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Introduction: Several clinical studies have reported the efficacy of favipiravir in reducing viral load and short-
ening the duration of symptoms. However, the viability of SARS-CoV-2 in the context of favipiravir therapy and
the potential for resistance development is unclear.

Methods: We sequenced SARS-CoV-2 in nasopharyngeal specimens collected from patients who participated in a
randomized clinical trial of favipiravir at hospitals across Japan between March and May 2020. Paired genomes
were sequenced from those who remained RT-PCR-positive 5-8 days into favipiravir therapy. Daily nasopha-
ryngeal specimens from 69 patients who were RT-PCR-positive at randomization were examined for a cytopathic
effect (CPE).

Results: Some strains early in the trial belonged to clade 19 B, whereas the majority belonged to clade 20 B. The
median time from the disease onset to negative CPE was 9 days. CPE was strongly correlated with the time from
disease onset, viral load, age, and male sex. Among 23 patients for whom paired genomes were available, all
except one had identical genomes. Two mutations were observed in one patient who received favipiravir, neither
in the RdRp gene.

Conclusions: The SARS-CoV-2 genome distribution in this clinical trial conducted in Japan reflected the early
influx of strains from China followed by replacement by strains from Europe. CPE was significantly associated
with age, male sex, and viral loads but not with favipiravir therapy. There was no evidence of resistance
development during favipiravir therapy.

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2, has
claimed nearly three million lives worldwide. Japan has been affected
since the relatively early stage of the pandemic, with initial influx of
strains from China during the lunar new year followed by strains from
Europe over the spring of 2020 [1].

While several immunomodulating agents, including dexamethasone,
have shown efficacy in treating moderate to severe COVID-19, antiviral
treatment options remain limited. Favipiravir is an inhibitor of viral
RNA-dependent RNA polymerase (RdRp) with broad-spectrum activity

against RNA viruses that functions as a purine analogue and inhibits
RdRp by terminating elongation of the complementary viral RNA strand
[2]. It was approved for the treatment of novel or re-emerging influenza
infection in Japan in 2014. The barrier to favipiravir resistance is
considered to be high for influenza virus. A combination of two muta-
tions in the RARp gene have been associated with favipiravir resistance
in the laboratory setting [3]; however, influenza viruses from 57 pa-
tients who participated in clinical trials of favipiravir for influenza did
not show differences in favipiravir susceptibility before and 1 or 2 days
after starting therapy, suggesting a high resistance threshold [4].
Favipiravir has been examined as a potential treatment option for
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Fig. 1. Phylogenetic tree of SARS-CoV-2 genomes generated by Nextstrain. Strains from this trial and those worldwide, including those collected between December
2019 and August 2020, are shown. Red: This study, Blue: Japan, Yellow: Europe, Green: the USA, and Pale blue: China.

COVID-19 in several controlled clinical trials. We previously conducted
a randomized, open-label trial of 89 patients with asymptomatic to mild
COVID-19. The patients were randomized to early favipiravir therapy
(starting on day 1 of randomization) and late favipiravir therapy
(starting on day 6 of randomization). Viral clearance, as evaluated by
RT-PCR, occurred by day 6 in 66.7% and 56.1%, respectively, and the
mean time to defervescence was 2.1 and 3.2 days, respectively [5].

Using the nasopharyngeal swab specimens obtained in this clinical
trial, the aims of this study were to describe the genome epidemiology in
Japan early in the pandemic, to determine the viability of the virus with
respect to demographics, time since onset, viral load, and favipiravir
therapy, and to identify mutations that occurred during treatment and
might affect viral susceptibility to favipiravir.

2. Materials and methods
2.1. The specimens

The nasopharyngeal swab specimens were collected during in a
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previously described clinical trial [5]. The residual media were stored at
—80 °C after extraction of RNA for use in the RT-PCR testing for the trial.
A total of 1318 specimens were collected from 89 patients, and 392
specimens were determined as positive for SARS-CoV-2 by RT-PCR
targeting the nucleocapsid gene [6]. Among the positive specimens,
89 had Ct values below 34 and were considered amenable to
high-throughput sequencing. The RT-PCR-positive specimens with the
lowest Ct values collected between day 1 to day 5 were sequenced from
each patient. For sequencing of paired genomes, only day 1 specimens
were used to generate the first genome. For the subsequent genome from
the same patients, an RT-PCR-positive specimen collected between day 5
and day 8 (early therapy group, who were on favipiravir for 4-7 days at
the time) or between day 5 and day 6 (late therapy group, who were not
yet started on favipiravir at the time) was sequenced from each patient
as available.

For detection of viable virus, the daily specimens collected between
day 1 and day 6 from the 69 patients whose day 1 specimen was RT-PCR-
positive were subjected to the cytopathic effect (CPE) assay.
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Fig. 2. Kaplan-Meier product-limit estimates for the cumulative probability of being free of negative CPE or RT-PCR negativity over time from the time of
randomization and the time of disease onset. The gray shaded area corresponds to pointwise 95% confidence intervals. (a) Cumulative proportion of patients with
CPE positive against days from randomization. (b) Cumulative proportion of patients with RT-PCR positive against days from randomization. (¢) Cumulative pro-
portion of patients with CPE positive against days from onset. (c¢) Cumulative proportion of patients with RT-PCR positive against days from onset.

2.2. Genome sequencing

SARS-CoV-2 genomic RNA was extracted from the transport medium
of nasopharyngeal specimens with Ct values less than 34 using a
QIAamp Viral RNA Mini Kit (Qiagen). SARS-CoV-2 genomes were
amplified according to the RT-PCR protocol of the ARTIC network (htt
ps://artic.network/ncov-2019) or using QIAseq SARS-CoV-2 Primer
Panel (Qiagen). Sequencing libraries of the amplicons were prepared
using QIAseq FX DNA Library Kit (Qiagen), and the libraries were
analyzed by Illumina NextSeq 2000 sequencer using NextSeq 1000/
2000 P2 Reagents (300 Cycles) or Illumina MiSeq sequencer using
MiSeq Reagent Kits v2 (300 Cycles). Amplicon sequences were mapped
to the reference sequence (MN908947.3), and consensus sequences were
obtained according to the Utah DoH ARTIC/Illumina Bioinformatic
Workflow (https://github.com/CDCgov/SARS-CoV-2_Sequencing/t
ree/master/protocols/BFX UT_ARTIC_Illumina) with minor modifica-
tions to include reads without primers. Specimens with Ct values of 29 or
higher were sequenced twice to minimize PCR errors. Consensus se-
quences obtained from the workflow were confirmed by reading the
mapping files (bams) using Integrative Genomics Viewer (IGV) (htt
p://software.broadinstitute.org/software/igv/).

The genomic epidemiology of SARS-CoV-2 identified in this study
was analyzed using the Nextclade webpage (https://clades.nextstrain.
org/) and the Nextstrain tools (https://nextstrain.github.io/ncov/).
Sequencing results were evaluated in the Nextclade webpage (htt
ps://clades.nextstrain.org/), and sequence data indicated as good with
all QC status under the default settings were defined as high-quality.
SARS-CoV-2 genome sequences registered from Japan were also used
for this analysis. For sequences registered only with the months of
collection and not the dates, the collection dates were randomly
assigned within the months to enable analysis through the Nextstrain
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pipeline.

2.3. Comparative analysis of the SARS-CoV-2 genomes

Sequences extracted from each genome were aligned to the reference
genome and inspected. Variants with allele frequencies >70% were
identified as SNVs (single nucleotide variants). Variant detection was
performed using VarScan [7] in addition to manual inspection. An
intra-host single nucleotide variation (iSNV) was defined likewise. The
web application tool (http://giorgilab.unibo.it/coronannotator/) was
used for variant detection and annotation of mutated genes [8]. The
amino acid substitutions on SARS-CoV-2 genome were also evaluated on
the Nextclade webpage (https://clades.nextstrain.org/).

2.4. CPE assay

The VeroE6/TMPRSS2 cells (Japanese Collection of Research Bio-
resources Cell Bank, #JCRB1819) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5% fetal bovine
serum (FBS) and Penicillin-Streptomycin (Sigma-Aldrich). For isolation
of SARS-CoV-2, cells were seeded on a 25-cm 2 cell culture flask (FAL-
CON). The next day, the thawed specimen medium (0.5 mL) was
centrifuged at low speed, and the supernatant was mixed with 4.5 mL of
isolation medium (DMEM supplemented with 2% FBS, penicillin-
streptomycin [Sigma-Aldrich], gentamicin [Sigma-Aldrich], and
amphotericin B [Sigma-Aldrich]). The maintenance medium in the flask
was then removed, the cells were washed once with isolation medium,
and the mixture (5 mL) was added to the flask, followed by incubation at
37 °C. The cells were examined daily for 5 days for cytopathic effect
(CPE).
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Fig. 3. Kaplan-Meier product-limit estimates for the cumulative probability of being free of negative CPE over time from the time of randomization stratified by

treatment group.

2.5. Statistical analysis

The time from randomization to negative CPE or RT-PCR and the
time from onset to negative CPE or RT-PCR were depicted by the Kaplan-
Meier method. The day of onset was defined as the day when COVID-19-
related symptoms appeared or when the positive RT-PCR specimen was
collected. The days of negative CPE and RT-PCR were defined as the first
negative CPE result following the last positive CPE result and the first
negative RT-PCR result following the last positive RT-PCR result,
respectively. The effect of favipiravir on time to negative CPE was
assessed by the Cox proportional hazard regression model with adjust-
ment for age and time between positive RT-PCR and randomization. In
order to quantify the relationship between daily CPE positivity and risk
factor variables such as age, sex, and daily viral loads, binomial gener-
alized estimating equations with logit-link adjusted for days from the
onset were used. Age, viral loads (log scale), and days from the onset
were included in the models using restricted cubic spline with 3 knots.

2.6. Sequencing data

The sequencing reads generated in this study have been deposited to
the GISAID under accession numbers EPI_ISL_862855 to EPI_ISL_862850
and DDBJ DRA under accession number DRA011834.
3. Results

3.1. SARS-CoV-2 clade representation

High-quality genome sequences were obtained from 49 of the 89
patients who were enrolled in the clinical trial at hospital sites located
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across Japan. A previous genome surveillance study suggested that two
introductions of SARS-CoV-2 to Japan occurred, the first one between
January and February from China and the second one since March from
Europe and North America [1]. The clades identified in our trial
mirrored this trend. Strains from some of the first enrollments in early
March belonged to clades 19A (n = 1) and 19B (n = 5), whereas the rest
of the strains belonged to clades 20A (n = 4), 20B (n = 37), and 20C (n =
2), with the majority clustered in clade 20B (Fig. 1; Supplemental Fig. 1).
Clades 19A and 19B emerged in Wuhan, China, at the onset of the
current pandemic, and clade 20A is considered a descendant of clade
19A, with clades 20B and 20C having subsequently emerged as sub-
clades of 20A.

3.2. Detection of viable virus and its correlates

A total of 421 nasopharyngeal swab specimens collected daily be-
tween day 1 and day 6 from 69 patients whose RT-PCR on day 1 was
positive for SARS-CoV-2 were subjected to CPE assay. Of the 421 spec-
imens, 323 were positive, whereas the remaining 98 were negative for
SARS-CoV-2 by RT-PCR. Of the 421 specimens, 90 were positive for CPE,
and all CPE-positive specimens were also positive by RT-PCR. Of the 69
patients, 32 had positive CPE on day 1. For the calculation of time from
the onset to negative CPE, 37 patients who had negative CPE on day 1
were considered to have converted to negative on day 1 since pre-
enrollment specimens were not available.

Kaplan-Meier product-limit estimates for the cumulative probability
of being free of negative CPE or RT-PCR negativity over time from the
time of randomization and the time of disease onset are plotted in Fig. 2.
The median time to the negative CPE was 2.5 days from the time of
randomization (95% confidence interval [CI], 2-4), and 9 days from the
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Table 1

Ct values and iSNVs between 1st and 2nd specimens among paired sequenced patients.

Patient group

Patient number

Ct value of day 1 specimen

Ct value of 2nd specimen (day) The number of iSNVs ~ The number of amino acid substitutions

Early therapy group

Delayed therapy group

9530-09
9530-11
9532-01
9538-06
9539-02
9545-04
9550-09
9551-01
9722-03
9722-06
9736-01
9530-01
9530-02
9534-03
9545-01
9550-06
9556-01
9722-04
9722-05
9530-20
9530-22
9530-24
9530-26

21.43
28.75
24.74
21.42
28.13
17.98
22.68
26.1

23.33
19.58
28.74
25.98
20.13
28.37
27.33
24.2

16.15
25.15
19.39
21.76
21.1

19.18
18.78

25.04 [5] 0 0
26.68 [5] 3 2
22.09 [8] 0 0
30.8 [6] 0 0
28.66 [6] 0 0
29.33 [6] 0 0
29.16 [8] 0 0
30.91 [6] 0 0
31.43 [6] 0 0
29.56 [5] 0 0
28.15 [5] 0 0
30.77 [6] 0 0
28.87 [6] 0 0
30.48 [6] 0 0
21.52 [5] 0 0
30.54 [6] 0 0
24.9 [6] 0 0
23.27 [5] 0 0
28.7 [6] 0 0
29.68 [6] 0 0
25.45 [6] 0 0
24.92 [6] 0 0
19.7 [6] 0 0

onset of the disease (95% CI, 8-10). The median time to negative RT-
PCR was 15 days from the time of onset of the disease (95% CI,
13-17). Thus, the median time from the onset to the negativity was
shorter by 7 days for CPE than RT-PCR (95% CI, 4-8; p < 0.001 by

bootstrap method).

The effect of favipiravir on CPE negativity was examined using data
from 32 patients with positive CPE on day 1. Kaplan-Meier product-limit
estimates for the cumulative probability of being free of negative CPE
over time from the time of randomization stratified by therapy group are
depicted in Fig. 3. There was no significant difference in the time to
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Table 2
SNVs found in the genomes from patient 9530-11.
position 9051 15120 20429
ORF NSP4 NSP12 (RdRp) NSP16
day 1 (Ct 28.75) C C C
day 5 (Ct 26.68) T (P2929L) T T (P2321L)

negative CPE between the early therapy group (i.e., received favipiravir
between day 1 and day 6) and the late therapy group (i.e., did not
receive favipiravir until day 6) (adjusted hazard ratio [aHR], 1.09; 95%
CI, 0.49-2.42; p = 0.837). We previously showed that the proportion of
patients who achieved RT-PCR negativity by day 6 were nominally
higher in the early therapy group than the late therapy group (66.7%
and 56.1%, respectively), and there was a trend towards earlier RT-PCR
negativity in the early therapy group (aHR, 1.42; 95% CI, 0.76-2.62)
[5]. Overall, the CPE assay did not demonstrate additional virological
efficacy of early favipiravir therapy compared with late favipiravir
therapy beyond what has been observed in terms of time to RT-PCR
negativity under this clinical trial setting [5].

We then investigated factors that may be associated with CPE posi-
tivity. The probability of having CPE positivity was quantified by the
function of age, sex, and viral loads using daily data from 69 patients.
Age, viral loads, and their interaction were significantly associated with
CPE positivity (p < 0.001, p = 0.007, respectively, and p = 0.002 for the
interaction, Fig. 4). The apparent lack of this correlation in older pa-
tients may reflect difficulties in accurately identifying time of onset in
this population. Male sex was also significantly associated with CPE
positivity (odds ratio 3.51; 95% CI, 1.22-10.15; p = 0.020).

3.3. Impact of favipiravir therapy on viral sequences

Genomes could be sequenced from day 1 specimen and day 5-8
specimens for 11 patients in the early therapy group and 12 patients in
the delayed therapy group (Table 1). None of the 12 paired genomes in
the delayed therapy group contained SNVs between the genomes from
day 1 and day 5 or 6, during which period the patients were not on
favipiravir. In the early therapy group in which patients received favi-
piravir from day 1, one paired genome from day 1 and day 5 contained 3
SNVs, including 2 non-synonymous mutations. These mutations affected
the amino acid sequences of NSP4 and NSP16 genes but not the RdRp
gene (Table 2). None of the remaining paired genomes in the early
therapy group contained SNVs.

4. Discussion

Leveraging the extensive collection of nasopharyngeal swabs and
clinical data available through a previously described multicenter ran-
domized clinical trial of favipiravir for the treatment of COVID-19 [5],
we set out to examine the genome epidemiology of SARS-CoV-2 in Japan
at the beginning of the pandemic when the trial took place, determine
factors associated with prolonged shedding of viable virus, and examine
whether favipiravir treatment was associated with mutations that may
be associated with resistance.

In this collection of SARS-CoV-2 genomes obtained from patients at
hospitals across Japan, strains from early March mainly belonged to
clades 19A and 19B that had emerged in Wuhan, and the later strains
belonged to clades 20A, 20B and 20C that were likely introduced from
Europe and North America over the spring of 2020, a trend that is
consistent with a previous nationwide genome analysis [1].

Based on the CPE assay of over 400 nasopharyngeal specimens ob-
tained from 69 patients whose day 1 specimens were positive for SARS-
CoV-2 by RT-PCR, the median time to negative CPE was 9 days from the
onset of the disease, 7 days shorter than that to negative RT-PCR. Viable
virus is generally considered to be present up to approximately 8 days
from disease onset among immunocompetent individuals with COVID-
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19 [9,10]. Our data suggest that shedding of viable virus may occur
for a longer period but that the widely adopted practice of 10-day
isolation from symptom onset is still adequate to prevent transmission
in most cases, even when RT-PCR remains positive for longer.

Male sex, age, viral loads, and interaction of the latter two were
significantly associated with CPE positivity in this clinical trial cohort.
On the other hand, receipt of favipiravir was not associated with CPE
positivity, suggesting that its administration did not translate to sup-
pression of viral growth in this setting. Female sex and young age have
been associated with more robust T cell activation during COVID-19,
which may contribute to the better clinical outcome in these groups
[11]. Association of CPE positivity with male sex and age observed in
our study may represent the virological correlate of this immunological
observation.

Development of resistance is a potential concern when antiviral
therapy is implemented. While the number of patients is limited, it is
reassuring that SARS-CoV-2 genomes from pre-treatment and on-
treatment specimens of 11 patients who received favipiravir showed
no evidence of selection for favipiravir-dependent mutations.

In conclusion, in this virological study that complements a ran-
domized clinical trial of favipiravir for COVID-19 conducted in Japan
between March and May 2020, SARS-CoV-2 initially belonged to clades
19A and 19B, which were then replaced mostly by clade 20B, reflecting
the influx of virus first from China and subsequently from Europe and
the U.S. that occurred before the travel ban was implemented at the end
of March 2020. Recovery of the viable virus was associated with age,
male sex and viral load, but not with favipiravir therapy.
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