as shown in Table 2). This may explain why the S:E340A mutant 
became dominant (more than 95%) 23 days after the sotrovimab treatment initiation (as shown in Table 2). DMS analysis 
demonstrated several other strong escape mutations, as shown in Figure 2C. These mutations involved transversion 
mutations or 2-base substitutions and may require caution in COVID-19 patients with longer-term infections. We also 
detected the S:S494P mutation after day 37; however, DMS analysis did not show significant differences in escape values 
against sotrovimab (as shown in Figure 2C and Supplementary Table 2). The S:S494P mutation confers reduced 
susceptibility to other therapeutic monoclonal antibodies such as casirivimab and bamlanivimab.13,14 However, our 
neutralization analysis using sotrovimab did not show significant differences of FRNT50 values between the isolated 
variants with the S:E340A (vD23) and S:E340A/S:S494P (vD37) dual mutations (as shown in Figure 2A and B).

Stevens et al15 demonstrated that in vitro serial passage in the presence of increasing concentration of RDV (GS- 
4441524) led to the identification of several amino acid mutations related to RDV resistance in the RdRp, including 
V166A, N198S, S759A, V792I and C799F/R. Other groups identified RdRp:E802D16 or RdRp:V166L17 resistant 
mutations due to in vitro selection experiments. Among these mutations, the RdRp:V792I was detected in COVID-19 
patients after RDV administration by Hogan et al.6 The authors demonstrated that RdRp:V792I de novo mutation was 
detected 38 and 7 days after COVID-19 diagnosis following RDV treatment in two renal transplant patients. In addition, 
newly arising RdRp:V166L and RdRp:I536V mutations18 and RdRp:E802D mutation19 were found by other groups in 
immunocompromised patients that required RDV treatment. We detected the RdRp:V792I mutation in approximately 8% 
of sequences in the specimens of day 19, although only the wild type was detected on day 0, before a ten-day course of 
RDV (from day 8 to day 17). Interestingly, the proportion of wild-type S:E340 transiently recovered on day 19 (as shown 
in Table 2), which may be related to the prior administration of RDV until that point. The PCR Ct value (27.2) on day 19 
was close to the maximum value (28.3) among the seven time points ranging from day 12 to day 58 (as shown in 
Table 2). The ratio of the RdRp:V792I mutation became dominant after day 23 (>90% of sequences, Table 2) and the S: 
E340A mutation also became dominant (more than 95%) in the specimen of the same day (as shown in Table 2). 
Sequencing analysis of the isolated variant (vD23) on day 23 confirmed that the virus had both S:E340A and RdRp: 
V792I mutations (data not shown). Indeed, vD23 showed a dual-resistance phenotype against sotrovimab (364-fold) and 
RDV (2.73-fold) (as shown in Figures 2 and 3). Thus, even a combination therapy involving sotrovimab and RDV, dual 
resistant mutant virus may emerge rapidly and pose a risk for both clinical and virological relapse in immunocompro
mised patients. In vitro viral replication analysis indicated that vD23 and vD37 had less replication than vD0, suggesting 
a fitness cost (as shown in Figure 1). Similar findings of RdRp:V792I mutation were reported by another group, 
demonstrating that mutations in the homologous site of murine hepatitis virus show resistance to RDV and reduced 
proliferation.15 In addition, it has been suggested that the above RdRp:E802D mutation confers an approximately 6-fold 
increase in RDV IC50 but it also leads to a decreased viral replication relative to its parental virus in the absence of 
RDV.19 Therefore, reduced replication of vD23 in this study could be due to RdRp:V792I mutation.
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Additional amino acid changes of the specimens were observed on day 37 compared with those on day 23. This included 
L631I (nsp2:L451I), E1209G (nsp3:E391G), and R3012K (nsp4:R249K) in ORF1a, R1078C (nsp13:R155C), R1502K (nsp13: 
R579K), V2287I (nsp15:V236I) in ORF1b, and S202N in ORF9/N (as shown in Table 1). Some of these mutations might lead 
to more reduced replication of the variants (eg, vD37) in vitro (as shown in Figure 1), although it is not clear why further fitness 
improvement emerged in the patient. The prolonged use of steroidal anti-inflammatory drug (as shown in Supplementary 
Figure 1) may have contributed to it. Nsp2:L451I, nsp3:E391G, and nsp13:R155C were previously observed,20 while other 
mutations in ORF1a and 1b are unreported in previous variants, including omicron BA.1 to BA.5. A recent report suggests that 
transmembrane nonstructural proteins (nsp) (such as nsp3 and nsp4) generate double-membrane vesicles (DMVs). Mutations in 
these nsps (nsp3:E391G and nsp4:R249K) might contribute to the functions of DMVs. ORF1b mutations such as nsp13 
(helicase) R155C, and R579K, and nsp15 (endoRNAase) (V236I) may contribute to viral replication. The ORF9/N:S202N 
mutation is a mutation hotspot, although its function remains unknown.21 ORF9/N:S202 is located in a conserved serine/ 
arginine-rich linker region (LKR) of the N protein, and phosphorylation of residues in the serine-arginine of LKR regulates 
discontinuous transcription during the early stages of replication.22 The Delta variant possesses an N:R203M mutation 
compared with the Wuhan variant, and the additional N:S202N variant found in this study might be related to viral replication.

Conclusions
This case reveals that dual-drug resistant viruses can emerge rapidly in immunocompromised patients treated with 
sotrovimab and RDV. The dual-resistant variants had lower virus yields than the wild-type virus in vitro, suggesting 
a fitness cost.
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