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Abstract

The spike (S) protein of Severe Acute Respiratory Syndrome-Coronavirus-2
(SARS-CoV-2) bindsto ahost 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 plagues 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 Il transmembrane serine protease, TMPRSS2. Notably, viruses
with S gene mutations emerged rapidly and became the dominant SARS-CoV-2 variantsin
TMPRSS2-deficient cellsincluding Vero cells. Our study demonstrated that the S protein
polybasic cleavage motif is acritical 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.
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I ntroduction

The World Health Organization has declared disease (COVID-19) dueto infection
with Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) as pandemic. As
of August 6, 2020, more than 18 million confirmed cases and 720,000 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 domain and the specific host
receptor, angiotensin-converting enzyme 2 (ACE2) [4, 5]. Two pathways have been
proposed for virion entry into cells; these include direct fusion at the plasma membrane
mediated by the host type Il transmembrane serine protease, TMPRSS2, and endocytic
entry that relies on the actions of the lysosomal protease, cathepsin [6]. SARS-CoV-2
utilizes both entry pathways for infection of cells that express TMPRSS2, while
TMPRSS2-deficient cells permit viral entry exclusively via the cathepsin-dependent
endosome pathway [6].

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 (Figs. 1aand 1b) [7, 8]. This polybasic motif
has been shown to facilitate the cleavage of nascent S protein into S1 and S2 subunits by
the host furin protease; cleavage is critical for formation of cell syncytia and for efficient

entry of vesicular stomatitis virus (VSV) pseudotyped with SARS-CoV-2 S protein into
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host target cells[7]. Consequently, the polybasic cleavage motif of the SARS-CoV-2 S
protein has emerged as a feature of significant interest and importance.

In this study, we have examined the properties of SARS-CoV-2 variants which have
devel oped 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.

Results

I solation of SARS-CoV-2 S gene mutants

Vero cells express ACE2 under homeostatic conditions and are susceptible to infection
with SARS-CoV-2 [9, 10] and thiscell line is used widely for isolation and propagation of
SARS-CoV-2. Currently, Vero cells engineered to maintain stable expression of TMPRSS2
(Vero-TMPRSS2) are highly susceptible to SARS-CoV-2 infection [11]. After several
passages, we detected variant viruses with mutations at the S1/S2 cleavage siteinthe S
gene of SARS-CoV-2 (S gene mutants) when virions were propagated in Vero cells. 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 dilution. Nucleotide sequence analysis revealed that

three of the isolated virus clones (del 1, del2, and del 3) had in-frame deletions; the fourth
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82 variant (R685H) had a single nucleotide substitution at the S1/S2 cleavage site (Fig. S1).
83  Multiple alignment analysis revealed that del1 and del2 had deletions of 10 and 7 amino
84  acid residues, respectively, and these included the polybasic cleavage motif (RRAR) at the
85  Sprotein S1/S2 cleavage site. In contrast, del3 had a deletion of 3 amino acids at a point
86 immediately downstream of RRAR motif (Fig. 1b). In R685H, the RRAR motif was
87  subgtituted with RRAH (Fig. 1b).
88 At 3 days post infection, viruses with S gene mutations generated smaller plaques on
89 Vero-TMPRSS2 cells compared with the parent (WT) strain (Fig. 1c). Earlier reports
90 revealed that the introduction of mutations at the polybasic cleavage motif prevented
91 effective cleavage of the SARS-CoV-2 Sprotein[4, 7]. Asal mutantsisolated in our study
92  included deletions or substitutions within or near the polybasic cleavage motif, we
93 evauated the extent of cleavage of the nascent S protein by immunoblotting with an anti-S
94  monoclonal antibody which detects both full-length S protein and its S2 cleavage product.
95 Vero-TMPRSS2 cells were susceptible to the infection with WT and S gene mutant viruses
96  and infection was associated with comparable levels of nascent viral N and full-length S
97 proteins (Fig. 1d). However, S2 protein was detected only in cells infected with WT virus.
98  Notably, while the polybasic RRAR motif of del3 remained intact, S protein cleavagein
99 thismutant variant wasimpaired in amanner similar to that observed among the other S
100 gene mutants. Taken together, these results suggested that amino acid deletion or
101 substitution in or near the SARS-CoV-2 S1/S2 cleavage site prevented S protein cleavage
102  and resulted in decreased plaque sizes.

103
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Céell 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
cellsinfected 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 [10]. 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, athough
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
those of the WT virusin Calu-3 and Caco-2 cells, and these results correlate with the
findings of immunofluorescence analysis (Fig. 2b). Notably, the virustiters from Calu-3
cellsinoculated 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. Thiswas intriguing, given that both Calu-3
and Caco-2 cells express endogenous ACE2 [9, 12] and TMPRSS2 [13, 14].

Human kidney 293T cells lack ACE2 expression and its exogenous i ntroduction
confers susceptibility to SARS-CoV-2 infection [6, 15]. To examine the receptor usage by
the S gene mutants, 293T cells at basdine 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
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and the S gene mutant viruses (Figs. 3a and 3b) and titers of S gene mutants were
equivalent or higher than that 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 inhibitorson 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 [6, 16]. Camostat inhibited WT SARS-CoV-2 entry into
Vero-TMPRSS2 célls; however E-64d had no impact on this process (Fig. 4a). These
findings were consistent with a previous study that reported that TMPRSS2-mediated entry
was the dominant pathway employed by SARS-CoV-2 in TMPRSS2-expressing cells [6].
In contrast, camostat had no impact on entry of the S gene 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 catheps n-dependent endocytosis but not the TM PRSS2-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
al S gene mutantsinto both Vero-TMPRSS2 and parent Vero cdlls; by contrast, camostat

had no impact on S gene mutant entry into these target cells (Fig. 4b). These results
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148  suggested that, in contrast to WT virus, S gene mutants enter into cellsvia

149  cathepsin-dependent endocytosis only, regardless of the presence or absence of TM PRSS2.
150 Because WT virus and S gene mutants showed different sengitivities to the treatment
151  with camostat, an agent currently under exploration as a candidate antiviral for clinical use
152  [17], we also examined the impact of other antiviral agents including nafamostat (a

153 TMPRSS2 inhibitor) [18, 19] and remdesivir (a nucleotide analog) [20, 21]. Antiviral

154  effectsin Vero-TMPRSS2 cells were estimated by a cell viability assay based on the

155  generation of cytopathic effects [22]. Consistent with previous studies [18, 19], nafamostat
156  showed higher antiviral efficacy against WT virus than was observed in response to

1567  camostat; however, nafamostat had no antiviral activity againgt the S gene mutants (Table
158  1). In contrast, remdesivir inhibited infection of both WT and S gene mutants with similar
159 ECs values (Table 1). Theseresultsindicated that S gene mutants are resistant to the

160 treatment with TMPRRSS2 inhibitors, but are sensitive to antivirals that target post entry
161  processes.

162

163 Frequenciesof Sgene mutantsin SARS-CoV-2 propagation

164 In an effort to understand the selection mechanisms underlying the generation of these
165  mutant variants, we estimated the frequency of S gene mutants in virus population of

166 SARS-CoV-2 that had undergone serial passage in cultured cells. SARS-CoV-2 from an
167  original virus stock was underwent passage once (P1) to four times (P4) in Vero or up to
168 eght times (P8) in Vero-TMPRSS2. Nucleotide sequence heterogeneity at the S1/S2

169 cleavage site was determined by deep sequencing and variant call analysis. More than one


https://doi.org/10.1101/2020.08.28.271163
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.28.271163. this version posted August 28, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. It is made available under a CC-BY-NC-ND 4.0 International license.

170  million sequence reads from each passaged sample were mapped onto the S1/S2 cleavage
171  siteand analyzed for sequence variation. No sequence variants were observed in virus

172  populationsuntil P8 in Vero-TMPRSS2 (Fig. 5a). In contrast, nucleotide sequence

173  deletions around the S1/S2 cleavage site corresponding to del1 and del2 mutants were

174  observed in all three biological replicates of SARS-CoV-2 populations passaged in Vero
175  cédls(Fig. 5a). Notably, WT nucleotide sequences were detected in fewer than 20% of the
176  isolates evaluated at P2 and the WT was completely replaced with S gene mutants at P4 in
177 Veo cels. Theseresultsindicated that SARS-CoV-2 propagation in Vero cellsresultsin a
178  profound selection favoring the S gene mutants. S gene mutants del3 and R685H were not
179  identified in the virus populations from P1 to P4. An additional variant del4 with a deletion
180 of 5amino acids at a point immediately upstream of the RRAR motif (Figs. S2aand S2b),
181  wasdetected asaminor variant in sample #1 at P2. These results suggest that these specific
182  mutations occur only at low frequency.

183 We then determined the frequency of S gene mutantsin virus populations passaged in
184  Calu-3 and Caco-2, which are cdlls that endogenously express TMPRSS2 [13, 14], and also
185 in 293T-ACE2 that do not express TMPRSS2 [6]. No S gene mutants were identified in
186 SARS-CoV-2 passaged in Calu-3 and Caco-2 until P4; by contrast, S gene mutants

187 emerged at P2 in 293T-ACE2 cdlls (Fig. 5b). We also identified an additional variant

188 R682P carrying a single amino acid substitution at the RRAR motif (Figs. S2aand S2b) at
189 P3and P4in 293T-ACE2 cdlls (Fig. 5b). Taken together, these results suggest a strong

190  association between TMPRSS2 deficiency and the emergence of S gene mutants.
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Trypsin is aserine protease that is typically added to culture medium to induce
cleavage and activation of viral proteins, including the hemagglutinin (HA) protein of
influenzavirus and the fusion (F) protein of paramyxovirus to promote growth in
TMPRSS2-deficient cells [23]. 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 [7, 24]. As such, we examined whether exogenously added trypsin could
compensate for TMPRSS2 deficiency and thus inhibit the emergence of S gene mutants
during SARS-CoV-2 propagation in Vero cells. Degp 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 (Fig. S3); these results
indicate that exogenous protease activity cannot replace TMPRSS2 in its role in promoting

SARS-CoV-2 replication.

Discussion

In this study, weisolated S gene mutants from SARS-CoV-2 WK-521, a strain isolated
from aclinical casein Japan [11], viaserial passagein 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 isolatesin Australia[20], China[25], and England
[26] and these emerged during cultivation in Vero cells or in itsderivative, Vero/hSLAM,
which are cells that do not express TMPRSS2. However, the virological properties of the S
gene mutants remainsto be poorly investigated. Our deep sequencing analysis revealed that

S gene mutants emerged at P1 and rapidly became the dominant variant within the virus

10
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populations that emerged from Vero cell passage. Taken together, our findings indicate that
replication of SARS-CoV-2 in TMPRSS2-deficient Vero cells resultsin the selection of S
gene mutants; as such, passage in this cdll lineistechnically inappropriate, as it becomes
difficult to impossible to maintain SARS-CoV-2 with the S1/S2 cleavage site in its intact
form.

The present study characterized S gene mutants as SARS-CoV-2 variants that generate
small plagues 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 were unable enter target
cellsviadirect fuson 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
V SV -pseudotyped viruses into Calu-3 cells that expressed TMPRSS2 [7]. Further studies
using infectious S gene mutants will provide new insightsinto 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 thistime, 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.

11
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234 Methods
235 Cdls
236 Calu-3 (ATCC) were maintained in Eagle’ s Minimum Essential Medium (MEM)

237  supplemented with 10% fetal bovine serum (FBS). Caco-2 (RIKEN BRC) cellswere

238 maintained in Eagle’ s MEM supplemented with 10% FBS and non-essential amino acids.
239 Vero E6 (ATCC) and 293T (JCRB cell bank) cells were maintained in Dulbecco’s

240 Modified Eagle’'s Medium (DMEM) supplemented with 10% FBS. All cells were incubated
241 at 37°C with 5% CO..

242

243  Generation of TMPRSS2- and ACE2-expressing cells

244 Human TMPRSS2 and ACE2 genes were cloned into the self-inactivating lentiviral
245  vector plasmids, CSII-CMV-MCS-IRES2-Bsd (RIKEN BRC) and pLVSIN-CMV Pur

246 (TakaraBio), respectively. The resulting constructs were named

247  CSlI-CMV-TMPRSS2-IRES2-Bsd and pLV SIN-CMV-ACE2-Pur. For lentiviral vector
248  preparation, 293T cells were co-transfected with the lentiviral vector plasmid and Lentiviral
249  High Titer Packaging Mix (Takara Bio). The culture supernatants containing lentiviral

250  vectors were used to inoculate target cells. Vero cells stably expressing TMPRSS2

251  (Vero-TMPRSS2) and 293T stably expressing ACE2 (293T-ACE2) were selected in the
252  presence of blasticidin S or puromycin.

253

254  Viruses

12
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255 SARS-CoV-2 WK-521 strain was provided by Dr. Shimojima (National Institute of
256  Infectious Diseases, Japan); the original stock of thisvirus (wild type, WT) was prepared
257 by inoculation of Vero-TMPRSS2 cells with Mynox mycoplasma elimination reagent

258 (MinervaBiolabs) [11]. After several passages of SARS-CoV-2 in Vero cdlls, the S mutant
259  virusesin the culture supernatant were cloned by limiting dilution and propagated in Vero
260 cdls. The nucleotide sequences of S genes of all working stocks were confirmed by

261 RT-PCR and direct sequencing methods.

262

263 Plague assay

264 Monolayers of Vero-TMPRSS2 were inoculated with serial dilutions of either
265 WT or S mutants of SARS-CoV-2 for 1h at 37°C. The cells were then overlaid with

266 DMEM containing 0.5% Bacto Agar (Becton Dickinson). At 3 days post-inoculation, cells
267 were fixed with 3.7% buffered formaldehyde and stained with 1% crystal violet.

268

269 Immunoblotting

270 Vero-TMPRSS2 cells were infected with either WT or S mutants of SARS-CoV-2 at a
271  multiplicity of infection (MOI) of 0.1. After 24 h, infected cells were lysed in lysis buffer
272 (1% NP-40, 20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA) supplemented with
273 cOmplete ULTRA protease inhibitor cocktail (Roche Diagnostics). Proteinsin each lysate
274  wereresolved by SDS-PAGE and transferred onto Immobilon-P PVDF membranes

275  (Merck). The blots were incubated with the following primary antibodies:

276  anti-SARS-CoV-2 N or anti-SARS-CoV-2 S (GTX632269, GTX632604, GeneTex).

13
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HRP-conjugated anti-B-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 (M erck).

I ndir ect immunofluor escence assay

Cells were infected with either WT or S mutants of SARS-CoV-2 at an MOl 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 1gG antibody (Invitrogen; Thermo Fisher
Scientific) was used as the secondary antibody. Nuclel were stained with Hoechst 33342
(Invitrogen). Fluorescent images were captured using a fluorescence microscope (1X73,

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 plague assay.

Virusinfection assay with biochemical inhibitors
Cells were infected with either WT or S mutants of SARS-CoV-2 at an MOI of 0.1in

the presence of 50 uM camostat mesylate (FUJIFILM Wako Pure chemical) and/or 25 uM

14
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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 gRT-PCR analysis using AgPath-1D One-Step RT-PCR Kit
(Applied Biosystems; Thermo Fisher Scientific). The primer and probe sequences targeting
SARS-CoV-2 N geneincluded: 5-CACATTGGCACCCGCAATC-3,
5-GAGGAACGAGAAGAGGCTTG-3, and
5-FAM-ACTTCCTCA/ZEN/AGGAACAACATTGCCA/-IBFQ-3'[27]. The primer and

probe sequences for nonhuman primate S-actin were as described previously [28].

Cytopathic effect-based cell viability assays

The MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-di phenyl-2H-tetrazolium bromide) (Nacalai
Tesque) assay was performed to evaluate cell viability following viral infection according
to methods previously described [29]. Camogtat, E-64d, nafamostat (FUJIFILM Wako Pure
chemical) and remdesivir (MedChemExpress) were serially diluted 2-fold incrementsin
duplicates and plated on 96-well microplatesin MEM containing 2% FBS.
Vero-TMPRSS2 were infected with either WT or S mutants of SARS-CoV-2 at 4-10
TCIDsp and added to the plates. Plates were incubated at for 3 days, and CPE was
determined for calculation of 50% endpointsusing MTT assay. The concentration

achieving 50% inhibition of cell viability (effective concentration; ECs) was calculated.

Deep sequencing of the S gene of passaged SARS-CoV-2 virions
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321 The original stock of SARS-CoV-2 strain WK-521 was serially passaged in Vero,
322 Vero-TMPRSS2, Calu-3, Caco-2, and 293T-ACE2 cellsin complete culture medium or
323 (for Vero) in serum free DMEM supplemented with 0.5 pg/ml trypsin (Gibco); three

324  biological replicates were included for each of the cell lines. Virus propagation was

325 performed in 12-well plates; 20 pl (2%) of culture supernatant collected at day 3 post

326 infection was used to inoculate naive cells for virus passage. RNA was extracted from the
327  culture supernatant after each passage using a High Pure Viral RNA kit (Roche

328 Diagnostics). For deep sequencing of the S1/S2 cleavage site of the viral S gene, amplicon
329  sequence libraries were fused with lon A and the lon Express barcode sequence at the
330 5'-region; truncated P1 adapters at 3'-region were generated by nested RT-PCR with a
331 fusion method according to the manufacturer’ s instructions (Fusion methods from lon
332  Torrent; Thermo Fisher Scientific). Information on the fusion PCR primersis available
333  upon request. For deep sequencing, emulsion PCR was performed with the lon Pl Hi-Q
334  OT2 200 kit (Ion Torrent). Sequencing was performed using the lon Pl Hi-Q Sequencing
335 200 kit, the lon PI Chip Kit v3 and the lon Proton sequencer (lon Torrent). After mapping
336 thereadsto the reference sequence (GenBank accession no. LC522975), sequence variants
337  including deletions, insertions, and substitutions were identified using the Torrent Variant
338  Caller plugin with indel minimum allele frequency cutoff of 0.02 (lon Torrent).

339

340 Satistical analysis

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

342  dignificance.
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479 Table 1. Impact of antivirals against WT and S gene mutants of SARS-CoV-2 in

480 Ve o-TMPRSS2 cdls

Antiviral activity [ECso (LM)]

Agent WT dell del2 del3 R685H
Camostat 6.88 >20 >20 >20 >20
Nafamostat 354 >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

481
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Figure 1
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Fig. 1. Isolation of SARS-CoV-2 S gene mutants
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Anti-actin e —————

37+

(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 (dell, 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. (¢) Plaque
formation for SARS-CoV-2 WT and isolated mutants grown in Vero-TMPRSS?2 cells on 6 well plates.
(d) Detection of virus S and N proteins in Vero-TMPRSS?2 cells infected with WT or isolated mutants.
The full-length S and cleaved S2 proteins are indicated by closed and open arrowheads, respectively.
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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 anti-

SARS-CoV-

2 S antibody (green) and Hoechst 33342 nuclear dye (blue); scale bars, 50 um. 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.
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Figure 3
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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 um. (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.
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Figure 4
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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 pM camostat and/or 25 uM E-64d for 1 h. At 6 h post-inoculation, the relative levels of
viral N protein RNA were quantified by qRT-PCR. Cellular B-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.
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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.
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Supplementary Figure S1

Position 2021 2031 2041 2051 2061 2071 2081
| I I I I I I
SARS-CoV-2 (WT) ATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGC
SARS-CoV-2 (dell)  ATCAGACTCAGACT=========—=—-—-———————— o AGTCAATCCATCATTGC
SARS-CoV-2 (del2)  ATCAGACTCAGACTAATTCTCCTCGG=============-—-—-——- CAATCCATCATTGC
SARS-CoV-2 (del3)  ATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCT=-===----- ATCATTGC

SARS-CoV-2 (R685H) ATCAGACTCAGACTAATTCTCCTCGGCGGGCACATAGTGTAGCTAGTCAATCCATCATTGC

Fig. S1. 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.
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Supplementary Figure S2

a
Position 2021 2031 2041 2051 2061 2071 2081
I I I I I I I
@SARS-CoV-2 (WT) ATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGC
(JSARS-CoV-2 (dell)  ATCAGACTCAGACT====—=-—=—=-——-——————————————— AGTCAATCCATCATTGC
@SARS-CoV-2 (del2)  ATCAGACTCAGACTAATTCTCCTCGG===================== CAATCCATCATTGC
@SARS-CoV-2 (deld)  AT-=----—-------- TCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGC

[JSARS-CoV-2 (R682P) ATCAGACTCAGACTAATTCTCCTCCGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGC

b Position 661 671 081 0691 701 711
| | | | | |
BSARS-CoV-2 (WT) ECDIPIGAGICASYQTQTNSPRRARSVASQSITAYTMSLGAENSVAYSNNS
[JSARS-CoV-2 (dell) ECDIPIGAGICASYQTQT======---- SQSITAYTMSLGAENSVAYSNNS
BSARS-CoV-2 (del2) ECDIPIGAGICASYQTQTNSPR=-===--- QSITAYTMSLGAENSVAYSNNS

BSARS-CoV-2 (deld4)  ECDIPIGAGICASY----- SPRRARSVASQSTITAYTMSLGAENSVAYSNNS
[OSARS-CoV-2 (R682P) ECDIPIGAGICASYQTQTNSPPRARSVASQSIIAYTMSLGAENSVAYSNNS

Fig. S2. 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.
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Supplementary Figure S3
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Fig. S3. 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.
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