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ABSTRACT SARS-CoV-2 spike (S) envelope glycoprotein constitutes the main deter-
minant of virus entry and the target of host immune response, thus being of great in-
terest for antiviral research. It is constituted of S1 and S2 subunits, which are involved
in ACE2 receptor binding and fusion between the viral envelope and host cell mem-
brane, respectively. Induction of the fusion process requires S cleavage at the S1-S2
junction and the S29 site located upstream of the fusion peptide. Interestingly, the
SARS-CoV-2 spike harbors a 4-residue insertion at the S1-S2 junction that is absent in
its closest relatives and constitutes a polybasic motif recognized by furin-like pro-
teases. In addition, the S29 site is characterized by the presence of conserved basic res-
idues. Here, we sought to determine the importance of the furin cleavage site (FCS)
and the S29 basic residues for S-mediated entry functions. We determined the impact
of mutations introduced at these sites on S processing, fusogenic activity, and its abil-
ity to mediate entry in different cellular backgrounds. Strikingly, mutation phenotypes
were highly dependent on the host cell background. We confirmed that although the
FCS was not absolutely required for virus entry, it contributed to extending the fuso-
genic potential of S. Cleavage site mutations, as well as inhibition of furin protease ac-
tivity, affected the cell surface expression of S in a host cell-dependent manner.
Finally, inhibition of furin activity differentially affected SARS-CoV-2 virus infectivity in
the tested host cells, thereby confirming the host cell-dependent effect of spike proc-
essing for the viral life cycle.

IMPORTANCE SARS-CoV-2 is responsible for the current global pandemic that has
resulted in several million deaths. As the key determinant of virus entry into host
cells and the main target of host immune response, the spike glycoprotein consti-
tutes an attractive target for therapeutics development. Entry functions of spike rely
on its processing at two sites by host cell proteases. While SARS-CoV-2 spike differs
from its closest relatives by the insertion of a basic furin cleavage motif at the first
site, it harbors conserved basic residues at the second cleavage site. Characterization
of the importance of the basic sequences present at the two cleavage sites revealed
that they were influencing spike processing, intracellular localization, induction of
fusion, and entry in a host cell-dependent manner. Thus, our results revealed a high
heterogeneity in spike sequence requirement for entry functions in the different
host cells, in agreement with the high adaptability of the SARS-CoV-2 virus.
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In 2019, the new coronavirus, SARS-CoV-2, which is responsible for the current global
pandemic, emerged. Coronaviruses are a diverse family of viruses infecting mammals

and birds. Until now, 7 coronaviruses have been shown to infect humans. Four of them
(HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1) mainly replicate in the upper re-
spiratory tract and are associated with the mild symptoms of seasonal common colds,
while SARS-CoV, MERS-CoV, and SARS-CoV-2, with a zoonotic origin, are responsible for
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severe, life-threatening respiratory pathologies. Among the structural proteins of SARS-
CoV-2 particles, the spike glycoprotein (S) is anchored in the virus envelope and consti-
tutes the main determinant of virus entry. This trimeric type I fusion protein is organized
into two subunits. The N-terminal subunit, S1, is responsible for the interaction with the
angiotensin-converting enzyme 2 (ACE2) receptor, whereas the C-terminal S2 subunit
contains the fusion machinery that mediates the merging between the viral envelope
and the cellular membrane. In order to catalyze fusion, S has to be cleaved at the S1 and
S2 interface (S1-S2 site) and at the S29 site located upstream from the fusion peptide
(reviewed by Tang et al. [1]). These triggering events can be performed by several differ-
ent proteases such as members of the endosomal cathepsins family, members of the
type II transmembrane serine proteases (TTSPs), or furin-like proteases (2, 3). Depending
on the type of proteases expressed in the host cell, coronaviruses can follow two distinct
entry pathways (1, 4). Thus, in the presence of certain plasma membrane-associated pro-
teases such as the transmembrane protease/serine subfamily member 2 (TMPRSS2), the
proteolytic activation of S occurs at the cell surface, which leads to the fusion between
the plasma membrane and the viral envelope. This pathway is called the early entry
pathway. Conversely, in the absence of such proteases, the viral particle is internalized in
the host cell’s endosomes, and the fusion is induced upon cathepsin-mediated proteoly-
sis. This pathway is named the late or endosomal entry pathway.

While the presence of 2 basic residues (KR) at the S29 site is conserved between
SARS-CoV-2 and SARS-CoV S proteins, SARS-CoV-2 S differs from related coronavirus S
proteins by the insertion of 4 residues at the S1-S2 junction. This motif (RRAR) consti-
tutes a polybasic cleavage site that can be targeted by furin-like proteases (5). Such a
cleavage site has also notably been found in the more distantly related MERS-CoV.
Cellular expression of SARS-CoV-2 S induces fusion of adjacent cells, which leads to the
formation of multinucleated syncytia (5–7). Moreover, occurrence of syncytia has been
reported in lung tissues of SARS-CoV-2-infected patients (6, 8–11).

Several studies have shown that the deletion of the furin cleavage site (FCS) was
detrimental to the propagation of the virus in lung cells as well as in different animal
models (5, 12, 13). However, this motif has been shown to be rapidly lost upon passag-
ing of the virus in VeroE6 cells (14–19). Moreover, some FCS-deficient isolates have
been reported to occur among infected patients (15, 16). These data underscore how
the S protein cleavage site requirement strongly depends on the host cell context.

To further characterize the importance of the FCS and the S29 basic residues for
SARS-CoV-2 S protein entry functions, we determined the impact of mutations intro-
duced in these regions (i) on the processing of S, (ii) on its ability to induce syncytia,
and (iii) on its ability to mediate entry in different cellular backgrounds in the presence
or absence of TMPRSS2. We found that mutations in the FCS affected S functions in a
cell type-dependent manner.

RESULTS
SARS-CoV-2 S protein processing is differentially modulated according to S

expression context. In a first step to approaching the importance of the SARS-CoV-2
S1-S2 cleavage for the virus life cycle, we compared the different processed forms pro-
duced in the context of transfected or infected VeroE6 cells with those associated with
SARS-CoV-2 authentic virions or pseudoparticles (Fig. 1, SARS-CoV-2 and SARS2-Spp).
Murine leukemia virus retroviral particles pseudotyped with coronavirus S protein
(SARS-CoV-2pp) are commonly used to study coronaviruses. To facilitate the identifica-
tion of the different S species, we included in our analysis the SDfur mutant whose S1-
S2 site has been replaced by that of the related SARSr-CoV S CZX21 (20), which is
devoid of a multibasic cleavage site (Fig. 2A). Interestingly, Western blotting of S spe-
cies associated with SARS-CoV-2 viral particles and infected VeroE6 cells revealed that
the noncleaved form, named S0 (180 kDa), was predominant, while a weaker signal
was observed at a lower molecular mass, most probably corresponding to the S2 proc-
essed form (100 kDa). Indeed, this product became barely detectable in cells express-
ing the SDfur mutant that lacks the S1-S2 multibasic furin cleavage site (Fig. 1, SARS2-
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SDfurpp and SDfur). In contrast, in S-transfected VeroE6 cell lysates, SARS-CoV-2pp viral
pellet, and SARS-CoV-2pp 293T producer cell lysates (Fig. 1, SARS2-Spp), a stronger sig-
nal was observed for the processed S2 form, thus showing that a larger fraction of S
was cleaved in this context. These results show that despite the presence of a furin
cleavage site, the spike proteins associated with virions secreted by VeroE6 cells are
mainly uncleaved, whereas cleaved and uncleaved forms are associated with pseudo-
particles. This result suggests that S1-S2 processing efficiency is modulated by the cel-
lular context of expression and is in agreement with previous results showing that it is
not absolutely required for the virus life cycle (12, 21).

S29 KR residues are required for TMPRSS2 activation of SARS-CoV-2pp entry,
but S1-S2 basic residues are dispensable. In order to trigger fusion, the coronavirus
S protein has to be cleaved at both the S1-S2 and S29 sites (1). Basic residues located
upstream from the fusion peptide of SARS-CoV S (K, R) have been shown to be impor-
tant for the activation of the fusogenic activity of S by TMPRSS2 (22). With these resi-
dues being conserved in SARS-CoV-2 S, we wondered whether they would play a role
in S functions. Thus, we first investigated the importance of the FCS and S29 KR resi-
dues for the entry step of the SARS-CoV-2 virus life cycle by producing SARS-CoV-2pp
harboring different S mutants. In addition to the SDfur mutant, we generated another
mutant in the FCS by replacing the first arginine residue (R682) of the furin-like prote-
ase cleavage motif with a glutamine residue (S R682Q mutant). This mutation has been
reported to arise naturally upon SARS-CoV-2 propagation in VeroE6 cells (14).
Furthermore, we mutated S29 KR residues (K814A and N815N) in the wild-type spike
(Swt) and SDfur background (Fig. 2A, S S29, SDfurS29). Of note, the SDfur mutant that
harbors the SARSr-CoV S1-S2 sequence still contains a basic residue (R685 in the SARS-
CoV-2-Swt sequence corresponding to R667 in the SARS-CoV-1 Swt sequence) at the
S1-S2 site (Fig. 2A). This residue can be targeted by TMPRSS2 protease and has been
shown to modulate the priming of SARS-CoV S protein (22). We thus also evaluated
the importance of this residue for the SDfur phenotype by mutating it (SDfurR685N).
We first tested the effect of the mutations in FCS and S29 basic residues on SARS-CoV-2
pseudoparticles infectivity in VeroE6, 293T-ACE2, A549-ACE2, and Huh7-ACE2 cells in
the presence or absence of TMPRSS2. Infectivity levels of SDfur particles were 10-fold
higher than that of Swtpp in VeroE6, 293T-ACE2, and A549-ACE2 cells, while no strong

FIG 1 Processing of SARS-CoV-2 spike in different expression contexts. Cell lysates or concentrated supernatants (viral pellets) of SARS-CoV-2-infected
VeroE6 cells (SARS-CoV-2, Ctrl), SARS-CoV-2pp retroviral pseudoparticle 293T producer cells (SARS2-Spp, SARS2-SDfurpp), as well as lysates from S- and
SDfur-expressing VeroE6 cells, were analyzed by Western blotting using an anti-spike antibody. The positions of molecular weight markers are indicated on
the sides of the blots and are expressed in kilodaltons.
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FIG 2 Impact of mutations of FCS and S29 KR residues on SARS-CoV-2pp infectivity. (A) Schematic representation of SARS-
CoV-2 spike. The signal peptide (SP), fusion peptide (FP), heptad repeat 1 and 2 (HR1, HR2), and transmembrane (TM) regions
are indicated by colored rectangles. The sequence alignment of S1-S2 (blue-green) and S29 cleavage sites (violet) of wild-type
and mutant SARS-CoV-2 spike are shown. Multibasic residues constitutive of a furin-like protease cleavage site are shown in
blue-green; mutations introduced in this study appear in blue. (B) Infectivity of SARS-CoV-2pp harboring different spike

(Continued on next page)
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difference was observed in Huh7-ACE2 cells (Fig. 2B). TMPRSS2 expression improved
infectivity of most pseudovirions in the four cell lines (Fig. 2, white bars), but the differ-
ence between the wild-type (WT) and FCS mutant particles’ infectivity in 293T-ACE2,
VeroE6, and A549-ACE2 cells was strongly attenuated or abolished upon expression of
TMPRSS2 in these cells (Fig. 2, white bars, SDfur and S R682Q compared to S).
Introduction of the R685N mutation had no additional effect on SDfurpp infectivity in
the different cellular backgrounds expressing TMPRSS2 (Fig. 2B), showing that basic
residues at the S1-S2 boundary are dispensable for TMPRSS2-mediated entry.
Interestingly, only in A549-ACE2 cells, S29 site KR mutations led to a 14-fold decrease in
infectivity level. Moreover, KR mutations strongly attenuated or suppressed TMPRSS2-
mediated enhancement of infectivity in VeroE6, 293T-ACE2, and A549-ACE2 cells (Fig.
2B). Surprisingly, in Huh7-ACE2 cells, KR mutants exhibited even lower infectivity levels
upon expression of TMPRSS2. We also determined the level of incorporation of the dif-
ferent mutants in retroviral pseudoparticles by Western blotting (Fig. 2C). No striking
differences could be observed in the number of incorporated S mutants.

Taken together, these results show that the FCS and S29 KR residues modulate
SARS-CoV-2 entry in a cell type-dependent manner. While S29 KR residues are required
for TMPRSS2-mediated infection, the S1-S2 basic residues are dispensable for this early
entry pathway.

Interestingly, TMPRSS2 has been reported to cleave the C-terminal part of ACE2,
resulting in the production of a 13-kDa fragment, and this processing has been shown
to be required for enhancing SARS-CoV S-mediated entry (23). In order to check the
effect of TMPRSS2 expression on ACE2 in the different cell lines, we characterized the
ACE2 migration profile by immunoblotting (Fig. 3A). As shown in Fig. 3A, TMPRSS2
expression affected the migration profile of ACE2 in the four cell lines in different man-
ners. In 293T-ACE2 and Huh7-ACE2 cells, TMPRSS2 expression led to the appearance of
products of lower molecular weight that most probably correspond to ACE2 cleavage
products, whereas in VeroE6 and A549-ACE2 cells, only a smear of weak intensity could
be observed beneath the main band.

These findings suggest that ACE2 is processed differently in the four studied cell lines.
Thus, since TMPRSS2 expression was associated with an increase in SARS-CoV-2pp infec-
tivity in the four cell lines, no direct correlation could be drawn between the enhancer
effect of TMPRSS2 on infectivity and its ability to cleave ACE2 in our assays.

Deletion of the FCS favors cathepsin-mediated entry pathway. In our pseudopar-
ticle-based infection assays, higher levels of infectivity were observed for the FCS mutants
than the WT SARS-CoV-2pp in VeroE6, 293T-ACE2, and A549-ACE2 cells. However, these
differences were partly abrogated upon TMPRSS2 expression in these cells. Previous pub-
lished data have indicated that entry of SARS-CoV-2pp in 293T-ACE2 and VeroE6 cells
occurs via the endosomal pathways (4, 12). Thus, this result suggests that FCS mutations
provide an advantage for entry via the endosomal pathway only. To test this hypothesis,
we inhibited the early or endosomal entry pathway using specific inhibitors of proteases
involved in each pathway. Therefore, E64D (aloxistatin) was used to inhibit cathepsins B
and L, whose proteolytic activity is required for endosomal entry, whereas camostat mesy-
late was used to inhibit TMPRSS2 serine protease activity (24) that is required for the early
entry pathway (Fig. 4A). E64D treatment inhibited infectivity of Swt and SDfur particles in

FIG 2 Legend (Continued)
mutants in VeroE6, 293T-ACE2, A549-ACE2, and Huh7-ACE2 cells transduced or not transduced with TMPRSS2-expressing
lentiviruses. Cells were transduced or not transduced with ACE2 (Huh7-ACE2)- or TMPRSS2-expressing lentiviral vectors (Huh7-
ACE2-TMPRSS2, VeroE6-TMPRSS2, 293T-ACE2-TMPRSS2, and A549-ACE2-TMPRSS2). Seventy-two to 96 h postransduction, cells
were infected with MLV retroviral particles pseudotyped with WT or mutant SARS-CoV-2 spike. Infectivity was determined by
measuring the activity of the luciferase reporter gene in infected cell lysates. Pseudotyped particles produced in the absence
of envelope protein were used as negative controls. Results are reported as the means 6 standard deviations (error bars) of
at least three independent experiments. Statistics were determined by Mann-Whitney test with multiple comparison to S WT
(results shown above the column) or other mutants when specified (*, P , 0.05; **, P , 0.01; ***, P , 0.001). (C) Effect of
spike mutations on the incorporation of the envelope proteins in SARS-CoV-2pp. Cell lysates and concentrated supernatants
of SARS-CoV-2pp 293T producer cells were analyzed by Western blotting using monoclonal antibodies (MAbs) against spike
and MLV capsid protein.
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293T-ACE2, A549-ACE2, Huh7-ACE2, and VeroE6 cells, thus suggesting an entry via the
endosomal route in these cells (Fig. 4B). However, in VeroE6 and VeroE6-TMPRSS2 cells, it
led to a strong increase in infectivity of control particles pseudotyped with vesicular sto-
matitis virus glycoprotein (VSV-G), which raised doubts on the specificity of the effect in
these cells. To overcome this problem, we determined the effect of the NH4Cl lysosomo-
tropic agent that blocks the acidification required for endosomal cathepsins activity in the
cells. In agreement with the involvement of the endosomal pathway in SARS-CoV-2pp
entry, NH4Cl treatment led to an inhibition of infectivity of SDfur and Swt particles in all
the cells (Fig. 4B). Conversely, camostat mesylate treatment had no effect on infectivity
levels in VeroE6, 293T-ACE2, A549-ACE2, and Huh7-ACE2 cells, suggesting that viral pseu-
doparticles did not use TMPRSS2 serine protease for entering these cells, which is in agree-
ment with the absence of expression of TMPRSS2 in these cells, as shown on the
TMPRSS2-specific immunoblot and by the very low level of amplification of TMPRSS2 RNA
transcripts in real-time reverse transcription-PCR (Fig. 3A and B). Interestingly, in the four
cell lines, SDfur mutant particles were more sensitive to E64D and NH4Cl treatment than
Swt particles, suggesting that SDfur mutant particles were more reliant on the endosomal
entry pathway than Swt particles. In Huh7-ACE2 cells, pseudoparticles pseudotyped with
HCoV-229E that rely on cathepsin activity to enter Huh7 cells (25) were used as positive
control of E64D-mediated cathepsin inhibition.

FIG 3 Expression of ACE2 and TMPRSS2 in the different cell lines. (A) The abundance of ACE2 and TMPRSS2 in the lysates of
the different cell lines used was determined by Western blotting using ACE2- and TMPRSS2-specific antibodies (aACE2 and
aTMPRSS2). A loading control was done by probing the immunoblots with an anti-tubulin antibody. (B) TMPRSS2 mRNA
expression levels in the different cell lines. Bar plots of cycle threshold (CT) values obtained for the different cell lines in real-
time quantitative PCR (RT-qPCR) targeting TMPRSS2 and RPLP0 ribosomal protein housekeeping genes, as well as the
expression levels relative to that monitored in the corresponding TMPRSS2-transduced cell line, are shown. **, P , 0.01 by
Mann-Whitney test.
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FIG 4 Deletion of spike FCS favors SARS-CoV-2pp endosomal entry in all cell lines. (A) Cartoon illustrating the two routes of entry of coronaviruses,
the early pathway involving plasma membrane protease (TMPRSS2) and fusion at the cell surface and the late pathway, during which the virus is

(Continued on next page)
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As expected, when TMPRSS2 was expressed in 293T-ACE2, VeroE6, A549-ACE2, and
Huh7-ACE2 cells, camostat mesylate treatment inhibited Swt pseudoparticles’ infectivity.
However, the infectivity of the SDfur mutant was less affected by inhibition of TMPRSS2 ac-
tivity than the Swt pseudoparticles. Blockade of the endosomal pathway with E64D still
impacted infectivity levels of Swt and SDfur mutant viruses in 293T-ACE2-TMPRSS2, Huh7-
ACE2-TMPRSS2, and A549-ACE2-TMPRSS2 cells. Moreover, treating the cells with both drugs
further reduced the infectivity levels of Swt and, to a higher extent, of SDfur mutant viruses.
This result indicates that, in these cells, virion entry occurs via both the endosomal and the
plasma membrane pathways. Accordingly, NH4Cl treatment of TMPRSS2-expressing cells
strongly inhibited SDfur entry (with the highest infectivity level of 17% in A549-ACE2-
TMPRSS2 cells; Fig. 3B) while having a mild inhibitory effect on Swt particles’ infectivity.

In conclusion, in the different cell types studied, SDfur mutant pseudoparticles were
more sensitive to inhibition of the endosomal pathway and less sensitive to the inhibi-
tion of the early entry pathway than Swt particles. These results suggest that SDfur mu-
tant preferentially enters cells via the cathepsin-dependent endosomal pathway.

S29 KR residues and the FCS motif are required for the fusogenic activity of S in
VeroE6, 293T-ACE2, and A549-ACE2 cells but are dispensable in Huh7-ACE2 cells.
To further characterize the involvement of the FCS and S29 KR residues in virus propa-
gation, we determined the ability of the FCS and S29 KR mutants to induce syncytium
formation in VeroE6, 293T-ACE2, A549-ACE2, and Huh7-ACE2 cells. All the mutants con-
taining FCS mutations were unable to induce the formation of syncytia in VeroE6,
A549-ACE2, and 293T-ACE2 cells, whereas the FCS mutation had no dramatic effect in
Huh7-ACE2 cells (Fig. 5). Similarly, mutation of the S29 KR residues in the Swt back-
ground (S S29) abrogated the ability of S to induce syncytium formation in VeroE6,
293T-ACE2, and A549-ACE2 cells, but not in Huh7-ACE2 cells. However, whereas both
FCS and S29 KR mutants could induce syncytium formation in Huh7-ACE2 cells, intro-
duction of KR mutations in the FCS mutant background abrogated the ability of S to
induce syncytium formation. We then determined the effect of TMPRSS2 expression on
the ability of the different mutants to induce syncytium formation. In VeroE6, 293T-
ACE2, and A549-ACE2 cells, TMPRSS2 rescued the formation of syncytia by FCS
mutants, whereas no syncytia were observed in cells expressing S mutants harboring
KR mutations. Similar to VeroE6, 293T-ACE2, and A549-ACE2 cells, expression of
TMPRSS2 in Huh7-ACE2 cells did not rescue the ability of FCS mutants carrying KR
mutations to induce syncytia. Furthermore, the absence of basic residues at S1-S2
(SDfurR685N; Fig. 5) slightly impacted the restoration of syncytium formation upon
TMPRSS2 expression in VeroE6, 293T-ACE2, and A549-ACE2 cells.

Thus, the requirement of FCS and basic residues at S29 for S-mediated fusion is cell
type dependent. Indeed, S29 KR residues are required for S-induced syncytium forma-
tion in VeroE6, 293T-ACE2, and A549-ACE2 cells, whereas they are only required for
syncytium formation in the absence of the FCS in Huh7-ACE2 cells. Furthermore, our
results confirm that KR residues at S29 are required for TMPRSS2-mediated fusion.
Finally, the presence of FCS in SARS-CoV-2 S increases the potential of the S protein to
mediate cell-cell fusion in the four cell types.

Requirement of the FCS and S29 KR residues for S processing is host cell de-
pendent. Next, we analyzed the processing of S FCS and S29 KR mutants in the different
host cells by Western blotting. While two bands corresponding to the nonprocessed full-
length S protein (S0; 180 kDa) and the S1-S2 cleavage product S2 (100 kDa) could be

FIG 4 Legend (Continued)
internalized and spike processed by endosomal cathepsins, leading to fusion between the viral envelope and endosomal membrane. Camostat
mesylate inhibits the activity of serine proteases such as TMPRSS2 and, thus, the early pathway, while NH4Cl and E64D block cathepsin activity
and the late pathway. (B) Effect of protease inhibitors on wild-type and FCS mutant SARS-CoV-2pp (Spp and SDfurpp) entry in different cell types.
Cells expressing or not expressing TMPRSS2 were preincubated with or without the different drugs (camostat mesylate, 50 mM; E64D, 40 mM;
NH4Cl, 25 mM) for 1 h at 37°C before being infected in the presence of the drug. Forty-eight hours postinfection, cells were lysed, and luciferase
activities were quantified. Retroviral MLV pseudoparticles harboring the protein G of the vesicular stomatitis virus (VSVGpp) or the envelope
protein of the Rd114 virus (Rd114pp) were used as control. Results are expressed as percentages of infectivity levels relative to that obtained in
the absence of drug and are reported as the means 6 standard deviations (error bars) of at least three independent experiments. Statistics were
determined by Mann-Whitney with multiple comparisons to no-drug control (*, P , 0,05; **, P , 0,01; ***, P , 0.001; ****, P , 0.0001).
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detected in Swt-expressing cells, only the uncleaved S0 species were detected in 293T-
ACE2 and VeroE6 expressing S mutants (Fig. 6). Furthermore, in A549-ACE2 cells, while
no processed product could be detected upon expression of most S mutants, a faint
band could be detected at the level of S2 upon S R682Q and S S29 expression.
Surprisingly, expression of the FCS mutants in Huh7-ACE2 cells led to the detection of

FIG 5 Impact of mutations of FCS and S29 KR residues on the ability of spike to induce syncytium
formation. Immunofluorescence staining with DAPI (blue) or an anti-spike antibody (red) of VeroE6, Huh7-
ACE2, A549-ACE2, and 293T-ACE2 cells expressing or not expressing TMPRSS2 and transfected with the
wild type (Swt) or mutant S-expressing plasmids (SDfur, SDfurR685N, SDfurS29, SDfurS29R685N, S S29, and
S R682Q). Scale bars, 150 mm.
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two bands at the level of the S0 unprocessed product and a band corresponding to the
processed product, S2. We have indications that the double band detected around
180 kDa was the result of specific posttranslational modifications of the FCS mutants in
Huh7-ACE2 cells (data not shown). In VeroE6, 293T-ACE2, and A549-ACE2 cells, TMPRSS2
expression restored the processing of FCS mutants to different extents depending on
the number of basic residues at S1-S2 (more cleavage with the R682Q mutant than with
the Dfur mutant) while having no impact on the migration profile of S29 KR mutants
(Fig. 6). In Huh7-ACE2 cells, introduction of KR mutations in the SDfur background
seemed to slightly impact the processing of the S protein, while it had no effect on the

FIG 6 Impact of mutations of FCS and S29 KR residues on the processing of spike. Immunoblots of
lysates from VeroE6, 293T-ACE2, Huh7-ACE2, and A549-ACE2 cells expressing or not expressing
TMPRSS2 and transfected with wild-type or mutant S-expressing plasmids (SDfur, SDfurR685N,
SDfurS29, SDfurS29R685N, S S29, and S R682Q). The immunoblots were probed with anti-spike and
anti-tubulin MAbs.

SARS-CoV-2 Glycoprotein S in Virus Entry Journal of Virology

July 2022 Volume 96 Issue 13 10.1128/jvi.00474-22 10

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00474-22


processing in the context of Swt. TMPRSS2 expression in Huh7-ACE2 cells did not restore
the processing of SDfurS29 mutants. It is worth noting that the efficiency of the process-
ing of FCS mutants in Huh7-ACE2 cells was quite variable, and, in most assays, only faint
bands could be detected at the level of S2 products (Fig. 6 and 7). However, we could
still conclude that in most cases, the ability of S mutants to induce syncytia in the host
cells correlated with the presence of processed species in the cell lysates.

Finally, the requirement of the FCS and S29 KR residues for S processing and for its
ability to induce syncytium formation is cell dependent, and the FCS requirement can
only be bypassed by the expression of TMPRSS2. Moreover, S29 KR residues are
involved in the processing of S lacking FCS in all studied cell types.

S protein FCS and S29 basic residues mutations affect the accumulation and
subcellular localization of S in a cell type-dependent manner. We have seen that,
contrary to Swt, FCS and S29 KR mutants were unable to induce the formation of syncy-
tia in VeroE6, 293T-ACE2, and A549-ACE2 cells, while they retained this property in
Huh7-ACE2 cells. We hypothesized that these deficiencies could not only be due to a
lack of cleavage of spike but also result from an intracellular retention of the mutants.
To check it, we characterized the subcellular localization of the different mutants in
transfected VeroE6, A549-ACE2, and Huh7-ACE2 cells by immunofluorescence detec-
tion using confocal microscopy. As shown in Fig. 8, whereas as observed for the cell
surface marker CD4-green fluorescent protein (GFP), Swt located at the plasma mem-
brane of multinucleated cells in VeroE6 and A549-ACE2 cells, FCS, and S29 KR mutants
accumulated intracellularly. TMPRSS2 expression rescued the syncytium formation and
the cell surface expression of FCS mutants while having no effect on the subcellular
localization and syncytium formation of S29 KR mutants. In Huh7-ACE2 cells, only SDfur
carrying KR mutations (SDfurS29) seemed to partially localize intracellularly (Fig. 8).

To further determine the ability of the different mutants to reach the cell surface,
we analyzed the cell surface expression of S mutants in a biotinylation assay. We used
Sulfo-NHS-SS-Biotin to specifically label S proteins present at the plasma membrane.
Biotinylated cell surface proteins were subsequently precipitated with streptavidin-
conjugated agarose beads. S protein present at the cell surface was then analyzed by
Western blotting using an anti-S antibody. Whereas biotinylated uncleaved S0 and
processed S2 species could be detected in Swt-expressing VeroE6 and A549-ACE2 cells,
no or weaker intensity signals corresponding to S species could be observed for the
FCS and S29 KR mutants that accumulated at lower levels than Swt in transfected
VeroE6 cells (Fig. 7; SDfur, S R682Q, SDfurR685N, SDfurS29, SDfurS29R685N, and S S29).
Expression of TMPRSS2 increased the level of accumulation of Swt and FCS mutants
(SDfur, S R682Q, and SDfurR685N) in the cell lysates as well as their cell surface expres-
sion (Fig. 7, “total” and “surface”). However, it had no effect on the expression and cell
surface localization of S29 KR mutants (SDfurS29, SDfurS29R685N, and S S29). Similar
results were obtained in 293T-ACE2 cells expressing or not expressing TMPRSS2 (data
not shown). These findings suggest that the inability of S29 KR and FCS S mutants to
induce syncytium formation in VeroE6, A549-ACE2, and 293T-ACE2 cells might be, at
least partly, due to a defect in cell surface expression. In Huh7-ACE2, similar amounts
of biotinylated S were detected for FCS and S29 KR mutants and Swt in Western blot
analysis, demonstrating that the mutations did not greatly affect the cell surface
expression of the S protein (Fig. 7). However, it is worth noting that SDfurS29 and
SDfurS29R685N accumulated at slightly lower levels than Swt in transfected Huh7-
ACE2 cell lysates, as observed in Fig. 6. Moreover, these mutants seemed to be less effi-
ciently exported at the cell surface in Huh7-ACE2-TMPRSS2 cells, which would be in
line with immunofluorescence assay data (Fig. 8). Our data indicate that FCS and S29
KR mutations affect the accumulation and cell surface expression of S in a cell type-de-
pendent manner and that cell surface addressing of FCS mutants can be rescued by
TMPRSS2 expression. Taken together, our results suggest that cleavage at S1-S2 is im-
portant for cell surface expression of the protein in VeroE6, A549-ACE2, and 293T-ACE2
cells.
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FIG 7 Cell surface biotinylation of spike mutants. Cells expressing wild-type (WT) or mutant (SDfur,
SDfurR685N, SDfurS29, SDfurS29R685N, S S29, and S R682Q) spike proteins were biotinylated at 4°C and
lysed. Cell lysates were analyzed by Western blotting using an anti-spike MAb (total, aS). A loading
control was performed by determining the tubulin content of the cell lysates (aTub). Cell-surface
biotinylated proteins were precipitated with streptavidin-conjugated agarose beads. Spike abundance in
these samples was determined by Western blotting using an anti-spike MAb (surface, aS).
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The ability of the FCS S mutant to induce cell-to-cell fusion can be rescued by
exogenous trypsin. In VeroE6, A549-ACE2, and 293T-ACE2 cells, FCS and S29 KR muta-
tions were found to impact S-mediated syncytium formation, S processing, as well as
cell surface expression of the protein. Thus, we sought to determine if the inability of
SDfur to induce the formation of syncytia in VeroE6 and A549-ACE2 cells was due to

FIG 8 Determination of the subcellular localization of spike mutants by confocal microscopy. VeroE6,
Huh7-ACE2, and A549-ACE2 cells expressing or not expressing TMPRRS2 were cotransfected with
plasmids encoding the CD4-GFP fusion protein (green) and wild-type (Swt) or mutant spike (SDfur,
SDfurR685N, SDfurS29, SDfurS29R685N, S S29, and S R682Q). At 48 h posttransfection, cells were fixed
and processed for immunofluorescence detection of spike (red). Nuclei were labeled with DAPI (blue).
Scale bars, 10 mm.

SARS-CoV-2 Glycoprotein S in Virus Entry Journal of Virology

July 2022 Volume 96 Issue 13 10.1128/jvi.00474-22 13

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00474-22


the decrease in cell surface expression of the protein or to the lack of processing. For
this purpose, we incubated transfected VeroE6 and A549-ACE2 cells with trypsin, which
allowed us to specifically cleave spike proteins exposed at the cell surface. As shown in
Fig. 9, trypsin treatment rescued the ability of SDfur to induce the formation of syncytia
in VeroE6 and A549-ACE2 cells as observed upon TMPRSS2 expression in these cells. In
contrast, trypsin treatment had no effect on the inability of S S29 mutant to induce
cell-to-cell fusion in both cell lines, as observed in TMPRSS2-expressing cells. Thus, this
result indicates that the absence of syncytia in SDfur-expressing VeroE6 and A549-
ACE2 cells is, rather, due to a defect in intracellular processing of the protein than to
the decreased cell surface expression of S. In addition, the inability of trypsin or
TMPRSS2 to activate the S S29 mutant to trigger fusion is in agreement with the impor-
tance of S29 KR residues for TMPRSS2-mediated entry.

The furin inhibitor decanoyl-RVKR-chloromethylketone inhibits S-mediated
syncytium formation in VeroE6 and A549-ACE2 cells but not in Huh7-ACE2 cells.
Our results suggest that, in specific cellular backgrounds, the ability of S to reach the
cell surface and to induce syncytium formation requires a cleavage at the S1-S2 FCS.
Cell surface expression and formation of syncytia could be prevented either because of
the mutation itself that may affect protein folding or because of the inhibition of the
furin-mediated protein processing. To further explore these hypotheses, we assessed
the effect of the furin/proprotein convertase inhibitor decanoyl-RVKR-chloromethylke-
tone (CMK) on syncytium formation, S processing, and cell surface expression in
VeroE6, A549-ACE2, and Huh7-ACE2 cells. As shown in confocal microscopy images
(Fig. 10A), CMK treatment inhibited the formation of syncytia in VeroE6 and A549-ACE2
cells expressing S protein, thus resulting in the same phenotype as that observed upon
SDfur expression. Conversely, CMK treatment only slightly affected the formation of
syncytia in Huh7-ACE2 cells expressing S, which is in agreement with the ability of FCS
mutants to induce syncytia in these cells.

While CMK treatment did not affect S localization at the plasma membrane of multi-
nucleated cells in Huh7-ACE2 expressing or not expressing TMPRSS2, we observed an
intracellular accumulation of the protein in CMK-treated VeroE6 cells and to a lesser
extent in A549-ACE2 cells. TMPRSS2 expression in VeroE6 and A549-ACE2 cells rescued
syncytium formation and seemed to increase plasma membrane expression of S. Cell

FIG 9 Cell surface activation of spike mutants for fusion by trypsin. Cells expressing wild-type (WT) or mutant (SDfur and
S S29) spike proteins were treated with 3 mg/mL trypsin for 40 min and then incubated for 4 h at 37°C in the absence of
trypsin and analyzed by immunofluorescence by using an anti-spike antibody (red). Nuclei were labeled with DAPI (blue).
Labeled cells were imaged using a confocal microscope. Scale bars, 10 mm.
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surface biotinylation experiments revealed that S protein accumulated at lower levels
in CMK-treated VeroE6 cells, as observed for SDfur (Fig. 10B, “total”), suggesting that
the absence of cleavage affects the stability of the S protein in this cellular background.
Additionally, CMK treatment was associated with a decrease in the accumulation of
processed S species in the three cell lines (Fig. 10B, “total”). In CMK-treated VeroE6

FIG 10 Effect of the CMK furin inhibitor on cell surface expression of spike. (A) Determination of the subcellular localization of spike in CMK-treated cells
by confocal microscopy. VeroE6, Huh7-ACE2, and A549-ACE2 cells were transduced or not transduced with TMPRRS2-expressing lentiviral vectors and
transfected with plasmids encoding wild-type (Swt) and mutant spike (SDfur). Five hours posttransfection, cells were treated or not treated with CMK
(50 mM). At 48 h posttransfection, cells were fixed and processed for immunofluorescence detection of spike (red). Nuclei were labeled with DAPI (blue).
Scale bars, 10 mm. (B) Cell surface biotinylation of spike in CMK-treated cells. Five hours posttransfection, cells were treated or not treated with CMK
(50 mM). At 48 h posttransfection, cells expressing wild-type (WT) or mutant (SDfur) spike were biotinylated at 4°C. Spike proteins from the cell lysates
were analyzed by Western blotting using an anti-spike MAb (total, aS). A loading control was performed by determining the tubulin content of the cell
lysates (aTub). Cell-surface biotinylated proteins were precipitated with streptavidin-conjugated agarose beads. Spike abundance in these samples was
determined by Western blotting using an anti-spike MAb (surface, aS).
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cells, a lower fraction of the protein reached the cell surface (corresponding to 37% of
the proportion of cell surface-expressed S in nontreated cells; Fig. 10B). Conversely, the
inhibitor had only a slight effect on the proportion of cell surface-expressed S in A549-
ACE2 and Huh7-ACE2 cells (corresponding to 80% of the proportion of cell surface-
expressed S in nontreated cells for both cell lines; Fig. 10B). TMPRSS2 expression
improved the level of accumulation of S protein, its processing, and cell surface expres-
sion in CMK-treated VeroE6 cells (reaching 87% of the proportion of cell surface-
expressed S in nontreated cells), as observed for SDfur in VeroE6 cells (Fig. 7 and 10). In
CMK-treated A549-ACE2 cells, TMPRSS2 expression led to an increase in the accumula-
tion of processed S species in the cell lysate but had no major impact on the cell sur-
face-expressed S species profile (Fig. 10B, “total” and “surface”). In agreement with the
immunofluorescence data, CMK treatment of Huh7-ACE2 and Huh7-ACE2 TMPRSS2
cells did not strongly affect the cell surface expression of S (Fig. 10B).

Thus, these data further support the hypothesis that the inability of SDfur to induce
the formation of syncytia in VeroE6 and A549-ACE2 cells is due to a defect in the proc-
essing of the protein. Moreover, these results indicate that the induction of syncytium
formation by SARS-CoV-2 S in VeroE6 and A549-ACE2 cells involves furin-like proteases
and that this requirement can be bypassed by TMPRSS2 expression. In contrast, while
S cleavage seems to partially rely on proprotein convertase in Huh7-ACE2 cells, S-
induced syncytium formation does not seem to require their activity. In addition, inhi-
bition of furin-like protease activity alters the cell surface expression of the S protein in
a cell type-dependent manner, and this defect can be rescued by TMPRSS2 expression.

SARS-CoV-2 infection is inhibited by CMK furin inhibitor in a cell type-dependent
manner and can be rescued by TMPRSS2 expression.We then wondered if inhibition
of furin-like protease activity would affect SARS-CoV-2 infectivity in a cell type-depend-
ent manner as observed for syncytium formation and cell surface expression. To
address this question, we infected VeroE6, A549-ACE2, and Huh7-ACE2 cells expressing
or not expressing TMPRSS2 in the presence of CMK. Infectivity levels and S protein
processing in the different conditions were assessed by Western blotting using anti-nu-
cleocapsid and anti-spike antibodies, respectively (Fig. 11A). As shown in Fig. 3, we
verified that TMPRSS2 was expressed at similar levels in the different transduced cell
lines. CMK treatment of Huh7-ACE2 cells drastically inhibited SARS-CoV-2 infection,
and S protein expression was hardly detectable in these cells (Fig. 11A and B).
Although we observed an inhibition of S processing in CMK-treated VeroE6 and A549-
ACE2 cells, infectivity was less affected in these cells, as shown on the anti-N immuno-
blot (Fig. 11A and B). TMPRSS2 expression strongly increased the infectivity levels and
rescued infection in CMK-treated Huh7-ACE2 cells. As shown in Fig. 1, the viral stock
used to inoculate the cells mainly harbors uncleaved S proteins at its surface. Our
results suggest that in Huh7-ACE2, cleavage by furin-like protease of the S1-S2 bound-
ary is required during entry of the virus.

In parallel, we characterized the syncytial phenotype in each infected host cell line
by confocal microscopy by using antispike immunofluorescence labeling (Fig. 11C).
Interestingly, while large syncytia could be observed in infected Huh7-ACE2 cells, no syn-
cytia were observed in VeroE6 cells, in which the S proteins, rather, seemed to accumulate
intracellularly. In A549-ACE2 cells, we found an intermediate situation, with S being
detected at the surface of syncytia and in intracellular compartments in a fraction of the
cell population (Fig. 11C). In these cells, syncytium formation was inhibited by CMK treat-
ment. Expression of TMPRSS2 restored the detection of S in CMK-treated Huh7-ACE2 cells
and syncytium formation in CMK-treated Huh7-ACE2 and A549-ACE2 cells (Fig. 11C).

Whereas the weak effect of CMK treatment on VeroE6 and A549-ACE2 infection is in
agreement with the fact that the FCS mutation was not detrimental to SARS-CoV-2pp
infection, the strong inhibition observed in Huh7-ACE2 cells was quite unexpected.
Indeed, in these cells, CMK treatment had no effect on spike-mediated syncytium for-
mation and the FCS mutation did not impact entry of SARS-CoV-2pp.

To further determine which step of SARS-CoV-2 infection was inhibited by CMK, we
compared its effect when added during entry, postinoculation, or all the infection
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FIG 11 Effect of CMK treatment on SARS-CoV-2 infection in the different host cells. (A) Immunoblot analysis of SARS-CoV-2-infected cells
treated or not treated with CMK (50 mM). VeroE6, Huh7-ACE2, and A549-ACE2 cells expressing or not expressing TMPRSS2 were
preincubated for 1 h with CMK (50 mM) before infection in the presence of the drug. Twenty-four hours postinfection, cells were lysed,

(Continued on next page)

SARS-CoV-2 Glycoprotein S in Virus Entry Journal of Virology

July 2022 Volume 96 Issue 13 10.1128/jvi.00474-22 17

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00474-22


steps (Fig. 12A). In VeroE6 and A549-ACE2 cells, CMK treatment led to 45% and 30%
decreases of infectivity level, respectively, when added during the entry step, while it
seemed to promote infection when added postentry. In Huh7-ACE2 cells, we observed
a strong inhibition (90%) of infection when the drug was added during the entry step
and a milder inhibitory effect when it was added postinfection. Thus, these results indi-
cate that CMK inhibits virus entry in Huh7-ACE2 cells. However, the effect observed
when the drug is added at the postentry step would require further characterization to
draw a conclusion on a potential inhibition of replication or assembly.

In order to further confirm the effect of CMK on the entry step of SARS-CoV-2 infec-
tion, we determined its impact on SARS-CoV-2pp infectivity (Fig. 12B). CMK treatment
had no significant impact on infectivity levels in VeroE6 cells, whereas it led to a 50%
to 60% decrease in infectivity of WT and FCS mutant particles in Huh7-ACE2 cells. We
observed a 60% and 70% inhibition of Swt and SDfur pseudoparticles’ infectivity in
CMK-treated A549-ACE2 cells.

FIG 11 Legend (Continued)
and lysates were processed for Western blotting by using nucleocapsid (aN)- or spike (aS)-specific antibodies. Immunoblots were probed
with anti-tubulin antibody as loading control (aTubulin). (B) Graph representing the quantification of the intensity of the band
corresponding to the N protein relative to the DMSO control. (C) Immunofluorescence staining and confocal microscopy imaging of
SARS-CoV-2-infected cells. Cells infected in the presence or not of CMK (50 mM) were fixed 24 h postinfection and processed for
immunofluorescence detection of spike (red). Nuclei were labeled with DAPI (blue). Scale bars, 10 mm.

FIG 12 CMK inhibits entry of SARS-CoV-2 in Huh7-ACE2 cells. (A) Time-of-addition experiment.
VeroE6, A549-ACE2, and Huh7-ACE2 cells were infected for 1 h with SARS-CoV-2. In the “entry”
conditions, CMK was present 1 h before and during the inoculation step as well as 1 h after the
removal of the inoculum. In the “postentry” conditions, the drug was added 1 h after the removal of
the inoculum and left until the end of the assay. In the “all-steps” conditions, CMK was added 1 h
before and during inoculation and left until cell lysis. Twenty-four hours postinfection, the cells were
lysed and processed for Western blotting using an anti-nucleocapsid antibody. Graph represents the
quantification of the intensity of the band corresponding to the N protein relative to the DMSO
control. (B) Effect of CMK on wild-type and FCS mutant SARS-CoV-2pp (Spp and SDfurpp) entry in
Huh7-ACE2, A549-ACE2, and VeroE6 cells. Cells were preincubated with CMK (50 mM) for 1 h at 37°C
before being infected in the presence of the drug. Forty-eight hours postinfection, cells were lysed,
and luciferase activities were quantified. Retroviral MLV pseudoparticles harboring protein G of the
vesicular stomatitis virus (VSVGpp) were used as control. Results are reported as the means 6
standard deviations (error bars) of at least three independent experiments. Statistics were determined
by Mann-Whitney test with multiple comparisons to no-drug control (*, P , 0.05; **, P , 0.01; ***,
P , 0.001; ****, P , 0.0001).
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These results further support that SARS-CoV-2 entry in Huh7-ACE2 and A549-ACE2
cells requires furin-like protease activity. However, the fact that CMK inhibits the infec-
tivity of FCS mutant SARS-CoV-2pp suggests that the S protein can be processed at a
different site than S1-S2 FCS or, alternatively, that SARS-CoV-2 entry in Huh7-ACE2 cells
requires the processing of the host cell factor by furin-like proteases.

Hence, furin-like protease activity is required for SARS-CoV-2 infection in a cell type-
dependent manner and can be overcome by TMPRSS2 expression. However, the effect
of CMK on the processing and syncytium formation does not necessarily correlate with
its impact on SARS-CoV-2 infectivity.

DISCUSSION

The zoonotic potential of coronaviruses might be highly reliant on the variability
of the S protein that constitutes the major virus entry determinant. In agreement with
the fact that coronavirus entry depends on S proteolytic activation by host cell pro-
teases, variations in and around the spike cleavage sites have been shown to modulate
cellular tropism and pathogenesis (26). With SARS-CoV-2 S protein differing from its
closest relative by the acquisition of an FCS at the S1-S2 junction, we sought to deter-
mine the importance of this feature for S entry functions in different host cells.
Moreover, since the fusogenic activity of the S protein requires a second cleavage at the
S29 site, we studied the role of conserved basic residues present at the S29 cleavage site in
the SARS-CoV-2 S protein. For that purpose, we introduced mutations in these sequences
and characterized the phenotypes of these mutants, which are summarized in Table 1.
Overall, our data demonstrated that FCS and S29 basic residues modulate S functions in a
host cell-dependent manner, most probably reflecting differences in protease expression
patterns of the different cell lines (Fig. 13).

The study of the importance of the FCS for S cell-cell fusogenic activity revealed dif-
ferences according to the cellular expression background (Fig. 13). As observed by
others (5, 27), expression of TMPRSS2 allowed bypassing of the requirement of FCS for
S to induce syncytia in VeroE6, A549-ACE2, and 293T-ACE2 cells and partly restored S
processing. The efficiency of processing rescuing depended on the number of basic
residues still present at the S1-S2 junction (compare SDfur, SDfurR685N, and S R682Q
mutants in Fig. 6). Since TMPRSS2 cleaves at single arginine or lysine residues (mono-
basic sites), this result supports a cleavage of SARS-CoV-2 S by TMPRSS2 at the S1-S2
site. Furthermore, the detection of two bands at the level of S2 in TMPRSS2-expressing
293T-ACE2 and A549-ACE2 cells suggests that the S protein is cleaved at both S1-S2
and S29 sites in these cells. This situation would be analogous to that found for SARS-
CoV spike that has been shown to be cleaved at S1-S2 and activated at S29 by
TMPRSS2 (28). However, the fact that S29 KR mutations abrogate the complete process-
ing in TMPRSS2-expressing VeroE6, 293T-ACE2, and A549-ACE2 cells supports a

TABLE 1 Summary of the phenotypes of spike mutants

S mutant

Data for VeroE6 cells Data for Huh7-ACE2 cells

2TMPRSS2a +TMPRSS2 2TMPRSS2 +TMPRSS2

Syncytiaa Cell surfaceb Cleavagec Syncytiad Cell surface Cleavage Syncytia Cell surface Cleavage Syncytia Cell surface Cleavage
WT 1 1 1 1 1 1 1 1 1 1 1 1
Dfur 2 2 2 1 1 1 1 1 1 1 1 1
R682Q 2 2 2 1 1 1 1 1 1 1 1 1
DfurR685N 2 2 2 1 1 2 1 1 1 1 1 1
DfurS29 2 2 2 2 2 2 2 1 2 2 1 2
DfurS29R685N 2 2 2 2 2 2 2 1 2 2 1 2
S29 2 2 2 2 2 2 1 1 1 1 1 1

aThe ability of spike mutants to induce cell-to-cell fusion in transfected cells was determined by immunofluorescence staining using an anti-spike antibody as shown in Fig.
5 and 7.1, observation of syncytia;2, no syncytia could be observed.

bCell surface expression of spike mutants was determined by confocal microscopy and by cell surface biotinylation assay as described in Fig. 7 and 8.1, detection of spike at
the cell surface;2, decrease in cell surface expression compared to wild-type spike.

cProcessing of spike mutants was determined by Western blot analysis using an anti-spike antibody as described in Fig. 6.1, presence of cleavage products on the
immunoblot,2, no cleavage product detected.
d1TMPRSS2, with TMPRSS2;2TMPRSS2, without TMPRSS2.
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cleavage at the S29 site only. Alternatively, this result could be due to the fact that S29
KR mutations affect the recognition of the FCS at S1-S2 by furin-like proteases as
observed by Barrett et al. (29).

While the priming of coronaviruses S protein at the S1-S2 site is dispensable (30),
the S29 cleavage constitutes a critical triggering event since it exposes the internal
fusion peptide of the S2 domain at the surface of the virion (31). Moreover, several
reports suggest that requirements for spike-mediated activation of cell-cell and virus-
cell fusion may differ (1). In our study, TMPRSS2 rescuing of the ability of FCS mutant
to induce cell-to-cell fusion is likely to depend on a cleavage of the protein at S29 KR.
The fact that mutation of these residues in the FCS background abrogates the rescuing
of syncytium formation and processing of the protein supports this hypothesis. This
finding suggests that, as found for HCoV-229E and contrary to what has been reported
for MERS-CoV S, TMPRSS2 processing of SARS-CoV-2 S at S29 does not require precleav-
age at S1-S2 (32). In agreement with this, FCS mutations had no impact on SARS-CoV-2
pseudoparticle infectivity in TMPRSS2-expressing cells. This result is not in line with
previous studies suggesting that S1-S2 is a prerequisite for subsequent TMPRSS2-medi-
ated activation at the S29 site (5, 33, 34). However, these latter observations are based
on experiments performed in the context of infection assays using respiratory cells,
such as Calu3 that express low levels of cathepsin, and are thus less efficient in sup-
porting virus entry by the endosomal route. Thus, entry in these cell lines mainly occurs
via the early pathway, whereas both pathways were still available in our cellular mod-
els. Nevertheless, in our assays (Fig. 4B), TMPRSS2 expression still improved FCS mutant
SARS-CoV-2pp infectivity in VeroE6 and A549-ACE2 cells in the presence of the

FIG 13 FCS and S29 KR residues modulate S function in a host cell-dependent manner. (A and B) Model depicts the phenotype of FCS
and S29 KR S mutants in the different host cells. Expression of S (blue triangles) in all the studied cell lines led to its cell surface
expression, its processing, and the formation of syncytia with neighboring cells expressing the ACE2 receptor. Both forms, processed
and unprocessed S (cleaved blue triangles and blue triangles, respectively), were detected at the cell surface. When the FCS (gray
triangle) or S29 KR residues (pink triangle) were mutated, the impact on the cell surface expression, processing, and ability of the S
protein to induce cell-to-cell fusion was dependent on the cellular background. Thus, in VeroE6, 293T-ACE2, and A549-ACE2 cells (A),
the mutations led to a partial intracellular retention of the protein, and processing and syncytium formation were abrogated. In these
cells, TMPRSS2 expression or exogenous trypsin addition allowed rescue of the ability of the FCS mutant to induce the formation of
syncytia. However, expression of this serine protease had no effect on the deficiencies associated with KR mutations. In Huh7-ACE2
cells (B), mutation of FCS or S29 KR had no major impact on syncytium formation, cell surface expression, or processing of the protein.
Only mutants carrying FCS and S29 KR mutations (pink-striped, gray triangles) were mainly unprocessed and could not induce the
formation of syncytia. TMPRSS2 expression could not rescue these deficiencies.
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cathepsin inhibitor E64D, suggesting that FCS was not required for plasma membrane
entry in that context (data not shown).

In VeroE6, A549-ACE2, and 293T-ACE2 cellular backgrounds, S29 KR and FCS muta-
tions affected the cell surface expression of S, which could be partially restored upon
TMPRSS2 expression in the case of FCS mutants (Fig. 13A). Of note, in our experimental
setting, TMPRSS2 was coexpressed with S in the cells. Thus, S cleavage by TMPRSS2
could occur either during intracellular biosynthesis or at the cell surface. As observed
upon FCS mutant expression, inhibition of furin-like protease activity by CMK reduced
S processing and accumulation, abolished cell-to-cell fusion, and led to an intracellular
retention of S in VeroE6 cells. This result suggests that S processing impacts its stability
and its subcellular localization (Fig. 10). In a similar manner, the furin-mediated cleav-
age of the respiratory syncytial virus fusion protein has been shown to be required for
its cell surface expression (35). However, in our case, both uncleaved and cleaved spike
species could be detected at the cell surface (Fig. 7 and 10).

Although FCS mutations impacted the cell surface expression of S in VeroE6 and A549-
ACE2, enough proteins were available at the cell surface to trigger fusion with neighboring
cells upon trypsin activation (Fig. 9 and Fig. 13A). This result is in agreement with the fact
that a very low number of fusion proteins is required to induce fusion. Indeed, in the case
of the type I influenza fusion glycoprotein, hemagglutinin (HA), it has been estimated that
fusion requires the concerted action of at least three HA trimers (36).

Surprisingly, FCS and S29 KR mutations had no or reduced impact on S processing,
cell surface expression, and syncytium formation in Huh7-ACE2 cells (Fig. 13B).
Nevertheless, it is worth noting that we observed some interexperimental variations in
the level of accumulation of processed S species for the mutants carrying FCS mutations
in Huh7-ACE2 cells. Since FCS mutations can affect the accumulation and trafficking of
S in some cellular backgrounds, they might impact these processes with milder intensity
in Huh7 cells and thus affect the accessibility of the protein to specific proteases. In
agreement with this hypothesis, some of our data suggest that FCS mutations affect S
posttranslational modifications and the kinetics of S processing (data not shown). Thus,
the suboptimal proteolysis of the FCS mutant might be more impacted by experimental
variability. The heterogeneity in proteolytic processing of FCS mutants could also be
related to variability of protease expression profiles in Huh7 cells. However, further
experiments would be required to better characterize the parameters that impact S proc-
essing in Huh7 cells. Mutations of both FCS and S29 KR cleavage sites led to defects in
processing and syncytium formation in these cells. These findings illustrate that acquisi-
tion of FCS by S increases its fusogenic potential since either FCS or S29 KR is required
for spike to induce fusion in Huh7-ACE2 cells, while S29 KR residues are absolutely
required for spike to induce fusion in VeroE6, A549-ACE2, and 293T-ACE2 cells. While the
processing of S29 KR FCS mutants in Huh7-ACE2 cells seemed to be suppressed, these
mutations barely affected cell surface expression of the protein (Fig. 7). The lower impact
of cleavage site mutations on S processing and ability to induce cell-to-cell fusion in
Huh7-ACE2 cells compared to other tested cell lines suggests that they express specific
proteases that can process and activate S for fusion at distinct sequences. Therefore, in
our model of cell-cell fusion, FCS and S29 KR mutants are expressed at the cell surface
and processed, expression of TMPRSS2 has no major effect on cell-cell fusion, and basic
residues either at S1-S2 or at S29 can activate cell-cell fusion (Fig. 13B). In agreement
with this hypothesis, SARS-CoV-2 S protein seems to be processed by a wide range of pro-
teases (37). Thus, several other serine proteases than TMPRSS2 (TMPRSS4, TMPRSS11a,
TMPRSS11d, and TMPRSS11e) (7) have been shown to enhance S-mediated cell-cell
fusion, but their ability to activate S for infection has not been characterized yet. More
recently, Nguyen and collaborators (29) reported that matrix metalloproteases were
involved in cell-cell fusion but not in SARS-CoV-2 pseudoparticle infection.

Importantly, confocal microscopy observations revealed different patterns of expres-
sion for the S protein in the different infected cell lines. Indeed, only few syncytia could
be observed in infected VeroE6 cells where S mainly localizes intracellularly. In contrast,
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the S protein was mainly associated with syncytia in Huh7-ACE2 cells, and an intermedi-
ate situation was found in A549-ACE2 cells in which S was found to be both associated
with syncytia and in intracellular compartments. Intracellular accumulation of S in
infected VeroE6 cells is in agreement with the results of Boson et al. showing that the
SARS-CoV-2 E protein was inducing the intracellular retention of S by slowing down the
secretory pathway (38). However, cell surface expression of S in infected Huh7-ACE2 and
A549-ACE2 cells suggests that E-mediated intracellular retention of S is cell type specific.
Furthermore, observation of large syncytia in Huh7-ACE2 cells is in agreement with the
expression of specific S-targeting proteases in these cells. This is supported by the high
fraction of processed S species in the lysates of infected Huh7-ACE2 cells (Fig. 11A).
These differences in syncytial phenotypes suggest that virus propagation mechanisms
might highly depend on the host cell. Thus, in Huh7-ACE2 cells, infection might rely on
both extracellular, as well as cell-to-cell, virus transmission, whereas the later route might
be less important in VeroE6 cells (39).

Interestingly, mutation of FCS likely affects the entry route used by the virus. Thus,
our results suggest that FCS mutants prefer the endosomal entry pathway and there-
fore are more sensitive to NH4Cl and E64D treatments. Interestingly, in SARS-CoV-2
infection assays, viral entry was inhibited by CMK treatment, as previously observed
(40) in VeroE6 cells. However, in all the tested cell lines, we observed a difference of
sensitivity to protease inhibitors of authentic SARS-CoV-2 particles from SARS-CoV-2
pseudoparticles (Fig. 12). This might be due to the fact that pseudoparticles that are
produced in 293T cells mainly harbor cleaved spike proteins, while SARS-CoV-2 authen-
tic particles produced in VeroE6 cells are mainly decorated with uncleaved spike pro-
teins (as shown in Fig. 1).

In Huh7-ACE2 cells, the strong inhibition of SARS-CoV-2 entry by CMK was in agree-
ment with the impact of the treatment on the infectivity of pseudoparticles. However,
the fact that CMK inhibited WT as well as FCS mutant particles’ infectivity suggests that
furin-like proteases can process the S protein at a site other than S1-S2 or, alternatively,
that entry requires the processing of host cell factors by furin-like proteases.
Interestingly, computational analysis of the spike sequence allowed the identification
of several amino acid sequences in different regions of spike susceptible to cleavage
by furin (35). Of note, the MERS-CoV spike protein has been reported to contain two
furin cleavage sites at S1-S2 and S29 sites that have been reported to mediate furin
activation for entry into the host cell (41). However, Matsuyama et al. later observed
that inhibition of MERS-CoV infection by CMK could also result from an effect on
TMPRSS2 and cathepsin L (42). These findings indicate that CMK can have limited spec-
ificity, being able to inhibit cathepsin, TMPRSS2, trypsin, and papain in certain condi-
tions (43). In our study, the effect of CMK treatment on S-expressing cells correlated
with FCS mutant phenotypes, thus allowing us to attribute the observed phenotypes
to furin-like protease activity defects (Fig. 10). However, the effect observed in the dif-
ferent infected cell lines might be attributed to inhibition of other proteases than furin.
Of note, TMPRSS2 rescuing of infection in Huh7-ACE2 cells would be in agreement
with an effect of CMK on the endosomal entry pathway, which would be in line with in-
hibition of cathepsins or other proprotein convertases present in endosomes and not
in favor of an effect on TMPRSS2.

Overall, our study allowed us to better characterize the importance of FCS and S29
KR sequences for spike entry function. Importantly, it highlights the high heterogeneity
in the S sequence requirement for entry functions in different host cells, thus illustrat-
ing the high adaptability of the SARS-CoV-2 virus to its host environment.

MATERIALS ANDMETHODS
Construction of SARS-CoV-2 spike mutants. The human codon-optimized sequence of the SARS-

CoV-2 spike protein (GenBank accession number MN908947) was cloned in the pcDNA3.1(1) vector
with a sequence coding for the HA tag in the C terminus. Spike protein mutants were generated by
fusion PCR using the external primers SARS2-FW 59-TCAAAGCTTGCCACCATGTTCGTGTTTCTGGTGCT-39
and SARS2-REV 59-TCGGATCC GGTGTAGTGCAGCTTCACGC-39 and internal primers carrying sequence
substitutions.
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Cell culture. Human HEK293T/17 cells (ATCC), Huh7, simian VeroE6 cells (Sigma-Aldrich; a gift from
Caroline Goujon), and A549 human lung carcinoma cells (ATCC CCL-185) were cultured in Dulbecco’s
modified eagle medium (DMEM) (Life Technologies) supplemented with 10% fetal bovine serum, 2 mM
GlutaMax, and nonessential amino acids (Life Technologies). Absence of mycoplasma contamination
was regularly checked in the cell cultures. A549 stably expressing ACE2 cells were used for SARS-CoV-2
infection assays and were kindly provided by Delphine Muriaux.

Antibodies and drugs. Mouse anti-SARS-CoV-2 spike S2 antibody was obtained from Euromedex,
SARS-CoV-2 nucleocapsid was detected using a rabbit polyclonal antibody (Novus), human TMPRSS2
was detected with a rabbit monoclonal antibody from Abcam (catalog no. ab92323), and mouse anti-
tubulin was from Sigma. Anti-capsid of murine leukemia virus (MLV; ATCC CRL1912) was produced in
vitro by using a MiniPerm apparatus (Heraeus) as recommended by the manufacturer.

E64D (2S,3S)-trans-Epoxysuccinyl-L-leucylamido-3-methylbutane ethyl ester was purchased from Merck,
and camostat mesylate was purchased from Sigma. Decanoyl-RVKR-chloromethylketone (CMK; furin conver-
tase inhibitor) was from Enzo Life Science.

Plasmid transfection. Cells were seeded in 24-well plates or 12-well plates and transfected with
250 ng or 500 ng of plasmid DNA using Trans-IT LT1 transfection reagent (Mirus Bio) or TurboFect
(Thermo Scientific) according to the manufacturer’s instructions. Further analyses were performed 48 h
posttransfection.

Spike-pseudotyped retroviral particles production and infection. Retroviral particles pseudo-
typed with the S glycoprotein of the SARS-CoV-2 (SARS-CoV-2pp) were produced as previously reported
by Millet and Whittaker (44) with plasmids encoding WT or mutant SARS-CoV-2 spike proteins at 33°C.
Supernatants containing the pseudotyped particles were harvested 72 h posttransfection, filtered
through 0.45-mm-pore-size membranes to be used in infection assays or pelleted by ultracentrifugation
through a 20% sucrose cushion at 27,000 rpm (Beckman type SW41 rotor) for 4 h at 4°C, and analyzed
by Western blotting using an anti-SARS-CoV-2 spike S2 antibody or an anti-murine leukemia virus capsid
(ATCC CRL1912) antibody. To minimize artifacts that might be caused by differences in quality of prepa-
ration, each experiment was performed using concurrently produced pseudoparticles. Cells transduced
or not transduced with lentiviral vectors expressing ACE2 or TMPRSS2 for 72 h were infected with SARS-
CoV-2pp in 48-well dishes. Firefly luciferase activities were quantified 72 h postinfection as indicated by
the manufacturer (Promega).

Virus production and cell infection. SARS-CoV-2 (isolate hCoV-19_IPL_France; GenBank accession
number MW575140) was propagated on VeroE6 cells expressing TMPRSS2 as previously described (45).

For infection in the presence of CMK, cells were preincubated with CMK 50 mM for 1 h and infected
in the presence of the drug or dimethyl sulfoxide (DMSO) for 24 h. Cells were then fixed or lysed and
processed for immunofluorescence or Western blotting, respectively.

Lentivirus production and transduction. To produce lentivirus stocks, HEK293T/17 cells were
seeded in 6-well dishes. The next day, cells were transfected with 500 ng pTRIP vector expressing ACE2
or TMPRSS2, 400 ng of HIV gag-pol-expressing vector, and 100 ng of vesicular stomatitis virus G protein-
expressing vector with TurboFect according to the manufacturer’s instructions. Virus stocks were col-
lected 48 h posttransfection and filtered. Cells were transduced by incubation with lentivirus-containing
supernatants between 48 and 72 h at 37°C. For experiments of pseudotyped particle infection in the
presence of protease inhibitors, populations of Huh7, 293T-ACE2, and A549 cells stably expressing
TMPRSS2 were generated by selecting transduced cells with puromycin.

Immunofluorescence. For immunofluorescence microscopy, cells were grown on glass coverslips
and fixed with 3% paraformaldehyde (PFA; Sigma-Aldrich) for 20 min. The cells were permeabilized for
3 min in phosphate-buffered saline (PBS) and 0.1% Triton X-100. Cells were then incubated in 10% goat
serum-PBS blocking buffer for 10 min. Both primary and secondary antibody incubations were carried
out in blocking buffer for 30 min at room temperature. Nuclei were stained by a 5-min incubation in PBS
containing 1 mg/mL DAPI (49,6-diamidino-2-phenylindole). Coverslips were mounted on glass slides
using Mowiol 4-88-based mounting medium. Images were acquired using an inverted laser scanning
confocal microscope (LSM 880; Zeiss), using a 63� (1.4 numerical aperture) oil immersion lens.

Western blotting. Cells were rinsed with cold PBS and lysed at 4°C for 20 min in PBS lysis buffer (1%
Triton X-100 and a mixture of protease inhibitors [Roche]). Insoluble material was removed by centrifu-
gation at 4°C. Protein samples were heated for 7 min at 70°C in Laemmli sample buffer and resolved by
SDS-PAGE. The proteins were then transferred onto nitrocellulose membranes (Hybond-ECL; Amersham)
using a Trans-Blot apparatus (Bio-Rad). Proteins of interest were revealed upon incubation of the mem-
brane with specific primary antibodies followed by incubation with species-specific secondary antibod-
ies conjugated to peroxidase. Detection of proteins was done using enhanced chemiluminescence (ECL
Plus; GE Healthcare). Quantification of unsaturated signals was carried out using the gel quantification
function of ImageJ.

Quantification of mRNA. Total RNA was isolated from cells using the kit NucleoSpin RNA Plus
(Macherey-Nagel) followed by cDNA synthesis using high-capacity cDNA reverse transcription kit
(Applied Biosystems). The expression levels of specific mRNA were determined by quantitative real-time
PCR (qPCR) using TaqMan gene expression assays (Life Technologies).

Cell surface biotinylation. Cells were seeded in 6-well plates and transfected the next day with WT
or mutant spike-expressing plasmids. Twenty-four to 48 h posttransfection, cells were rinsed with cold
PBS and incubated 30 min at 4°C with 0.3 mg/mL EZ-Link Sulfo-NHS-SS-Biotin (Pierce) in PBS to label cell
surface proteins. Unreacted biotin was quenched with 50 mM glycine in PBS buffer. Cells were then
rinsed with cold PBS and lysed with B1 buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 0.1% SDS, and protease inhibitor mixture) on ice. Lysates were centrifuged at 14,000 rpm at 4°C

SARS-CoV-2 Glycoprotein S in Virus Entry Journal of Virology

July 2022 Volume 96 Issue 13 10.1128/jvi.00474-22 23

https://www.ncbi.nlm.nih.gov/nuccore/MW575140
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00474-22


to remove cellular debris, and biotinylated proteins were recovered using streptavidin-agarose beads
(Amersham Biosciences). After washing, the bound proteins were detected by immunoblotting.

Graphs and statistics. Prism version 5.0c software (GraphPad Software, Inc., La Jolla, CA) was used
for creating graphs and to determine statistical significance of differences between data sets by using
Mann-Whitney tests.
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