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ABSTRACT Circulation of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) in the human population leads to further viral evolution. The new variants
that arise during this evolution are more infectious. Our data suggest that newer variants
have shifted from utilizing both cathepsin/endosome- and TMPRSS2-mediated entry
mechanisms to rely on a TMPRSS2-dependent entry pathway. Accordingly, only the early
lineages of SARS-CoV-2 are capable of infecting and forming syncytia in Vero/ACE2 cells
which lack TMPRSS2 expression. The presence of an intact multibasic furin cleavage site
(FCS) in the S protein was a key requirement for cell-to-cell fusion. Deletion of FCS makes
SARS-CoV-2 more infectious in vitro but renders it incapable of syncytium formation. Cell-
to-cell fusion likely represents an alternative means of virus spread and is resistant to the
presence of high levels of neutralizing monoclonal antibodies (MAbs) and immune sera in
the media. In this study, we also noted that cells infected with SARS-CoV-2 with an intact
FCS or alphavirus replicon expressing S protein (VEErep/S) released high levels of free S1
subunit. The released S1 is capable of activating the TLR4 receptor and inducing a pro-
inflammatory response. Thus, S1 activation of TLR4 may be an important contributor to
SARS-CoV-2-induced COVID-19 disease and needs to be considered in the design of
COVID mRNA vaccines. Lastly, a VEErep/S-replicon was shown to produce large amounts
of infectious, syncytium-forming pseudoviruses and thus could represent alternative exper-
imental system for screening inhibitors of virus entry and syncytium formation.

IMPORTANCE The results of this study demonstrate that the late lineages of SARS-
CoV-2 evolved to more efficient use of the TMPRSS2-mediated entry pathway and
gradually lost an ability to employ the cathepsins/endosome-mediated entry. The ac-
quisition of a furin cleavage site (FCS) by SARS-CoV-2-specific S protein made the virus
a potent producer of syncytia. Their formation is also determined by expression of
ACE2 and TMPRSS2 and is resistant to neutralizing human MAbs and immune sera.
Syncytium formation appears to be an alternative means of infection spread following
the development of an adaptive immune response. Cells infected with SARS-CoV-2
with an intact FCS secrete high levels of the S1 subunit. The released S1 demonstrates
an ability to activate the TLR4 receptor and induce pro-inflammatory cytokines, which
represent a hallmark of SARS-CoV-2 pathogenesis. Alphavirus replicons encoding
SARS-CoV-2 S protein cause spreading, syncytium-forming infection, and they can be
applied as an experimental tool for studying the mechanism of syncytium formation.
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The recently emerged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has demonstrated an unprecedented spread throughout the world. It has also dem-

onstrated rapid evolution, and new variants of SARS-CoV-2 with higher transmission
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rates (1–5) continue to appear in circulation every few months. The associated COVID-19
has already caused a health crisis and millions of deaths worldwide (6, 7). To date,
approved therapeutic interventions and vaccination remain limited and, to date, have
failed to prevent the spread of infection.

SARS-CoV-2 is a member of the Betacoronavirus genus (b-CoV) in the Coronaviridae family
(8). This is a spherical virus containing a lipid envelope with embedded glycoprotein spikes.
The SARS-CoV-2 genome (G RNA) is represented by a positive-sense, single-stranded RNA of
;30 kb in length, the largest among all of the RNA genome-containing viruses (9). G RNA
mimics cellular mRNA in that it has a cap and a poly(A)-tail at the 59 and 39 termini, respec-
tively. In infected cells, this RNA is directly translated into two long overlapping polyproteins
(ORF1a and ORF1ab). These are further processed into individual nonstructural proteins
(nsp1-to-16) by proteases encoded by the virus and function in replication of the viral ge-
nome, synthesis of 8 subgenomic RNAs (SG RNAs), and modification of the intracellular envi-
ronment to promote viral replication (10). SG RNAs encode additional accessory proteins,
whose functions are only partially understood, and structural proteins, which form SARS-CoV-
2 virions (11). The functions of the structural N protein include packaging of viral G RNA into
helical nucleocapsid (NC) during formation of infectious viral particles. It also stimulates the
synthesis of virus-specific RNAs, but the mechanism of this function remains obscure (11).
The structural M and E proteins contribute to virion assembly and are embedded in the viral
lipid envelope. Both M and E are required for virus release and its infectivity. Another struc-
tural protein, the spike (S) protein, forms trimeric spikes on the surface of virions and is a
major determinant of viral infectivity, spread, pathogenesis, and adaptation for infection of
new hosts and cell lines (9). In the early steps of viral infection, it mediates binding of the viri-
ons to the ACE2 receptor and additional attachment factors such as glycosaminoglycans
(GAGs), including heparan sulfate (HS) (12). The S protein also functions in the fusion between
the viral lipid envelope and cellular membranes, leading to NC release into the cytoplasm
(13, 14). Accumulating data also suggest that the S protein in SARS-CoV-2 can use additional
proteins at the plasma membrane as alternative receptors or utilizes ACE2 from other species
for entry into cells (15–18). To date, SARS-CoV-2 has demonstrated a capacity to replicate in a
broad range of mammalian cell lines, including multiple human, primate, mouse, and ham-
ster cell lines, if cells from these different species are engineered to express human ACE2
receptor (12). These data provide a strong argument for receptor-mediated entry being
the primary barrier against infection spread to multiple tissues and species.

After attaching to cells, SARS-CoV-2 utilizes at least two entry mechanisms. In the first
entry pathway, in the cells expressing the transmembrane serine protease TMPRSS2. The
later protease mediates cleavage of the S29 site to release the fusion peptide that ulti-
mately facilitates fusion of the viral lipid envelope and plasma membrane. In cells lacking
TMPRSS2 protease, the S29 processing is achieved by cathepsins, and fusion of viral en-
velope takes place in the endosomes (14, 19).

SARS-CoV-2 shares most of its structural characteristics and replication program
with SARS-CoV, which was responsible for a severe disease outbreak in the early 2000s.
A striking difference between the SARS-CoV and SARS-CoV-2 is that the S protein of
SARS-CoV-2 contains an additional stretch of basic amino acids which serves as a furin
cleavage site (FCS) (20). However, it should be noted that other cellular proteases can
also be involved in its processing (21). FCS mediates processing of the S protein into
S1/S2 subunits before or during the release of infectious particles from infected cells (22).
This multibasic peptide is present in all SARS-CoV-2 isolates from humans and is func-
tional as evidenced by the finding that released virions contain both uncleaved S protein
and readily detectable levels of S1 and S2. Interestingly, processing of the S protein into
S1 and S2 appears to be disadvantageous for propagation of SARS-CoV-2 in vitro in
many ACE2-expressing cell lines. Virus isolates from humans rapidly evolve in vitro and
accumulate deletions or mutations in the FCS, which either have strong negative effects
on the efficiency of S protein processing or completely abrogate it (12, 23, 24). Viral
mutants that arise in vitro demonstrate higher infectivity for cultured cells but are detect-
ably less pathogenic in small animal models (25). Thus, the presence of FCS in the S
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protein appears to make viral replication and spread more efficient in vivo, while it
becomes disadvantageous for in vitro virus propagation in cells expressing no or low lev-
els of TMPRSS2.

In this new study, we further investigated SARS-CoV-2 evolution and the role of the
furin-mediated processing of the S protein in viral infection. Our data demonstrate that
while circulating in the human population, SARS-CoV-2 evolves to use the TMPRSS2-
mediated entry pathway more efficiently and loses the ability to utilize cathepsins/
endosome-mediated entry. In addition, cells producing S protein with an intact FCS
from alphavirus replicon efficiently form syncytia and release pseudoviruses that read-
ily spread in vitro. Syncytium formation is determined by the presence of ACE2 and
high levels of TMPRSS2 expression. This cell-to-cell fusion is also highly resistant to
human neutralizing monoclonal antibodies (hMAbs) and sera of immunized individu-
als. Lastly, cells infected with SARS-CoV-2 release not only virions but also high levels
of the S1 subunit into the medium. S1 subunit release does not depend on SARS-CoV-
2 replication, as the expression of the S protein from alphavirus replicons also results in
efficient secretion of the S1 protein. The secreted S1 can activate the TLR4 receptor
and induce pro-inflammatory cytokines, which represent a hallmark of SARS-CoV-2
pathogenesis.

RESULTS
Generation of cell lines and recovery of SARS-CoV-2 from human specimens. In

this study, we used a variety of Vero cell derivatives. The parental Vero E6 cell line was
obtained from ATCC. Vero/ACE2 cells were designed to express high levels of ACE2. As
Vero E6, they expressed levels of TMPRSS2 that were undetectable by either Western
blot (WB) (Fig. 1A) or PCR (data not shown). The double knock-in Vero/dKI-high cell line

FIG 1 Cell lines and SARS-CoV-2 variants used in the study. (A) The levels of hACE2 and hTMPRSS2
expression in Vero cells and their KI derivatives were determined by Western blotting (WB) using
antibodies against ACE2 and corresponding secondary fluorescent antibodies. Membranes were scanned
on a LI-COR imager. Relative levels of proteins were determined using Empiria Studio software (LI-COR)
and normalized to the levels of tubulin-b3. “ns” indicates a nonspecific band. (B) Amino acid sequences
of the S protein fragments containing furin cleavage site (FCS). The FCS sequences are underlined.
Mutations are indicated in red and blue, and the deletion is shown by dashes. Arrow indicates the
position of cleavage in the wild-type S protein.
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stably expressed high levels of both ACE2 and TMPRSS2, and in Vero/dKI-low cells, the
expression of human TMPRSS2 was about 50-fold lower than in Vero/dKI-high cell line
(Fig. 1A). In Vero/dKI-high cells, we also observed efficient cleavage of ACE2 (Fig. 1A).

We used a number of natural isolates of SARS-CoV-2. The original CoV-2/WA1 variant
was recovered on Vero E6 cells and, after 4 or 5 passages on the same cells, was distrib-
uted by the CDC to numerous research laboratories. The second variant CoV-2/D614G (26)
was recovered on Vero/ACE2 cells (12). Based on sequencing data, both CoV-2/WA1 and
CoV-2/D614G retained intact FCS for at least two passages in Vero/ACE2 cells. Within a few
hours postinfection (p.i.), Vero/ACE2 cells infected with either virus formed syncytia and
small plaques developed on both Vero E6 and Vero/ACE2 (12).

The Alpha and Delta variants of SARS-CoV-2 (termed here CoV-2/a and CoV-2/d ,
respectively) obtained from nasopharyngeal swabs from infected humans exhibited
different characteristics. The initial attempts to recover them by infecting Vero E6 and
Vero/ACE2 cells with multiple swab samples were unsuccessful. Although cells infected
with some samples ultimately developed a cytopathic effect (CPE), the viruses recov-
ered from these cultures had their FCSs either mutated or deleted (Fig. 1B). Two cell
culture-adapted variants, termed CoV-2/aAd and CoV-2/dAd, were chosen for use in
some experiments presented in the following sections. However, most samples pro-
duced no CPE, and viral release was not detected by either plaque assay or immuno-
staining (data not shown). This indicated that, in contrast to earlier circulating variants,
expression of only the ACE2 protein was insufficient for infection of cells and virus
spread. Indeed, the double knock-in (dKI) cell lines, which also expressed TMPRSS2
besides ACE2, Vero/dKI-low, and Vero/dKI-high in particular, were found to be highly
efficient for the recovery of CoV-2/a and CoV-2/d . Upon infection with the swab
materials, which produced no spreading infection in Vero/ACE2 cells, the dKI cells
supported virus replication and spread, rapidly developing syncytia and CPE. Both
CoV-2/a and CoV-2/d produced large plaques on Vero/dKI-high and Vero/dKI-low
cells, and based on microscopic observation, these plaques were the result of the de-
velopment and ultimate destruction of large syncytia formed under an agarose over-
lay. Sequencing of the S gene in the recovered variants after two passages in Vero/
dKI cells did not detect mutations in their FCSs (Fig. 1B).

SARS-CoV-2 isolates infect ACE2 and TMPRSS2 KI derivatives of Vero cells with
different efficiencies. To further understand the differences between natural isolates,
we compared the infectivity of the prototype CoV-2/WA1, CoV-2/D614G, CoV-2/a, and
CoV-2/d , and the cell culture-adapted variants in Vero/ACE2 and Vero/dKI-high cell
lines. Vero/ACE2 cells were utilized to support infection by viruses capable of using the
endosome-mediated entry pathway (but not the TMPRSS2-dependent pathway), which
requires functional endosomal cathepsins for S2/S9 processing. Vero/dKI-high cells can
support virus entry via both the endosome pathway and the TMPRSS2-dependent S
protein processing pathway. The latter pathway results in direct fusion of viral and
plasma membranes. The infectious titers of the virus samples were determined on
both cell lines and compared to the concentrations of viral RNA in the released virions,
determined by quantitative reverse transcription PCR (RT-qPCR) as genome equivalents
per mL (GE/mL). The data presented in Fig. 2A and B demonstrate that the early var-
iants, CoV-2/WA1 and CoV-2/D614G, were able to efficiently utilize the TMPRSS2-inde-
pendent, endosome-mediated entry pathway in Vero/ACE2 cells. The CoV-2/a variant
was less efficient in endosome-mediated entry into Vero/ACE2 cells (Fig. 2A and B). The
CoV-2/d variant appeared completely dependent on the TMPRSS2-dependent pathway
and could not use the endosomal entry route in our experimental system. The ratio of
GE/mL to PFU/mL in Vero/ACE2 cells increased from ;200 for CoV-2/WA1 to more than
2 � 106 for CoV-2/d . Notably, this ratio could not be accurately quantitated for CoV-2/d ,
because on Vero/ACE2 cells, this variant was unable to produce plaques or cause CPE.
Therefore, we estimated titers of 50 PFU/mL (equivalent to the limit of detection) for our
calculations.

The ACE2/TMPRSS2-dependent entry directly through the plasma membrane was
more efficient for all variants studied because the titers determined on Vero/dKI-high
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cells were always higher than those on the Vero/ACE2 counterpart (Fig. 2A). However,
its role was particularly evident in the case of CoV-2/d infection. Interestingly, for Vero/
dKI-high cells, the GE/PFU ratios of CoV-2/a and CoV-2/d samples remained higher
than those of CoV-2/WA1 and CoV-2/D614G (Fig. 2A and C). Thus, there is a possibility
that in other cells, CoV-2/a and CoV-2/d utilize additional host proteins in the cell entry
process, which are not present in Vero E6 and its KI derivatives.

In the same set of experiments, we also analyzed the viruses which adapted to effi-
ciently replicate in Vero/ACE2 cells (Fig. 2A to C). CoV-2/dAd encoded a mutated FCS,
and CoV-2/aAd had the entire multibasic FCS deleted (Fig. 1B). Both the deletion of
FCS and the acquired mutation, which strongly affected S1/S2 processing, appeared to
restore the ability of the viruses to enter the cells via the endocytic route. Thus, they
became capable of efficient infection of Vero/ACE2 cells expressing no TMPRSS2 and
their GE:PFU ratios, assessed on Vero/ACE2 cells, decreased by a few orders of magni-
tude (Fig. 2A and B). Accordingly, the growth rates and infectious titers of the CoV-2/
dAd and CoV-2/aAd mutants on Vero/dKI cells were dramatically higher than those of
the parental, non-cell culture-adapted viruses (Fig. 3).

All of the initial virus isolates efficiently formed syncytia in Vero/dKI-high cells (Fig. 4).
However, the deletion of the entire FCS in the cell culture-adapted CoV-2/aAd made the
virus completely incapable of inducing cell-to-cell fusion. On the other hand, partial inacti-
vation of furin-mediated processing by point mutations in cell culture-adapted CoV-2/dAd

FIG 2 Four lineages of SARS-CoV-2 infect Vero cell derivatives with different efficiencies. (A) Viral
samples were simultaneously titrated by plaque assay on Vero/ACE2 and Vero/dKI-high cells and
used in RT-qPCR to determine viral concentrations in genome equivalents per mL (GE/mL). Means
and standard deviations (SDs) are presented. Dashed line shows the limit of viral detection in
plaque assay. “n.d.” indicates that plaques were not detectable. (B and C) Ratios of viral particle
concentrations in the samples, determined in GE/mL, to viral infectious titers, determined in PFU/
mL on Vero/ACE2 and Vero/dKI-high cell lines. Significant differences, as shown in panels (A, B,
and C) were determined by one-way analysis of variance (ANOVA) Dunnett’s test (*, P , 0.05; **,
P , 0.01; ***, P , 0.001; ****, P , 0.0001; n = 3). “NA” indicates that statistical analysis is not
applicable.
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(Fig. 1B) and in the previously designed recombinant CoV-2/GFP/S686G variant (12) did
not abrogate their capacity to induce fusion of dKI cells. These variants continued to form
syncytia in the Vero/dKI-high cell line, but not in Vero/ACE2 cells (data not shown).

FCS processing and syncytium formation are beneficial for virus spread. One of
possible benefits of acquiring FCS and syncytium formation for SARS-CoV-2 biology could
be to use this additional mechanism for cell-to-cell virus spread in the presence of antiviral
adaptive immune responses. Therefore, we next investigated whether this mechanism of
viral spread is resistant to SARS-CoV-2 specific neutralizing antibodies (Abs). The main anal-
yses were performed using receptor-binding domain (RBD)-specific neutralizing human

FIG 3 Cell culture-adapted variants of SARS-CoV-2 with mutated FCS replicate more efficiently and to
higher titers in Vero/dKI-high cells. Vero/dKI-high cells in 6-well Costar plates were infected with the
indicated cell culture-adapted viruses and the corresponding parental isolates at a multiplicity of
infection (MOI) of 0.1 PFU/cell. At the indicated times postinfection (p.i.), media were replaced, and
viral titers were determined by plaque assay on Vero/dKI-high cells. Significance of differences was
determined by two-way ANOVA Tukey’s tests (***, P , 0.001; ****, P , 0.0001; n = 3).

FIG 4 All SARS-CoV-2 isolates with intact FCS efficiently formed syncytia in Vero/dKI-cells. Cells were
seeded into 6-well Costar plates and infected with the indicated viruses at an MOI of 0.01 PFU/cell.
Images were acquired at 18 hours p.i. on an EVOS inverted microscope. Syncytia are indicated by red
arrowheads.
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monoclonal antibody (hMAb) 1213H7 (27, 28) and two human immune sera. Samples
were tested with replication-competent CoV-2/a in a standard plaque reduction neutrali-
zation test (PRNT; see Materials and Methods for details). The 50% inhibitory concentration
(IC50) of the used hMAb was ,20 ng/mL and the 50% plaque reduction neutralization
titers (PRNT50) for the sera were 7,000 and 4,000 (these were designated serum 7,000 and
serum 4,000, respectively). To study the effects of Abs on syncytium formation, Vero dKI-
high cells were infected with ;100 PFU of CoV-2/a and then incubated in media supple-
mented with hMAb or serum at different dilutions (see Fig. 5 and Materials and Methods
for details). By 48 hours p.i., the infected, mock-treated cell monolayers demonstrated
complete CPE due to virus spread. Regardless of their concentrations in the media, hMAb
and both immune sera (Fig. 5 and data not shown) failed to stop syncytium development,
but prevented virus spread by infection of new cells. The numbers of syncytia formed
were equal to the number of plaques in the infected, mock-treated cells incubated under
agarose overlays. Agarose overlays were used to prevent spread of the infection beyond
the syncytia which formed by primarily infected cells. Figure 5 presents the results of a rep-
resentative experiment performed with the highest concentration of hMAb (4mg/mL) and
immune serum 7,000 (1:100 dilution). Thus, S protein-specific neutralizing hMAbs and high
titer sera added after the initial infection had no detectable impact on syncytium forma-
tion in Vero/dKI-high cells.

To confirm these data, we used another experimental system. The entire S gene of
CoV-2/WA1 variant was cloned under the control of the subgenomic promoter into a repli-
con of Venezuelan equine encephalitis virus (VEEV) (VEErep/S) (Fig. 6A). The in vitro-synthe-
sized replicon and helper RNAs were co-electroporated into cells (see Materials and
Methods for details). The titers of harvested S protein-encoding replicons packaged into the
VEEV envelope approached 4 to 10 � 108 infectious units (inf.u)/mL, and these particles
were used to infect Vero-based cell lines using a low multiplicity of infection (MOI) (Fig. 6B).
As for SARS-CoV-2, the fusogenic activity of the S protein expressed by VEErep/S were
strictly dependent on the presence of ACE2 protein at the plasma membrane. Vero E6 cells
with levels of ACE2 that were undetectable by WB did not support syncytium formation,
but Vero/ACE2 cells did (Fig. 6C). Expression of TMPRSS2 in two independent Vero/dKI cell

FIG 5 Highly potent human neutralizing monoclonal antibody (MAb) and immune serum do not
affect syncytium formation by CoV-2/a. Vero/dKI-high cells in 6-well Costar plates were infected with
;100 PFU of CoV-2/a. They were then incubated in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 3% fetal bovine serum (FBS) and containing either hMAbs 1213H7 or immune
serum 7,000 at concentrations of 4 mg/mL and 1:100 dilution, respectively. At 2 days p.i., cells were
fixed with 4% paraformaldehyde (PFA) and stained for plaques with crystal violet. The control mock-
treated, virus-infected cells were covered by agarose as in the plaque assay (see Materials and
Methods). Data were normalized to the number of plaques formed in mock-treated, infected cells
under agarose cover. Means and SDs are presented. Significance of differences was determined by
one-way ANOVA Dunnett’s test (ns, P . 0.05; n = 3).
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lines (Vero/dKI-high and Vero/dKI-low) had a strong positive effect on syncytium size. In
Vero/ACE2 cells, each formed syncytium contained 5-to-20 nuclei, and in Vero/dKI-low and
Vero/dKI-high cells, they contained between 100 and 150 nuclei of the fused cells (Fig. 6C).
Thus, as in the case of SARS-CoV-2 infection, efficient syncytium formation was dependent
on expression of both ACE2 and TMPRSS2 proteins.

Next, we used these packaged VEErep/S replicons to infect Vero/dKI-high cells at a
dose of ;100 inf.u/well and further incubated them in the presence of the highest
achievable concentrations of hMAb 1213H7 and immune serum 7,000 (4 mg/mL and

FIG 6 Upon infection with packaged VEErep/S replicon, Vero cells expressing ACE2 or ACE2 and TMPRSS2 form syncytia, which
are resistant to SARS-neutralizing Abs. (A) Schematic of the VEErep/S replicon. (B) Indicated cell lines were seeded into 6-well
Costar plates and infected with packaged VEErep/S replicon. Cells were then incubated for 18 h in complete medium, fixed with
PFA, and stained with crystal violet. (C) Before staining, images of standard-size syncytia were acquired on a Nikon Eclipse
inverted microscope. Syncytia are indicated by red arrows. This experiment was repeated multiple times, and syncytia were
reproducibly of the same sizes. (D) Vero/dKI-high cells in 6-well Costar plates were infected with ;100 infectious units (inf.u) of
packaged VEErep/S. They were then incubated in DMEM supplemented with 3% FBS and containing either hMAbs 1213H7 or
immune serum 7,000 at concentrations of 4 mg/mL and 1:100 dilution, respectively. At 18 hours p.i., cells were fixed with 4% PFA
and stained for plaques with crystal violet. Data were normalized to the numbers of plaques in mock-treated cells. Means and
SDs are presented. Significance of differences was determined by one-way ANOVA Dunnett’s test (ns, P . 0.05; n = 3).
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1:100 dilution, respectively). Within 18 to 20 hours p.i., large syncytia were formed
around the primarily infected cells (Fig. 6D). As in the experiments with live virus, there
was no noticeable effect of the hMAbs of immune sera on the size of syncytia pro-
duced by the VEErep/S replicon.

Interestingly, Vero/dKI-high cells, and the Vero/dKI-low cell line in particular, infected
with VEErep/S were found to release infectious pseudoviruses to titers approaching
2.5 � 106 inf.u/mL. These pseudoviruses continued to infect and form syncytia on both
Vero/dKI-high and Vero/dKI-low cells, the sizes of which were indistinguishable from
those of syncytia formed after infection with the originally packaged VEErep/S replicon.
Supernatants harvested from these cultures were capable of infecting naive Vero/dKI
cells and were passaged multiple times without a decrease in infectious titers. The for-
mation of similar pseudoviruses was previously described for the Semliki Forest virus-
based replicon expressing the G protein of vesicular stomatitis virus (VSV) (29, 30).
Thus, the infectious VEErep/S pseudovirions most likely represented small, cell-
released vesicles containing S protein on their surface. These vesicles contained
either replicon genomes or VEEV-specific replication complexes with double-stranded
RNA replication intermediates. Since the exact composition of pseudoviruses was not
the focus of our study, their detailed characterization has not been performed. However,
we were interested in whether their infectivity was based on the same mechanism(s) as
that used by SARS-CoV-2 and thus, whether the infection was sensitive to neutralizing
Abs. Alternatively, the infection could be resistant to neutralizing Abs and similar to the
S protein-mediated cell-to-cell fusion and syncytium formation exhibited by the S pro-
tein-expressing cells. To distinguish between these possibilities, we again used a stand-
ard PRNT (see Materials and Methods for details) using hMAb 1213H7. For the VEErep/S
pseudovirus, the IC50 of the hMAb was 30 ng/mL, which was very close to that identified
for SARS-CoV-2 virions. Thus, we concluded that the released pseudoviruses used the
same entry/infectivity pathway(s) as the authentic virus for infecting cells, but not a syn-
cytium formation-like mechanism which was resistant to neutralizing Abs.

Taken together, these data suggested that the development of syncytia by SARS-
CoV-2 requires the presence of ACE2 and TMPRSS2 at the plasma membrane.
However, the mechanism for syncytium formation appeared to be different from that
used for virus entry. In agreement with previously published data (31, 32), syncytium
formation by replicating SARS-CoV-2 and VEErep/S was resistant to highly efficient
RBD-specific neutralizing hMAbs and polyclonal SARS-CoV-2-specific human serum.
However, these experiments were limited to a few available samples of hMAb and
sera. Some published data also suggest that Abs capable of inhibiting syncytium for-
mation are rare, but can be present in some immune sera (32, 33).

Overexpression of TMPRSS2 causes aberrant processing of the S protein. Next,
we used the alphavirus replicon-based S protein-expressing system to determine
whether the furin-mediated processing of the S protein is an absolute requirement for
syncytium development. Vero/ACE2, Vero/dKI-low, and Vero/dKI-high were infected
with packaged VEErep/SDFCS, which encoded SARS-CoV-2 protein with a deleted FCS
(Fig. 7A). No syncytium formation was detected in the Vero/ACE2 or Vero/dKI-low cell
lines (Fig. 7B). However, Vero/dKI-high cells did produce syncytia (Fig. 7B), albeit they
were smaller than those formed by VEErep/S (Fig. 6B). These data suggested that over-
expression of TMPRSS2 in Vero/dKI-high cells could potentially cause S protein processing
required for membrane fusion, even without furin-mediated pre-cleavage. Indeed, in
Vero/dKI-high cells infected with CoV-2/D614G, the spectrum of S protein-derived poly-
peptides was different from those in other Vero-based cell lines, expressing either low lev-
els of TMPRSS2 or no TMPRSS2 (Fig. 8). Vero/ACE2 and Vero/dKI-low cells infected with
CoV-2/D614G demonstrated accumulation of both full-length S protein and its S2 subu-
nit. In Vero/dKI-high cells, the S2 subunit was present at lower levels than in Vero/dKI-low
cells. Moreover, in repeat experiments, we detected the presence of a band reminiscent
of S29, and several additional protein bands of similar size. Interestingly, in the virions
released from Vero/dKI-high cells, the level of S2 was also low and additional shorter S2
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derivatives were present (Fig. 8). Since CoV-2/D614G caused rapid syncytium formation
and CPE in Vero/dKI-high cells, the aberrant cleavage products of the S protein, as well as
N, nsp1, and tubulin, were also detectable in the supernatant after pelleting virions by
ultracentrifugation. Thus, high levels of TMPRSS2 expression likely leads not only to cleav-
age of ACE2 (Fig. 1A), but also to premature processing of S29 site and/or additional non-
specific cleavage(s) of S2. This observation explains the syncytium formation in Vero/dKI-
high by the S protein produced by VEErep/SDFCS (Fig. 7B). Thus, the interpretation of
data describing S protein processing generated in the TMPRSS2-overexpressing cell lines
should be done cautiously.

SARS-CoV-2 infection results in secretion of the S1 subunit. During the above-
described experiments and other experiments with natural viral isolates, we noticed
that after pelleting the viruses produced in cells expressing low levels of TMPRSS2,
the supernatants contained high levels of S1, while S2 and S were undetectable. To
better understand this effect, we analyzed accumulation of S1 in the harvested
media, the pelleted viral particles, and the supernatants from cells infected with dif-
ferent SARS-CoV-2 variants. For infection, we used CoV-2/WA1 and CoV-2/D614G
isolates, which retained a functional FCS (Fig. 1A). The tissue culture-adapted CoV-2/
dAd and CoV-2/aAd had mutations either strongly affecting or completely eliminat-
ing the S protein processing and were used as controls (Fig. 1A). Vero/ACE2 cells
were infected with the indicated viruses and further incubated in serum-free media
(see Materials and Methods for details). To avoid contamination of samples with in-
tracellular proteins, virus-containing media were harvested at 20 hours p.i., before
the cells lost their integrity.

WB analysis demonstrated that the media of CoV-2/WA1- and CoV-2/D614G-
infected cells contained both full-size S protein and the S1 and S2 subunits (Fig. 9A).
This was expected, as S1/S2 cleavage of portions of the S protein occurs during virus
egress. However, the fraction of S1 in the S/S1 bands was repeatedly higher than the
fraction of S2 (Fig. 9A). The infected cells also retained more S2 than S1 subunit (Fig.
9A). These data suggested that S1 might be secreted from infected cells and present in
the medium not only as a component of viral particles, but also in free form. In agree-
ment with previously published data, only small amounts of S1 or no S1 at all were
detected in samples of media harvested from CoV-2/dAd- and CoV-2/aAd-infected
cells, respectively.

FIG 7 Expression of SARS-CoV-2 S protein that lacks FCS induces syncytium formation only in the ACE2-
expressing Vero cells, which also overproduce TMPRSS2. (A) Schematic presentation of the VEErep/SDFCS
replicon and aa sequence of the protein fragment with deleted FCS. (B) Packaged replicon was titrated in
parallel in 6-well Costar plates on the indicated cell lines. After incubation for 18 h in liquid media, cells
were fixed and stained with crystal violet. Wells infected with the same viral dilution are presented.
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Released viruses were inactivated by UV (see Materials and Methods for details),
then pelleted by ultracentrifugation, and viral pellets and supernatants were analyzed
by WB. Pellets of CoV-2/WA1 and CoV-2/G614G, but not the supernatants, contained
the full-length S protein, S1 and S2 subunits, and N protein, reminiscent of being virion
components (Fig. 9A). However, only the S1 subunit was clearly detected in the super-
natants (Fig. 9A). The lack of N protein in the supernatants after ultracentrifugation
confirmed the absence of viral particles and lack of cell lysis, which could lead to non-
specific release of S1. Thus, the S1 subunits in the supernatants were present in free
form, but not as virion components. Low levels of S1 were also detectable in the super-
natants of cells infected with CoV-2/dAd, which demonstrated some S1/S2 processing.

In additional experiments, we evaluated whether the secretion of the S1 subunit is
specific to the earlier circulated SARS-CoV-2 variants or a common phenomenon for all
of them. Vero/dKI-low cells were infected with CoV-2/WA1, CoV-2/G614G, CoV-2/a,
and CoV-2/d . As above, media, supernatants and pellets were analyzed for the pres-
ence of S, S1, and S2 proteins. Replication of all these viruses resulted in the release of
free S1 into the media (Fig. 9B). Notably, CoV-2/d demonstrated the highest S1 secre-
tion, most likely due to the presence of an additional Arg in FCS, and its viral particles
contained the lowest levels of unprocessed S protein. Taken together, these data
strongly suggested that infection with any of the tested SARS-CoV-2 variants results in
release of the S1 subunit from infected cells not only within virions but also in a free
form. Thus, S1 could potentially have additional function(s) in either viral replication or
pathogenesis.

Viral replication is not a prerequisite of S1 secretion. In the following experi-
ments, we analyzed whether viral replication is required for secretion of the S1 protein.
The above-described VEErep/S replicon (Fig. 6A), which was packaged into infectious

FIG 8 Overexpression of TMPRSS2 leads to aberrant processing of the S protein. The indicated cell
lines were infected with CoV-2/D614G at an MOI of 1 PFU/cell. They were incubated in serum-free
media for 16 h, and then media and cells were harvested. After UV inactivation, virions were pelleted
by ultracentrifugation. Supernatants, pelleted virions, and cell lysates were analyzed by WB as
described in Materials and Methods.
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viral particles with a VEEV envelope, was used for infection of a variety of cell lines,
including HEK293T, BHK-21, NIH 3T3, and A549/ACE2 cells. The infected cells were incu-
bated in serum-free media. Samples were harvested at 18 hours p.i. and analyzed by WB
(Fig. 10). Expression of the S protein by VEErep/S resulted in efficient secretion of S1 into
the media from all cell lines used in this experiment (Fig. 10). Based on SDS-PAGE mobil-
ity, the S1 proteins secreted from Vero E6, HEK293T, and NIH 3T3 were of the same size.
The S1 subunit released from BHK-21 cells appeared to be larger, while the protein pro-
duced by A549/ACE2 cells was noticeably smaller. These differences in mobility were
likely the results of different glycosylation patterns of the S1 rather than changes in pro-
teolytic processing. Thus, the secretion of S1 was not specific to Vero cells and was
largely independent of multiple processes involved in SARS-CoV-2 replication.

S1 subunit is secreted by multiple expression cassettes. Next, we intended to
determine whether synthesis of the entire S protein is a prerequisite of the S1 secre-
tion. We cloned sequences of (i) S1 subunit, (ii) S protein without the cytoplasmic pep-
tide, (iii) S protein having no cytoplasmic peptide and transmembrane domain, and (iv)
S protein with heterologous trimerization peptide (T4 fibritin foldon) instead of the
transmembrane domain under the control of the subgenomic promoters (VEErep/S1,
VEErep/SDCyt and VEErep/SDTm, and VEErep/Secto, respectively) (Fig. 11A). These

FIG 9 Replication of SARS-CoV-2 variants with intact FCS results in secretion of the S1 subunit. (A)
Vero/ACE2 cells were infected with the indicated viruses having either intact or mutated FCS. After
incubation of infected cells in serum-free medium for 18 h, the presence of S, S1, S2, and N was
analyzed in the cell lysates, medium, and supernatants and pellets after UV inactivation and
ultracentrifugation. (B) Vero/dKI-low cells were infected with indicated viruses at an MOI of 1 PFU/cell.
After incubation in serum-free medium, the presence of S, S1, S2, and N was analyzed in the cell
lysates, medium, and supernatants and pellets after UV inactivation and ultracentrifugation (see
Materials and Methods).
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replicons were also packaged into VEEV structural proteins and used to infect Vero E6
cells. Media were harvested before CPE development, and secreted proteins were ana-
lyzed by WB using S1-specific Abs. As we described above, expression of full-length S
protein led to secretion of free S1 but not S2, which remained within the cells (Fig.
11B). Expression of SDCyt protein also led to secretion of similar amounts of S1. The
very low levels of S and S2 could be the result of pseudovirus release. Expression of
Secto resulted in secretion of all three forms of S proteins into the media: the entire S,
S1, and S2 subunits. The percentages of S1 and S2 in the S protein-derived protein
pools were similar, and neither S1 nor S2 proteins were retained within cells (Fig. 11B).
This suggested that Secto could be released as a trimer as previously described (34)
and very little, if any, free S1 protein was secreted. Expression of SDTm also led to the
release of equal levels of S1 and S2 subunits, but it remains to be seen whether they
are released as monomers or trimers. Interestingly, the S1 subunit expressed by
VEErep/S1 was efficiently secreted into the media, but in SDS-PAGE, it always migrated
slower than the S1 produced during VEErep/S replication, and its mobility was similar
to that of commercially available recombinant S1 (Fig. 11B). Most likely, the changes in
mobility were the results of different post-translational modifications. Taken together,
these data strongly suggested that the secretion of properly processed S1 is depend-
ent on its expression in the context of the entire S protein.

Secreted S1 subunit induces pro-inflammatory response. To date, published
data about the pro-inflammatory functions of soluble S1 remain contradictory. This
might be a result of using S1 samples derived from different expression cassettes and
expressed in different systems. To obtain additional answers, we determined whether
the S1 subunit released from infected cells or cells expressing a full-length S can acti-
vate TLR4 receptor. In our initial experiments, we used S1 protein released from Vero
cells infected with SARS/D614G or VEErep/SDCyt. Media harvested form SARS/D514G-
infected cells was treated by UV and then concentrated in biosafety level 2 conditions.
Media from VEErep/SDCyt-infected cells did not require UV inactivation, but it was sim-
ilarly concentrated. As a control, we used concentrated media collected from cells
infected with VEErep/GFP. Concentrated media were used to treat HEK-Blue hTLR4
cells, a reporter cell line with a colorimetric response to activation of TLR4 receptor. A
robust signal was detected after treatment with medium containing S1 produced by

FIG 10 Secretion of S1 subunit after infection with packaged VEErep/S is not cell-specific. The indicated
cell lines were infected with VEErep/S, packaged into infectious VEEV particles, at an MOI of 10 inf.u/
cell. Infected cells were incubated in serum-free medium for 18 h. The levels of S, S1, and S2 were
analyzed in the cell lysates and medium by WB.
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VEErep/SDCyt, but not with control medium derived from VEErep/GFP-infected cells
(Fig. 12A). This confirmed that secreted S1 activates the TLR4 receptor. However, no
signal was detected after treatment with the S1 subunit secreted from SARS/D614G-
infected cells. To resolve this ambiguity, we prepared an S1 sample from VEErep/
SDCyt-infected cells, treated it with UV, and concentrated it as performed for the previ-
ous viral sample. Next, HEK-Blue hTLR cells were incubated in the presence of the S1
subunit samples, one of which was UV-treated and the second untreated. Without UV
treatment, the S1 protein was seen to clearly induce the TLR4-dependent pathway.
However, after exposure to UV, it completely lost this activity (data not shown). This
provided a plausible explanation for the lack of TLR4 activation by samples of virus-
containing media, which were pre-treated with UV light to inactivate infectious virus.

Based on the data, HEK-Blue hTLR4 cells were treated with the S1 subunit-containing
media harvested from Vero E6 cells infected with packaged VEErep/S, VEErep/S1, and
VEErep/SDCyt (see Materials and Methods). Identically concentrated medium harvested
from cells infected with packaged VEErep/GFP was used as a negative control. In multiple
experiments, all of the S1-containing samples reproducibly activated TLR4, albeit those
produced by VEErep/S and VEErep/SDCyt activated TLR4 more efficiently (Fig. 12B).
Interestingly, the commercially available S1 did not activate TLR4. This was likely the result
of its different post-translational modifications or inactivation during purification and ly-
ophilization procedures utilized during the preparation of this material.

We also tested whether the presence of S1 could lead to activation of pro-inflam-
matory genes. Within 6 h of S1 treatment, HEK Blue hTLR4 cells clearly demonstrated

FIG 11 S1, S2, and S proteins can all be expressed in secreted forms. (A) Schematic presentation of
the different forms of S protein expressed by VEEV replicons. (B) Vero cells were infected with VEEV
replicons encoding different forms of the S protein at an MOI of 10 inf.u/cell. Infected cells were
incubated in serum-free medium for 18 h. The levels of S, S1, and S2 were analyzed in the cell-lysates
and media by WB. Commercially available recombinant S1 was used for relative quantitation of S1 in
different samples.
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increased concentrations of interleukin-1b-, tumor necrosis factor a (TNF-a)-, CXCL1-,
CXCL2-, and CCL2-specific mRNAs (Fig. 12C). This finding provided additional evidence
of a pro-inflammatory function of the secreted S1 subunit and suggested the possibil-
ity that the released S1 could contribute to pathogenesis in SARS-CoV-2 infections.

DISCUSSION

During the 2-year pandemic, SARS-CoV-2 has demonstrated an unprecedented evo-
lution. One important characteristic of the new variants was that despite using the
same ACE2 receptor for cell entry, each new variant appeared to be more transmittable
than its predecessors (1–5). Mutations which gradually accumulated in the RBD were
found to increase the affinity of the S protein ectodomain to the ACE2 receptor (35),
but this effect is unlikely to be the only result of viral evolution. Our data suggest that
later isolates have a decreased capacity to infect cells via the catepsins/endosome-
mediated entry pathway. In contrast to the earlier circulating CoV-2/WA1 and CoV-2/
D614G, the CoV-2/a and CoV-2/d variants infected Vero/ACE2 cells, which expressed
no TMPRSS2, very inefficiently. Compared to that of CoV-2/WA1, the GE:PFU ratio of
CoV-2/d variant determined on Vero/ACE2 cells was more than 4 orders of magnitude
higher (Fig. 2A and B). However, the CoV-2/a and CoV-2/d viruses retained the capacity
to infect cells expressing both TMPRSS2 and ACE2. For now, the benefits of shifting to
ACE2/TMPRSS2-mediated virus entry for infection spread and pathogenesis remain
undefined. Moreover, the GE:PFU ratios of CoV-2/a and CoV-2/d remain relatively high
even on Vero/dKI-high cells that express both TMPRSS2 and ACE2, despite the ability
of the viruses to infect these cells (Fig. 2A and C). This effect generally contradicts the

FIG 12 Secreted S1 activates TLR4 receptor. (A) HEK293-Blue TLR4 cells were stimulated by S1 (;1 mg/mL)
produced by CoV-2/D614G-infected cells (after inactivation with UV) or by VEErep/S-infected cells (without
UV inactivation). Lipopolysaccharide (20 ng/mL) and concentrated media from VEErep/GFP-infected cells
were used as positive and negative controls, respectively. Signals were read at 20 h post-stimulation. (B)
HEK293-Blue TLR4 cells were stimulated by S1 produced by cells infected with VEEV replicons encoding
indicated variants of the S protein. Signals were read at 20 h post-stimulation. Significance of differences
was determined by one-way ANOVA Dunnett’s test (****, P , 0.0001; n = 3) (C) HEK293-Blue TLR4 cells
were stimulated by S1 (;2.5 mg/mL) produced by VEErep/S-infected cells. The levels of activation of
cytokine-specific genes were assessed by qPCR as described in Materials and Methods.
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high transmission rates that have been associated with these variants and suggests
that in vivo, CoV-2/a and CoV-2/d potentially utilize additional co-receptors or low-af-
finity binding factors at the plasma membrane. This possibility is supported by earlier
findings that SARS-CoV-2 could utilize additional host factors, such as Neuropilin-1 and
Integrin, as receptors (15, 16). Interestingly, both CoV-2/a and CoV-2/d viruses readily
returned to the endosome-mediated entry and higher infectious titers in cell culture af-
ter acquiring mutations which affected the FCS. This observation raises the additional
question of why the S protein of SARS-CoV-2 contains an FCS, which is consistently
present in all isolates from patients.

One of the direct consequences of having a fully functional, efficiently processed
FCS in the spike protein is that viral replication leads to fusion of ACE2-expressing cells
and, even more so, of ACE2/TMPRSS2-expressing cells. Vero/ACE2 cells, which were
used in this study, did not exhibit detectable levels of TMPRSS2 yet still supported the
formation of relatively small syncytia upon viral infection. This finding was in agree-
ment with previous results which showed that that expression of TMPRSS2 is not an
absolute requirement for SARS-CoV-2 induced cell fusion (12). However, the presence
of TMPRSS2 greatly increases not only viral infectivity but also the sizes of SARS-CoV-2-
induced syncytia. Moreover, overexpression of this serine protease in Vero/dKI-high
cells appears to result in the accumulation of aberrantly processed S2 subunits in both
S protein-producing cells and viral particles (Fig. 8). These products likely contain S2 in
a fusogenic form and further enhance cell-to-cell fusion and viral infectivity.

Syncytium formation may be an alternative mechanism for the spread of SARS-CoV-2
in permissive cells and is believed to contribute to the pathogenesis of SARS-CoV-2 (36–
40). The efficiency of cell fusion induced by this virus is particularly evident in CoV-2/
d -infected Vero/dKI cell cultures, in which the entire monolayer rapidly becomes a large
syncytium even at a low MOI. Importantly, this mechanism of virus spread is resistant to
the presence of high levels of neutralizing hMAbs or Abs from immune sera in the media.
In this study, we tested both S1- and S2-specific hMAbs (Fig. 5 and 6D, and data not
shown) and two sera with very high neutralizing titers: 7,000 (Fig. 5 and 6D) and 4,000
(data not shown). The antibodies from neither of these preparations could significantly
inhibit syncytium formation despite their capacity to completely block infection when
mixed with cell-free viral particles. This finding raises the possibility that the induction of
Abs capable of interfering with syncytium development could be uncommon. However, a
few such Abs have been described in the literature, suggesting that their induction is pos-
sible (32, 33). Thus, our data suggest that the presence of FCS in the S protein may make
the spread of SARS-CoV-2 infection more resistant to the antiviral effect of virus-specific
Abs. This could be of great benefit to allow for more efficient infection, viral transmission,
and ultimately circulation in the human population. Unexpectedly, VEEV replicons express-
ing S protein were found to be capable of forming syncytia in ACE2-expressing cells, par-
ticularly in ACE2/TMPRSS2-expressing cells. Moreover, cells infected with this S protein-
expressing replicon produced pseudoviruses that could also induce syncytium formation.
Thus, this simple replicon-based system could potentially be adapted for screening MAbs
that inhibit cell-to-cell fusion and perhaps more importantly, to further define the mecha-
nism(s) of SARS-CoV-2 induced syncytium formation. Currently, the latter aspect of the
biology of this virus remains poorly understood.

The second effect of FCS in the S protein was not only the processing of S into S1
and S2 subunits in released virions, but also the efficient secretion of S1 from infected
cells. The S1 subunit accumulated in the medium if cells were infected with either
SARS-CoV-2 or VEEV replicons expressing the S protein with an intact FCS. The molecu-
lar weight of such an S1 and its mobility in the SDS-PAGE gels were different from
those of S1 expressed outside the context of the entire S protein (Fig. 11). In addition,
the molecular weight also depended on the type of cells used for protein production
(Fig. 10). Thus, the post-translational modifications of individually expressed S1 are
probably different from those in the trimerized full-length S protein and also cell type-
specific.
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Although unlikely, it is possible that secreted S1 can decrease the concentration of
free neutralizing Abs in vivo. However, more importantly, experimental data from this
and other studies (41, 42) suggest that free S1 can activate the TLR4 receptor and
induce a pro-inflammatory response. A similar effect has previously been described for
Ebola virus (43). During replication, this virus also produces large amounts of shed,
secreted trimeric glycoprotein GP, which activates a pro-inflammatory response repre-
senting a major component of viral pathogenesis (43). This may also be the case for
SARS-CoV-2, and questions regarding the benefit of inflammation induction on virus
replication and/or spread remain areas of active investigation. Some limited data have
suggested a correlation between the concentration of S1 in the plasma and the sever-
ity of COVID (44). Importantly, both the Pfizer and Moderna SARS-CoV-2 mRNA vac-
cines are based on the expression of an S protein with an intact FCS. Thus, after RNA
delivery in vivo, cells most likely secrete the S1 subunit, which, in turn, can activate a
pro-inflammatory response. In fact, it has been demonstrated that, on average, S1 is
present in the plasma for 7 days after vaccination (45). Whether its presence plays a
positive or negative role in induction of the adaptive immune response and/or adverse
reactions associated with these vaccines remains unclear. However, the potential bio-
logical activities of S1 should be considered and additionally investigated in future
studies.

In conclusion, our study demonstrates that the evolution of SARS-CoV-2 continues
during circulation in the human population as evidenced by multiple observations. (i)
The most recent variants have become very inefficient in their use of the catepsins/
endosome-mediated cell entry pathway and rely more on TMPRSS2-dependent entry.
(ii) Acquisition of FCS by the S protein has made SARS-CoV-2 capable of more efficient
syncytium formation. The minimal requirement for fusion of infected cells is expression
of the ACE2 receptor, but the presence of TMPRSS2 greatly enhances the efficiency of
this process. (iii) Overexpression of TMPRSS2 leads to aberrant processing of the S2
subunit. Products of S2 processing accumulate in infected cells and released viral par-
ticles. (iv) Cells infected with SARS-CoV-2 or VEErep/S secrete high levels of the S1 sub-
unit. (v) The released S1 is capable of activating the TLR4 pathway and a pro-inflamma-
tory response. This pro-inflammatory function of secreted S1 may be an important
contributor to SARS-CoV-2 pathogenesis and to the inflammatory responses to vac-
cines based on expression of the full-length S protein. In addition, VEErep/S-infected
cells release infectious pseudoviruses containing RNA genomes of VEErep/S. These
pseudoviruses and VEErep/S represent alternative experimental systems for screening
inhibitors of virus entry and syncytium formation.

MATERIALS ANDMETHODS
Cell cultures. The BHK-21 cells were kindly provided by Paul Olivo (Washington University, St. Louis,

MO). Vero E6, NIH 3T3, A549, and HEK293T cells were obtained from the American Type Culture
Collection (Manassas, VA). A clone of Vero E6 cells with levels of ACE2 expression undetectable by WB
was used in most experiments as an ACE2-negative cell line. Vero/ACE2 cells ectopically expressing
hACE2 have been described elsewhere (12). The Vero/dKI-low stable cell line was generated by transfec-
tion of Vero/ACE2 cells with PiggyBac plasmid encoding human TMPRSS2, followed by G418 selection. A
single clone was selected for further work. Vero/dKI-high cells overexpressing both hAce2 and
hTMPRSS2 were obtained from NIAID BEI Resources (no. NR-54970). BHK-21, NIH 3T3, and Vero E6 cells
and their derivatives were maintained in alpha minimum essential medium supplemented with 10% fe-
tal bovine serum (FBS) and vitamins. A549, and HEK293T cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum.

SARS-CoV-2 isolates. The stock of SARS-CoV-2 strain 2019-nCoV/USA_WA1/2020 (CoV-2/WA1) was
derived from one of the first patients diagnosed in the United States. This virus was originally isolated
by Natalie Thornburg from the Centers for Disease Control and Prevention in Atlanta, GA (46). It was
amplified on Vero E6 cells. Passage 4 was received from the World Reference Center for Emerging
Viruses and Arboviruses (WRCEVA) at the University of Texas Medical Branch at Galveston (UTMB). The
second early isolate of SARS-CoV-2 (CoV-2/D614G) was described elsewhere (12). It was isolated from a
specimen of an unspecified patient on Vero/ACE2 cells, and passage 2 (P2) was used in this study. This
virus encoded intact FCS, produced homogeneous small plaques, and demonstrated no heterogeneity
in NGS. Other isolates, SARS-CoV2/Alpha and SARS-CoV-2/Delta (termed CoV-2/a and CoV-2/d , respec-
tively), were recovered on Vero/dKI-high cells from swabs of unspecified patients. These were also repre-
sented by homogeneous viral pools. The S proteins of these viruses contained all of the specific
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mutations of the B.1.1.7 and B.1.617.2 lineages, respectively. Their stocks were amplified only once.
Variants adapted to cell culture were generated by rescuing CoV-2/a and CoV-2/d on Vero/ACE2 cells.
These were termed CoV-2/aAd and CoV-2/dAd, respectively. They had the FCS deleted or mutated,
respectively (see Fig. 1B for details).

Viral titers were determined by infecting Vero/ACE2 or Vero/dKI-high cells (2.5 � 105 cells/well) in
6-well Costar plates with serial 10-fold dilutions of the viruses in phosphate-buffered saline (PBS) supple-
mented with 1% FBS. After incubation at 37°C for 30 min, cells were covered by 0.5% agarose supple-
mented with DMEM and 3% FBS. After incubation for 3 days at 37°C in a CO2 incubator, cells were fixed
with 7% formaldehyde and stained with 0.5% crystal violet to visualize plaques.

Plasmid constructs. pVEErep/S was designed by cloning the S protein-coding sequence derived
from the SARS-CoV-2 (NC_045512.2) genome into Venezuelan equine encephalitis virus TC-83 (VEEV TC-
83) replicon under the control of the subgenomic promoter. pVEErep/S1, pVEErep/SDCyt and pVEErep/
DTm had the same design but encoded (i) the S1 subunit (amino acids [aa] 1 to 685), (ii) the S protein
with a deleted cytoplasmic tail, and (iii) S protein with deleted transmembrane peptide and cytoplas-
mic tail, respectively. In pVEE/Secto, the C-terminal fragment of S (aa 1,209 to 1273) was replaced
with that encoding the T4 fibritin foldon and Flag tag. Plasmids were generated by standard cloning
techniques. The plasmids encoding helper RNA of VEEV TC-83 and VEErep/GFP have been described
elsewhere (47, 48).

Packaging of VEEV replicons into infectious virions. Plasmids containing cDNAs of VEEV replicons
encoding different derivatives of SARS-CoV-2 S protein, and plasmid with helper genome, were purified
by ultracentrifugation in CsCl gradients. They were linearized using an MluI restriction site located imme-
diately downstream of the poly(A) tail. RNAs were synthesized in vitro by SP6 RNA polymerase in the
presence of a cap analog (New England Biolabs) according to the manufacturer’s recommendations
(New England Biolabs). RNA qualities were assessed by electrophoresis in nondenaturing agarose gels.
Replicon and helper RNAs were co-electroporated into BHK-21 cells as described elsewhere (49, 50).
Packaged replicons were harvested at 24 h post electroporation. Infectious titers were determined by
infecting BHK-21 cells in 6-well Costar plates with serial dilutions of the samples and after incubation at
37°C, cells were fixed with 4% paraformaldehyde (PFA), permeabilized, and stained with S1-specific Abs
and fluorescent secondary Abs. Titers were calculated based on the number of S1-positive cells. For rep-
licons encoding wild-type S protein, titers were also determined by infecting Vero/dKI-high or Vero/dKI-
low cells with serial dilutions of the samples, incubating at 37°C in complete media for 20 h, fixing with
4% PFA, and staining with 0.5% crystal violet. After this staining, syncytia formed around primarily
infected cells were clearly visible.

Virus growth and analysis of the S protein processing and secretion. The subconfluent mono-
layers of Vero/ACE2 cells were infected with SARS-CoV-2 variants at an MOI of 1 PFU/cell. Cells were
then washed 3 times with PBS and further incubated in serum-free VP-SF medium (Invitrogen). To avoid
contamination with cell debris and intracellular viral proteins, media were harvested at 16 to 20 hours
p.i. before the development of profound CPE. They were passed through 0.22-mm filters and used
directly for analysis by WB in most experiments. For some studies, viruses were inactivated by UV treat-
ment for 4 min in a UV Stratalinker 1800, and then 1 mL of virus-containing medium was used to infect
Vero/dKI-high cells to confirm lack of infectious virus. Inactivated viruses were pelleted by ultracentrifu-
gation using a TLA-55 rotor in an Optima MAX-TL ultracentrifuge at 54,000 rpm and 4°C for 1 h.
Supernatants and pellets were analyzed by WB using S1-, S2-, and N-specific Abs.

Expression of S protein and its derivatives by VEEV replicons. Vero E6 and other cells were
infected with packaged VEEV replicons at an MOI of 10 inf.u/cell. They were then washed with PBS and
further incubated in VP-SF medium at 37°C in the CO2 incubator. Media were harvested at 20 hours p.i.,
at which time cells did not demonstrate any CPE. Collected samples were additionally passed through
0.22-mm filters and used directly for WB. For some experiments, samples were additionally concentrated
using Amicon Ultracel-30K Centrifugal filters.

Western blotting. After electrophoresis in NuPAGE 4 to 12% gels (Invitrogen), proteins were trans-
ferred to nitrocellulose membranes which were processed with the following antibodies: SARS-CoV-2 S1
(no. 40591-T62, Sino Biological), SARS-CoV-2 S2 (no. 40590-T62, Sino Biological), SARS-CoV-2 nucleoprotein
(no. 35-579, ProSci), SARS-CoV-2 nsp1 (no. 10-500, ProSci), GAPDH (glyceraldehyde-3-phosphate dehydro-
genase; no. 66004-1-Ig, Proteintech), and b-tubulin (no. 66240-1-Ig, Proteintech). Secondary antibodies la-
beled with infrared dyes were obtained from Thermo Fisher Scientific: donkey anti-mouse, Alexa Fluor Plus
800 (no. A32789); donkey anti-mouse, Alexa Fluor Plus 680 (no. A32788); and goat anti-rabbit, Alexa Fluor
Plus 680 (no. A32734). Membranes were scanned on Odyssey CLX (LI-COR Biosciences) and analyzed in
Empiria Studio software (LI-COR).

RNA extraction and RT-qPCR. Total RNA was extracted from a 100-mL viral sample using Direct-
zol RNA Miniprep kit (Zymo Research) according to the manufacturer’s protocol. cDNA was synthe-
sized using random primers and QuantiTect Reverse transcription kit (Qiagen). qPCRs were performed
using a CFX96 Real-Time PCR Detection System (Bio-Rad) in a final volume of 20 mL of SsoFast
EvaGreen Supermix (Bio-Rad) supplemented with 500 nM SARS-CoV-2 nsp1-specific forward primer
59-CCTCAACTTGAACAGCCCTATG-39 and reverse primer 59-GAATGCCTTCGAGTTCTGCTAC-39. The spe-
cificities of qPCR products were confirmed by analyzing their melting temperatures. Each PCR was car-
ried out in triplicate. To determine absolute RNA amounts, serial dilutions of SARS-CoV-2 nsp1 stand-
ard (2 � 101 to 2 � 107 DNA copies per reaction) were processed in parallel.

Plaque reduction neutralization test. The PRNT was performed as previously described (51).
Briefly, serum samples from the unspecified, immunized individuals were incubated at 56°C for 1 h.
hMAb 1213H7 (27, 28) and other virus-neutralizing hMAbs were kindly provided by J. Kobie (University
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of Alabama at Birmingham). hMAbs and sera were serially (2-fold) diluted in PBS supplemented with 1%
FBS and 250 PFU/mL of CoV-2/a. Samples were incubated at 37°C for 1 h, and 0.2-mL aliquots were
applied to monolayers of Vero/dKI-high cells in 6-well Costar plates. After a 0.5-h incubation at 37°C,
cells were overlaid with 0.5% agarose supplemented with DMEM and 3% FBS. After 3 days of incubation,
plaques were stained with crystal violet. The percentage of reduction was plotted against the dilution of
sera and concentration of hMAbs to generate slope and intercept values using the best-fit nonlinear
curves, which were used to calculate the 50% reduction dilution (GraphPad Prism software).

Inhibition of syncytium formation. In this assay, 6 � 105 Vero/dKI-high cells in 6-well Costar plates
were infected with ;100 PFU of CoV-2/a, ;100 inf.u of packaged VEErep/S, or pseudovirus in PBS
supplemented with 1% FBS for 1 h at 37°C. Then the inoculums were replaced by 1 mL of DMEM sup-
plemented with 3% FBS and containing hMAbs or immune sera at the concentrations indicated in the
figure legends. At 16 to18 hours p.i. (for packaged replicon or pseudovirus) or 2 days p.i. (for CoV-2/a),
cells were fixed with 4% PFA and stained for plaques with crystal violet.

Analysis of TLR4 activation by secreted S1 protein. Medium from Vero/dKI-low cells infected by
SARS/D614G was collected at 20 hours p.i. and UV-inactivated as described above. The medium was
then passed through a 0.22-mm filter, and virion-free samples were generated by ultracentrifugation.
Media from cells infected with VEE replicons expressing different S protein variants were passed through
a 0.22-mm filter. Supernatants and media were concentrated 20- to 30-fold using Amicon Ultra 30K cen-
trifugal filters (Millipore). The concentrations of S1 subunit were determined indirectly by WB using com-
mercial recombinant S1 with known concentration (no. S1N-C52H3, Acro Biosystems) as a reference.
Analysis of TLR4 activation was performed on HEK-Blue hTLR4 cells (no. hkb-htlr4, InvivoGen) according
to the manufacturer’s instructions (InvivoGen). S1 subunit was added to cells to a final concentration of
1 mg/mL. Lipopolysaccharide from E. coli K12 (LPS-EK; no. tlrl-peklps, InvivoGen) was used as a positive
control at a concentration of 20 ng/mL. The concentrated samples of VP-SF medium harvested from the
cells infected with VEErep/GFP were applied as a negative control.

Stimulation of pro-inflammatory cytokines by SARS-CoV S1 protein. HEK-Blue TLR4 cells were
seeded at concentrations of 2 � 105 cells per well in 24-well plates 15 h before stimulation. Samples of
secreted S1 protein were prepared as described above in serum-free VP-SF medium harvested from
Vero E6 cells infected with packaged VEErep/S replicon. S1 was added to the cells at a concentration
of 2.5 mg/mL in DMEM supplemented with 10% FBS. At 6 h post-treatment, cells were collected, and
total RNAs were extracted using a Direct-zol RNA MiniPrep kit according to the manufacturer’s instruc-
tions (Zymo Research). Equal amounts of RNA samples from the S1-treated and mock-treated cells
were used for cDNA synthesis by a QuantiTect reverse transcription kit according to the manufacturer’s
instructions (Qiagen). qPCR was performed using primers specific to hIL1B (AAATACCTGTGGCCTTGGGC
and TTTGGGATCTACACTCTCCAGCT), hTNFA (CCCAGGGACCTCTCTCTAATCA and GCTTGAGGGTTTGCT
ACAACATG), hCXCL1 (AACCGAAGTCATAGCCACAC and CCTCCCTTCTGGTCAGTT), hCXCL2 (CGCCCAAAC
CGAAGTCAT and GATTTGCCATTTTTCAGCATCTTT), hCCL2 (AGGTGACTGGGGCATTGAT and GCCTCCAGC
ATGAAAGTCTC), and 18S rRNA (GAGACTCTGGCATGCTAACTAG and GGACATCTAAGGGCATCAGAG). qPCRs
were performed using a CFX Opus 96 real-time PCR detection system (Bio-Rad) in SsoFast EvaGreen
Supermix (Bio-Rad). The specificities of qPCR products were confirmed by analyzing their melting tempera-
tures. The data were normalized to the mean threshold cycle (CT) of 18S rRNA in each sample. The fold dif-
ferences were calculated using the DDCT method.

Biohazard. Virus rescue and analyses, which required infectious virus, were performed in the biosaf-
ety level 3 (BSL3) facility of Southeastern Biosafety Laboratory (SEBLAB) of the University of Alabama at
Birmingham according to the protocols approved by the Institutional Biosafety Committee.
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