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Abstract
The spike (S) protein of Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2)
binds to a host cell receptor which facilitates viral entry. A polybasic motif detected at the
cleavage site of the S protein has been shown to broaden the cell tropism and transmissibility of the virus. Here we examine the properties of SARS-CoV-2 variants with mutations at
the S protein cleavage site that undergo inefficient proteolytic cleavage. Virus variants with
S gene mutations generated smaller plaques and exhibited a more limited range of cell tropism compared to the wild-type strain. These alterations were shown to result from their
inability to utilize the entry pathway involving direct fusion mediated by the host type II transmembrane serine protease, TMPRSS2. Notably, viruses with S gene mutations emerged
rapidly and became the dominant SARS-CoV-2 variants in TMPRSS2-deficient cells including Vero cells. Our study demonstrated that the S protein polybasic cleavage motif is a critical factor underlying SARS-CoV-2 entry and cell tropism. As such, researchers should be
alert to the possibility of de novo S gene mutations emerging in tissue-culture propagated
virus strains.

Author summary
SARS-CoV-2 uses its spike (S) protein to enter target cells. Unlike other similar coronaviruses, the nascent S protein has a polybasic cleavage motif and is cleaved by the host protease. We have identified SARS-CoV-2 variants with mutations at the cleavage motif of S
protein (S gene mutants) which undergo inefficient proteolytic cleavage, generate smaller
plaques, and infect fewer cell lines. Notably, S gene mutants emerged rapidly through
SARS-CoV-2 propagation in Vero cells. Since Vero cells are commonly used for SARS-
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SARS-CoV-2 variants with mutations at the S1/S2 cleavage site

CoV-2 propagation, it is a very real possibility that researchers have performed experiments, screened antivirals, and developed vaccines using SARS-CoV-2 S gene mutants
without realizing.

Introduction
The World Health Organization has declared disease (COVID-19) due to infection with Severe
Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) as pandemic. As of November 9,
2020, more than 49 million confirmed cases and 1,200,000 fatalities have been reported worldwide [1]. The SARS-CoV-2 virion includes four structural elements identified as the spike (S),
envelope (E), membrane (M), and nucleocapsid (N) proteins [2,3]. The S protein forms a
homotrimer on the virion surface and triggers viral entry into target cells via interactions
between its receptor binding sites and the specific host receptors, angiotensin-converting
enzyme 2 (ACE2) [4–6]. In some coronaviruses, including SARS-CoV-2, the S protein consists
of the S1 and S2 subunits, which are responsible for receptor-binding and membrane fusion,
respectively [7,8]. The nascent S protein activation requires two proteolytic cleavage events,
where the full-length S protein is cleaved into S1 and S2 subunits that remain associated with
noncovalent interactions. Subsequently, the S2 subunit is further cleaved at the S20 site. During
cleavage, the buried fusion peptide becomes exposed at the surface of S protein [7,8].
The S protein of SARS-CoV-2 includes a discriminative polybasic cleavage motif (RRAR) at
the S1/S2 cleavage site which is not present in the S proteins of related coronaviruses, including human SARS-CoV (Fig 1A and 1B) [9,10]. This polybasic motif facilitates the cleavage of
the nascent full-length S protein into the S1 and S2 subunits by the host proteases, such as
furin [11,12]. The cleaved S proteins are then incorporated into virions during packaging
[13,14]. This cleavage is critical for forming cell syncytia mediated by S protein and it also
enables the efficient cell entry of vesicular stomatitis virus (VSV) pseudotyped with SARS-CoV-2 S protein [14,15]. Consequently, the polybasic cleavage motif of the SARS-CoV-2 S
protein has emerged as a feature of significant interest and importance.
Two pathways have been proposed for coronavirus’ entry into cells. In the so-called "early"
entry pathway, direct viral fusion at the plasma membrane is mediated by the host type II
transmembrane serine protease, TMPRSS2. The "late", or endocytic, entry pathway relies on
the actions of the lysosomal protease, cathepsin [8]. SARS-CoV-2 utilizes both entry pathways
to infect cells expressing TMPRSS2 [13,14,16]. The Vero cells that stably express TMPRSS2
(Vero-TMPRSS2) are highly susceptible to SARS-CoV-2 infection [17]. In contrast,
TMPRSS2-deficient cells permit SARS-CoV-2 entry exclusively via the cathepsin-dependent
endosome pathway, as with other human coronaviruses [13,18,19].
Even though the polybasic cleavage motif at the S1/S2 cleavage site is a hallmark of SARS-CoV-2, some studies have identified the variants with a partial or complete deletion of this
motif [20–24]. These variants have emerged during the propagation of the clinical isolates of
SARS-CoV-2 using Vero cells [20–24]. However, the property and selection mechanisms of
these variants remain to be understood. In this study, we have examined the properties of
SARS-CoV-2 variants which have developed mutations at the S protein cleavage site during
routine passage in cell culture. The variants with S gene mutations were unable to utilize the
virus entry pathway mediated by TMPRSS2 and exhibited a more limited range of cell tropism
compared to the wild-type strain. Notably, SARS-CoV-2 variants with S gene mutations
emerged rapidly and became the dominant in the virus population after two passages in Vero
cells, which are common cell targets used for the study of SARS-CoV-2.
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Fig 1. Isolation of SARS-CoV-2 S gene mutants. (A) Schematic representation of SARS-CoV-2 S protein. Full-length S protein is cleaved into S1
and S2 proteins at the S1/S2 cleavage site. Functional domains (RBD, receptor binding domain; RBM, receptor binding motif) are highlighted. (B)
Multiple amino acid sequence alignments focused on the S1/S2 cleavage site of wild type (WT) and isolated mutant viruses (del1, del2, del3 and
R685H). Amino acid substitutions and deletions are shown as gray boxes, and the polybasic cleavage motif (RARR) at the S1/S2 cleavage site is
highlighted in red. A red arrowhead indicates S1/S2 cleavage site. (C) Plaque formation for SARS-CoV-2 WT and isolated mutants grown in VeroTMPRSS2 cells on 6 well plates. (D) Detection of virus S and N proteins in Vero-TMPRSS2 cells infected with WT or isolated mutants. The fulllength S and cleaved S2 proteins are indicated by closed and open arrowheads, respectively.
https://doi.org/10.1371/journal.ppat.1009233.g001

Results
Isolation of SARS-CoV-2 S gene mutants
Vero cells express ACE2 under homeostatic conditions and are susceptible to infection with
SARS-CoV-2 [25,26] and this cell line is used widely for isolation and propagation of SARS-CoV-2. After five passages in Vero cells, we detected variant viruses with mutations at the S1/
S2 cleavage site in the S gene of SARS-CoV-2 (S gene mutants). In contrast, these were not
detected in viruses maintained in Vero-TMPRSS2. In order to characterize the properties of
the S gene mutant viruses, we isolated four variant clones from progeny virus pools by limiting
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dilution and identified nucleotide mutations with a whole-genome analysis (S1 Table). Nucleotide sequence analysis revealed that three of the isolated virus clones (del1, del2, and del3)
had in-frame deletions; the fourth variant (R685H) had a single nucleotide substitution at the
S1/S2 cleavage site (S1 Fig). Multiple alignment analysis revealed that del1 and del2 had deletions of 10 and 7 amino acid residues, respectively, and these included the polybasic cleavage
motif (RRAR) at the S protein S1/S2 cleavage site. In contrast, del3 had a deletion of 3 amino
acids at a point immediately downstream of RRAR motif (Fig 1B). In R685H, the RRAR motif
was substituted with RRAH (Fig 1B). Meanwhile, no mutation was observed in the amino acid
position 815 (nucleotide 24,002–24,004 of the wk-521 genome) in all S gene mutants, which is
the S20 cleavage site of SARS-CoV-2 [6] (S1 Table). In addition, except for the deletion at the
S1/S2 cleavage site, no conserved mutation was observed among S gene mutants through a
whole-genome comparison (Fig 1B).
At 3 days post infection, viruses with S gene mutations generated smaller plaques on VeroTMPRSS2 cells compared with the parent (WT) strain (Fig 1C). Earlier reports revealed that
the introduction of mutations at the polybasic cleavage motif prevented effective cleavage of
the SARS-CoV-2 S protein [4,15]. As all mutants isolated in our study included deletions or
substitutions within or near the polybasic cleavage motif, we evaluated the extent of cleavage
of the nascent S protein by immunoblotting with an anti-S monoclonal antibody which detects
both full-length S protein and its S2 cleavage product. Vero-TMPRSS2 cells were susceptible to
the infection with WT and S gene mutant viruses, and S gene mutants showed a comparable
or increased level of nascent viral N and full-length S proteins (Fig 1D). However, S2 protein
was detected only in cells infected with WT virus. Notably, while the polybasic RRAR motif of
del3 remained intact, S protein cleavage in this mutant variant was impaired in a manner similar to that observed among the other S gene mutants. Taken together, these results suggested
that amino acid deletion or substitution in or near the SARS-CoV-2 S1/S2 cleavage site prevented S protein cleavage and resulted in decreased plaque sizes.

Cell tropism of S gene mutants
We then investigated the tropism and growth of S gene mutant viruses in different cell lines.
Immunofluorescence analysis revealed that Vero and Vero-TMPRSS2 cells were both highly
susceptible to infection with WT and all S gene mutant viruses (Fig 2A). However, formation
of characteristic cell syncytia was observed only in Vero-TMPRSS2 cells infected with WT
virus (white arrowheads in Fig 2A). The human lung epithelial Calu-3 and colon epithelial
Caco-2 cell lines are known to be susceptible to SARS-CoV-2 infection [26]. However, compared to WT virus, few to no Calu-3 or Caco-2 cells were susceptible to infection with any of
the S gene mutant viruses (Fig 2A). Likewise, although the virus titers of S gene mutants generated in infected Vero and Vero-TMPRSS2 cells were similar to those of the WT virus, titers of
S gene mutants were significantly lower than those of the WT virus in Calu-3 and Caco-2 cells,
and these results correlate with the findings of immunofluorescence analysis (Fig 2B). Notably,
the virus titers from Calu-3 cells inoculated with del1 and del2 were under the limits of detection at all time points. These results indicate that both Calu-3 and Caco-2 cells were less susceptible to infection with S gene mutants compared to WT virus. This was intriguing, given
that both Calu-3 and Caco-2 cells express endogenous ACE2 [25,27] and TMPRSS2 [28,29].
Human kidney 293T cells lack ACE2 expression and its exogenous introduction confers
susceptibility to SARS-CoV-2 infection [13,30]. To examine the receptor usage by the S gene
mutants, 293T cells at baseline and 293T cells stably expressing human ACE2 (293T-ACE2)
cells were inoculated with WT virus or S gene mutants. Heterologous expression of ACE2
resulted in a marked increase susceptibility to infection with the WT and the S gene mutant
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Fig 2. Infection and growth of SARS-CoV-2 S gene mutants in different cell lines. (A) Vero, Vero-TMPRSS2, Caco-2 and Calu-3 cells were
inoculated with SARS-CoV-2 WT or S gene mutants at a multiplicity of infection (MOI) of 1. At 24 h post infection, cells were stained with antiSARS-CoV-2 S antibody (green) and Hoechst 33342 nuclear dye (blue); scale bars, 50 μm. White arrowheads indicate cell syncytia. (B) Cells were
inoculated with SARS-CoV-2 WT or S gene mutants at an MOI of 0.1. Culture supernatants were harvested at 24, 48 and 72 h after inoculation. Virus
titration was performed by plaque assay. The values shown are mean ± standard deviation (SD) of triplicate samples. One-way analysis of variance
with Dunnett’s test was used to determine the statistical significance of the differences in virus titer between the WT and S gene mutants at 72 h after
inoculation. � p < 0.05, �� p < 0.01.
https://doi.org/10.1371/journal.ppat.1009233.g002
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Fig 3. Infection and growth of SARS-CoV-2 S gene mutants in 293T and 293T-ACE2 cells. (A) 293T and 293T-ACE2 cells were inoculated with
SARS-CoV-2 WT or S gene mutants at an MOI of 1. At 24 h after inoculation, cells were stained with anti-SARS-CoV-2 S antibody (green) and
Hoechst 33342 nuclear dye (blue); scale bars, 50 μm. (B) Cells were infected with SARS-CoV-2 WT or S gene mutants at an MOI of 0.1. Culture
supernatants were harvested at 24, 48 and 72 h after inoculation and titration of infectious virus was determined by plaque assay. The values shown
are means ± SD of triplicate samples. One-way analysis of variance with Dunnett’s test was used to determine the statistical significance of the
differences in virus titer between the WT and S gene mutants at 72 h after inoculation. �� p < 0.01.
https://doi.org/10.1371/journal.ppat.1009233.g003

viruses (Fig 3A and 3B) and titers of S gene mutants were equivalent or higher than those of
the WT virus infection of 293T-ACE2 cells (Fig 3B). These results suggest that ACE2 facilitates
cell entry and infection of both S gene mutants and the WT virus.

Effect of chemical inhibitors on entry of S gene mutants
Given that there were no differences with respect to ACE2 usage, we next examined whether S
gene mutants utilize one or both cellular entry pathways. These experiments were performed
with camostat mesylate, an inhibitor of TMPRSS2, and E-64d, an inhibitor of cathepsin B/L.
These agents are known to inhibit cellular entry of coronaviruses, including SARS-CoV-2
[13,31]. Camostat inhibited WT SARS-CoV-2 entry into Vero-TMPRSS2 cells; however E-64d
had no impact on this process (Fig 4A). These findings were consistent with those of a previous
finding that TMPRSS2-mediated entry was the dominant pathway employed by SARS-CoV-2
in TMPRSS2-expressing cells [13]. In contrast, camostat had no impact on entry of the S gene
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Fig 4. Impact of biochemical inhibitors on cellular entry of SARS-CoV-2 S gene mutants. (A) Vero-TMPRSS2 cells were infected with
SARS-CoV-2 WT or del2 mutant in the presence of varying concentrations of the TMPRSS2 inhibitor, camostat, or the cathepsin B/L
inhibitor, E-64d, for 1h. At 6 h post-inoculation, the relative levels of viral N protein RNA were evaluated quantitatively by qRT-PCR. (B)
Vero-TMPRSS2 and Vero cells were infected with SARS-CoV-2 WT or S gene mutants in the presence of 50 μM camostat and/or 25 μM E-64d
for 1 h. At 6 h post-inoculation, the relative levels of viral N protein RNA were quantified by qRT-PCR. Cellular β-actin mRNA levels were
used as reference controls. The values shown are mean ± SD of triplicate samples. One-way analysis of variance with Dunnett’s test was used to
determine the statistical significance between the responses to treatment with inhibitors and the no-treatment controls; � p < 0.05, �� p < 0.01,
���
p < 0.001.
https://doi.org/10.1371/journal.ppat.1009233.g004

mutant, del2, into Vero-TMPRSS2 cells but E-64d treatment resulted in a dose-dependent
decrease in del2 entry (Fig 4A). These results suggested that S gene mutant, del2, can enter
Vero-TMPRSS2 cells via cathepsin-dependent endocytosis but not the TMPRSS2-mediated
fusion pathway. Parental Vero cells that do not express TMPRSS2 were inoculated with S gene
mutant viruses in the presence of camostat and/or E-64d. Addition of E-64d inhibited the
entry of all S gene mutants into both Vero-TMPRSS2 and parent Vero cells; by contrast, camostat had no impact on S gene mutant entry into these target cells (Fig 4B). These results suggested that, in contrast to WT virus, S gene mutants enter into cells via cathepsin-dependent
endocytosis only, regardless of the presence or absence of TMPRSS2.
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Because WT virus and S gene mutants showed different sensitivities to the treatment with
camostat, an agent currently under exploration as a candidate antiviral for clinical use [32], we
also examined the impact of other antiviral agents including nafamostat (a TMPRSS2 inhibitor) [33,34] and remdesivir (a nucleotide analog) [21,35]. Antiviral effects in Vero-TMPRSS2
cells were estimated by a cell viability assay based on the generation of cytopathic effects [36].
Consistent with previous studies [33,34], nafamostat showed higher antiviral efficacy against
WT virus than was observed in response to camostat; however, nafamostat had no antiviral
activity against the S gene mutants (Table 1). In contrast, remdesivir inhibited infection of
both WT and S gene mutants with similar EC50 values (Table 1). These results indicated that S
gene mutants are resistant to the treatment with TMPRRSS2 inhibitors, but are sensitive to
antivirals that target post entry processes.

Frequencies of S gene mutants in SARS-CoV-2 propagation
In an effort to understand the selection mechanisms underlying the generation of these mutant
variants, we estimated the frequency of S gene mutants in virus population of SARS-CoV-2
that had undergone serial passage in cultured cells. SARS-CoV-2 from an original virus stock
was underwent passage once (P1) to four times (P4) in Vero or up to eight times (P8) in VeroTMPRSS2. Nucleotide sequence heterogeneity at the S1/S2 cleavage site was determined by
deep sequencing and variant call analysis. More than one million sequence reads from each
passaged sample were mapped onto the S1/S2 cleavage site and analyzed for sequence variation. No sequence variants were observed in virus populations until P8 in Vero-TMPRSS2 (Fig
5A). In contrast, nucleotide sequence deletions around the S1/S2 cleavage site corresponding
to del1 and del2 mutants were observed in all three biological replicates of SARS-CoV-2 populations passaged in Vero cells (Fig 5A). Notably, WT nucleotide sequences were detected in
fewer than 20% of the isolates evaluated at P2 and the WT was completely replaced with S gene
mutants at P4 in Vero cells. These results indicated that SARS-CoV-2 propagation in Vero
cells results in a profound selection favoring the S gene mutants. S gene mutants del3 and
R685H were not identified in the virus populations from P1 to P4. An additional variant del4
with a deletion of 5 amino acids at a point immediately upstream of the RRAR motif (S2A and
S2B Fig), was detected as a minor variant in sample #1 at P2. These results suggest that these
specific mutations occur only at low frequency.
We then determined the frequency of S gene mutants in virus populations passaged in
Calu-3 and Caco-2, which are cells that endogenously express TMPRSS2 [28,29], and also in
293T-ACE2 that do not express TMPRSS2 [13]. No S gene mutants were identified in SARS-CoV-2 passaged in Calu-3 and Caco-2 until P4; by contrast, S gene mutants emerged at P2 in
293T-ACE2 cells (Fig 5B). We also identified an additional variant R682P carrying a single
amino acid substitution at the RRAR motif (S2A and S2B Fig) at P3 and P4 in 293T-ACE2
cells (Fig 5B). Taken together, these results suggest a strong association between TMPRSS2
deficiency and the emergence of S gene mutants.
Table 1. Impact of antivirals against WT and S gene mutants of SARS-CoV-2 in Vero-TMPRSS2 cells.
Antiviral activity [EC50 (μM)]
Agent

WT

del1

del2

del3

R685H

Camostat

6.88

>20

>20

>20

>20

Nafamostat

3.54

>20

>20

>20

>20

E-64d

>20

17.84

17.21

18.35

17.30

Remdesivir

0.74

1.10

1.00

1.00

1.03

https://doi.org/10.1371/journal.ppat.1009233.t001
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Fig 5. Frequencies of S gene mutants detected during SARS-CoV-2 propagation. SARS-CoV-2 was serially passaged in (A) Vero-TMPRSS2, Vero
cells or (B) Calu-3, Caco-2 and 293T-ACE2 cells, each with three biological replicates. Nucleotide sequence diversity at viral S1/S2 cleavage site was
determined by deep-sequencing.
https://doi.org/10.1371/journal.ppat.1009233.g005

Trypsin is a serine protease that is typically added to culture medium to induce cleavage
and activation of viral proteins, including the hemagglutinin (HA) protein of influenza virus
and the fusion (F) protein of paramyxovirus to promote growth in TMPRSS2-deficient cells
[37]. Recent studies report that trypsin treatment activates SARS-CoV-2 S protein and induces
syncytia formation in cells that transiently express the virus S protein [15,16]. As such, we
examined whether exogenously added trypsin could compensate for TMPRSS2 deficiency and

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009233 January 21, 2021

9 / 17

PLOS PATHOGENS

SARS-CoV-2 variants with mutations at the S1/S2 cleavage site

thus inhibit the emergence of S gene mutants during SARS-CoV-2 propagation in Vero cells.
Deep sequencing analysis revealed that S gene mutants did emerge and accounted for the
majority of the virus population after P2 in Vero cells cultured in serum-free medium with
added trypsin (S3 Fig); these results indicate that exogenous protease activity cannot replace
TMPRSS2 in its role in promoting SARS-CoV-2 replication.

Discussion
In this study, we isolated S gene mutants from SARS-CoV-2 WK-521, a strain isolated from a
clinical case in Japan [17], via serial passage in Vero cells. Other studies have reported viruses
with S gene mutations, including amino acid deletions and substitution at the S1/S2 cleavage
site from clinical isolates in Australia [21], China [20,22], England [23], and the USA [24] that
emerged during cultivation in Vero cells or in its derivative, Vero/hSLAM, which are cells that
do not express TMPRSS2. Although these studies demonstrated the spontaneous mutations in
the S1/S2 cleavage site during the in vitro propagation of SARS-CoV-2, the virological properties of these mutants requires further investigation. This study showed a difference in cell tropism and entry pathway between SARS-CoV-2 WT and S gene mutants. We also
demonstrated that the SARS-CoV-2 S gene mutants emerged within a few passages and
became the dominant SARS-CoV-2 variants in TMPRSS2-deficient cells. These data suggest
that the S gene mutants have different virological properties from the clinical isolates of
SARS-CoV-2 and provide new insights into the selection mechanism of these mutants during
the passage of SARS-CoV-2 in cell culture.
The spontaneous mutations in the S gene that lead to a loss of sensitivity to protease have
been identified during the passage of cultured cells and this phenomenon is considered an
adaptation of coronaviruses, such as human coronavirus OC43 and feline coronavirus UCD,
to cell culture [18,38]. Our deep sequencing analysis revealed that S gene mutants emerged at
P1 and rapidly became the dominant variant within the virus populations that emerged from
Vero cell passage. Our findings indicate that replication of SARS-CoV-2 in TMPRSS2-deficient Vero cells results in the selection of S gene mutants; as such, passage in this cell line is
technically inappropriate, as it becomes difficult to maintain SARS-CoV-2 with the S1/S2
cleavage site in its intact form. The factors driving the selection of S gene mutants in Vero cells
need further clarification. Despite strong selection in favor of S gene mutants, there was no difference in growth rate between the WT and S gene mutants in Vero cells; this finding was consistent with other studies of SARS-CoV-2 mutant [22]. However, S gene mutants were not
detected during the propagation in TMPRSS2 expressing cells such as Vero-TMPRSS2, Calu3, and Caco-2 cells. It has been reported that the protease-mediated, direct-fusion entry of
SARS-CoV achieves a 100- to 1,000- fold infection of the entry via endosome [39]. We showed
that S gene mutants of SARS-CoV-2 exclusively utilize endocytosis for its cellular entry. These
data suggest that S gene mutants show limited infectivity compared with WT even if the
mutants emerge during the propagation in TMPRSS2-expressing cells.
During a coronavirus infection, the S1/S2 cleavage is associated with the activation and
fusogenicity of the S protein, and the R667N mutations at the S1/S2 cleavage site of SARS-CoV
abrogate S protein cleavage and fusogenicity [40]. The S757R amino acid substitution in the
S1/S2 cleavage site of murine coronavirus mouse hepatitis virus (MHV) induces the proteolytic cleavage of S protein, confers intense fusion activity to S protein, and alters the infectious
entry pathway of the MHV mutant [41]. These observations were reproduced in this study
using SARS-CoV-2 S gene mutants, indicating the S protein cleavage impact the entry of
SARS-CoV-2 in vitro. In contrast, the relationship between the S protein cleavage and viruscell membrane fusion remains to be established [42].
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The present study characterized S gene mutants as SARS-CoV-2 variants that generate
small plaques and that have a narrow range of cell tropism. The phenotypic alterations of S
gene mutants might be explained by noting that the S gene mutants could not enter target cells
via direct fusion mediated by TMPRSS2. Indeed, a previous study demonstrated that the polybasic cleavage motif at the S1/S2 cleavage site was indispensable for the entry of VSV-pseudotyped viruses into Calu-3 cells that expressed TMPRSS2 [15]. Further studies using infectious
S gene mutants will provide new insights into the role of the polybasic amino acid motif at the
S1/S2 cleavage site with respect to both SARS-CoV-2 infection and its pathogenicity.
At this time, many studies are conducted using SARS-CoV-2 propagated in Vero cells.
Considering the very real possibility that these virus stocks will accumulate S gene mutations,
researchers must pay careful attention to the passage history of any working stocks of SARS-CoV-2. Moreover, we must be very objective when interpreting the results from studies using
Vero-passaged virus, especially those focused on S protein cleavage, virus entry and on cell tropism of SARS-CoV-2.

Methods
Cells
Calu-3 (ATCC) were maintained in Eagle’s Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum (FBS). Caco-2 (RIKEN BRC) cells were maintained in
Eagle’s MEM supplemented with 10% FBS and non-essential amino acids. Vero E6 (ATCC)
and 293T (Takara Bio) cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% FBS. All cells were incubated at 37˚C with 5% CO2.

Generation of TMPRSS2- and ACE2-expressing cells
Human TMPRSS2 and ACE2 genes were cloned into the self-inactivating lentiviral vector
plasmids, CSII-CMV-MCS-IRES2-Bsd (RIKEN BRC) and pLVSIN-CMV Pur (Takara Bio),
respectively. The resulting constructs were named CSII-CMV-TMPRSS2-IRES2-Bsd and
pLVSIN-CMV-ACE2-Pur. For lentiviral vector preparation, 293T cells were co-transfected
with the lentiviral vector plasmid and Lentiviral High Titer Packaging Mix (Takara Bio). The
culture supernatants containing lentiviral vectors were used to inoculate target cells. Vero cells
stably expressing TMPRSS2 (Vero-TMPRSS2) and 293T stably expressing ACE2
(293T-ACE2) were selected in the presence of blasticidin S or puromycin.

Viruses
SARS-CoV-2 WK-521 strain was provided by Dr. Shimojima (National Institute of Infectious
Diseases, Japan); the original stock of this virus (wild type, WT) was prepared by inoculation
of Vero-TMPRSS2 cells with Mynox mycoplasma elimination reagent (Minerva Biolabs) [17].
For isolation of the S gene mutant virus clones, the original stock of WT was inoculated to 6
replicate wells of Vero cells at a multiplicity of infection (MOI) of 0.1. At 3 days post-inoculation, the culture supernatant was harvested to inoculate naïve Vero cells for virus passage.
After five passages, the S gene mutant viruses in the culture supernatant were cloned by limiting dilution and propagated in Vero cells.

Complete genome sequencing of S gene mutants
Viral RNA was extracted from the working stock of S gene mutants using a High Pure Viral
RNA kit (Roche Diagnostics) with a linear polyacrylamide (Sigma) as the carrier instead of the
supplied poly (A) RNA [43]. The RNA samples were reverse-transcribed with a PrimeScript
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double-strand cDNA synthesis kit (Takara Bio). Sequencing libraries were constructed with a
Nextera XT DNA sample preparation kit (Illumina) and sequenced on the Illumina Miseq
(Illumina). The sequence reads were mapped on the reference sequence (GenBank accession
no. LC522975), and nucleotide deletions or substitutions were analyzed with the CLC Genomics Workbench (Qiagen).

Plaque assay
Monolayers of Vero-TMPRSS2 were inoculated with serial dilutions of either WT or S mutants
of SARS-CoV-2 for 1h at 37˚C. The cells were then overlaid with DMEM containing 0.5%
Bacto Agar (Becton Dickinson). At 3 days post-inoculation, cells were fixed with 3.7% buffered
formaldehyde and stained with 1% crystal violet.

Immunoblotting
Vero-TMPRSS2 cells were infected with either WT or S mutants of SARS-CoV-2 at an MOI of
0.1. After 24 h, infected cells were lysed in lysis buffer (1% NP-40; 20 mM Tris-HCl, pH 7.5;
150 mM NaCl; and 5 mM EDTA) supplemented with cOmplete ULTRA protease inhibitor
cocktail (Roche Diagnostics). Proteins in each lysate were resolved by SDS-PAGE and transferred onto Immobilon-P PVDF membranes (Merck). The blots were incubated with the following primary antibodies: anti-SARS-CoV-2 N or anti-SARS-CoV-2 S (GTX632269,
GTX632604, GeneTex). HRP-conjugated anti-β-actin antibody (PM053-7, MBL) was used to
detect the loading control. Immune complexes were detected using HRP-conjugated secondary antibodies and the Immobilon Western Chemiluminescent HRP Substrate (Merck).

Indirect immunofluorescence assay
Cells were infected with either WT or S mutants of SARS-CoV-2 at an MOI of 1. After 24 h,
cells were fixed with 3.7% buffered formaldehyde, permeabilized with ice-cold methanol, and
incubated with anti-SARS-CoV-2 S antibody (GTX632604, GeneTex). Alexa Fluor Plus
488-conjugated anti-mouse IgG antibody (Invitrogen; Thermo Fisher Scientific) was used as
the secondary antibody. Nuclei were stained with Hoechst 33342 (Invitrogen). Fluorescent
images were captured using a fluorescence microscope (IX73, Olympus).

Multi-cycle growth of SARS-CoV-2
Cells were inoculated with either WT or S mutants of SARS-CoV-2 at an MOI of 0.1. After 1 h
of incubation, cells were washed twice with phosphate-buffered saline (PBS) and cultured in
fresh medium with 2% FBS. The culture supernatants were harvested at 24, 48, and 72 h after
inoculation. Virus titers were evaluated by plaque assay.

Virus infection assay with biochemical inhibitors
Cells were infected with either WT or S mutants of SARS-CoV-2 at an MOI of 0.1 in the presence of 50 μM camostat mesylate (FUJIFILM Wako Pure chemical) and/or 25 μM E-64d
(Abcam) for 1 h. Cells were then washed twice with PBS and cultured in fresh culture medium
with 2% FBS. At 6 h after inoculation, total RNA was extracted from cells with Direct-zol-96
RNA Kit or Direct-zol RNA MiniPrep Kit (Zymo Research). RNA samples were subjected to
qRT-PCR analysis using AgPath-ID One-Step RT-PCR Kit (Applied Biosystems; Thermo
Fisher Scientific). The primer and probe sequences targeting SARS-CoV-2 N gene included:
50 –CACATTGGCACCCGCAATC–30 , 50 –GAGGAACGAGAAGAGGCTTG–30 , and 50 -

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009233 January 21, 2021

12 / 17

PLOS PATHOGENS

SARS-CoV-2 variants with mutations at the S1/S2 cleavage site

FAM–ACTTCCTCA/ZEN/AGGAACAACATTGCCA/–IBFQ–30 [44]. The primer and probe
sequences for nonhuman primate β-actin were as described previously [45].

Cytopathic effect-based cell viability assays
The MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide) (Nacalai Tesque) assay was performed to evaluate cell viability following viral infection according to methods previously described [46]. Camostat, E-64d, nafamostat (FUJIFILM Wako Pure chemical)
and remdesivir (MedChemExpress) were serially diluted 2-fold increments in duplicates and
plated on 96-well microplates in MEM containing 2% FBS. Vero-TMPRSS2 were infected with
either WT or S mutants of SARS-CoV-2 at 4–10 TCID50 and added to the plates. Plates were
incubated at for 3 days, and CPE was determined for calculation of 50% endpoints using MTT
assay. The concentration achieving 50% inhibition of cell viability (effective concentration;
EC50) was calculated.

Deep sequencing of the S gene of passaged SARS-CoV-2 virions
The original stock of SARS-CoV-2 strain WK-521 was serially passaged in Vero, VeroTMPRSS2, Calu-3, Caco-2, and 293T-ACE2 cells in complete culture medium or (for Vero) in
serum free DMEM supplemented with 0.5 μg/ml trypsin (Gibco); three biological replicates
were included for each of the cell lines. Virus propagation was performed in 12-well plates;
20 μl (2%) of culture supernatant collected at day 3 post infection was used to inoculate naïve
cells for virus passage. RNA was extracted from the culture supernatant after each passage
using a High Pure Viral RNA kit (Roche Diagnostics). For deep sequencing of the S1/S2 cleavage site of the viral S gene, amplicon sequence libraries were fused with Ion A and the Ion
Express barcode sequence at the 50 -region; truncated P1 adapters at 30 -region were generated
by nested RT-PCR with a fusion method according to the manufacturer’s instructions (Fusion
methods from Ion Torrent; Thermo Fisher Scientific). Information on the fusion PCR primers
is available upon request. For deep sequencing, emulsion PCR was performed with the Ion PI
Hi-Q OT2 200 kit (Ion Torrent). Sequencing was performed using the Ion PI Hi-Q Sequencing 200 kit, the Ion PI Chip Kit v3 and the Ion Proton sequencer (Ion Torrent). After mapping
the reads to the reference sequence (GenBank accession no. LC522975), sequence variants
including deletions, insertions, and substitutions were identified using the Torrent Variant
Caller plugin with indel minimum allele frequency cutoff of 0.02 (Ion Torrent).

Statistical analysis
One-way analysis of variance with Dunnett’s test was employed to determine statistical
significance.

Supporting information
S1 Table. Mutations identified in the genome of the S gene mutants. The dominant
sequence variants with >50% frequency were listed. Nucleotide deletions or substitutions in
or near the S1/S2 cleavage motif that have been identified in this study are shown in bold.
(PDF)
S1 Fig. Multiple nucleotide sequence alignment of S1/S2 cleavage site of wild type and isolated SARS-CoV-2 mutants. Nucleotide substitutions and deletions are shown as gray boxes.
Sequence encoding the polybasic cleavage motif (RARR) at the S1/S2 cleavage site is
highlighted in red.
(TIF)
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S2 Fig. Multiple sequence alignment of S1/S2 cleavage site of wild type and SARS-CoV-2
variants. Multiple (A) nucleotide and (B) amino acid sequence alignments were constructed
based on the sequence of WT and SARS-CoV-2 variants identified by deep-sequencing
(related to Fig 4). Infectious viruses of del4 and R682P were not isolated in this study. Nucleotide substitutions and deletions are shown as gray boxes. Sequence encoding the polybasic
cleavage motif (RARR) at the S1/S2 cleavage site is highlighted in red.
(TIF)
S3 Fig. Frequencies of S gene mutants detected during SARS-CoV-2 propagation in Vero
cells in the presence of trypsin. SARS-CoV-2 was serially passaged in Vero cells in serum free
DMEM containing trypsin with three biological replicates. Nucleotide sequence diversity at
viral S1/S2 cleavage site was determined by deep-sequencing.
(TIF)
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Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S, et al. SARS-CoV-2 Cell
Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell.
2020; 181(2):271–80.e8. Epub 2020/03/05. https://doi.org/10.1016/j.cell.2020.02.052 PMID:
32142651; PubMed Central PMCID: PMC7102627.

14.

Shang J, Wan Y, Luo C, Ye G, Geng Q, Auerbach A, et al. Cell entry mechanisms of SARS-CoV-2.
Proc Natl Acad Sci U S A. 2020; 117(21):11727–34. Epub 2020/05/06. https://doi.org/10.1073/pnas.
2003138117 PMID: 32376634; PubMed Central PMCID: PMC7260975.

15.
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