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1 | INTRODUCTION

SARS-CoV-2, the cause of the coronavirus disease 2019
(COVID-19) pandemic, is a betacoronavirus, and infec-
tion results in severe respiratory syndrome and some-
times death. Spike (S) proteins expressed on the envelope
are required for entering the host cells. The S protein
comprises two distinct parts, S1 and S2, and the receptor-
binding domain (RBD) in S1 binds to the host receptor
molecule, angiotensin-converting enzyme 2 (ACE2). The
S protein is cleaved at the boundary of the S1 and S2 sub-
units, called S1/S2, but the two still bind each other non-
covalently. After binding to ACE2, the conformation of
the S protein is changed, and S2’ site located at just
upstream of fusion peptide is cleaved. This cleavage at
S2° sheds the S1 subunit and induces further
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The ongoing COVID-19 pandemic is caused by SARS-CoV-2. Although several
effective vaccines that target the Spike protein on the viral surface have been
deployed, additional therapeutic agents are urgently needed. Here, we devel-
oped a system to measure the Spike protein function by quantifying cellular
membrane fusion induced by the Spike protein. The system enables the evalu-
ation of the effects of drugs and neutralizing antibodies against SARS-CoV-2
without using live viruses. Furthermore, the system characterizes membrane
fusion activity of the Spike protein of each variant to reveal that Delta variant
has more potent than Wuhan and Omicron. Our system could lead to develop
high-throughput screening for drug candidates and neutralization antibodies
that target virus entry and characterize Spike proteins from variants.

conformational changes to expose the fusion peptide,
which fuses the viral and cellular membranes for entry.
Furin protease cleaves S1/S2 site but is not essential for
cell—cell fusion, while the transmembrane serine prote-
ase, TMPRSS2, has important role to form syncytium
with S protein (Papa et al., 2021).

Vero E6 cells are frequently used to screen drugs
and evaluate SARS-CoV-2 (Gordon et al., 2020; Jeon
et al., 2020; Park et al., 2021; Shionoya et al., 2021),
and TMPRSS2 transduction enhanced their susceptibil-
ity to SARS-CoV-2 (Matsuyama et al., 2020). SARS-
CoV-2 infection of Vero/TMPRSS2 cells triggers a
remarkable cellular fusion, termed a syncytium, among
neighboring cells. It results from the binding of the S
protein that is expressed on the cell surface to ACE2 on
neighboring cells, and subsequent cleaving by TMPRSS2
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(Buchrieser et al., 2020). The syncytium is also observed
in lungs of COVID-19 patients with pneumonia and is
likely involved in pathogenesis (Bussani et al., 2020; Xu
et al., 2020).

Since this cell-cell fusion is triggered by the
same machinery as the virus-cell fusion, compounds
preventing the cell-cell fusion will be candidates for drugs
to treat virus infections. In this study, we established a
luciferase-based system to quantify cell-cell fusions cau-
sed by the S protein.

2 | RESULTS AND DISCUSSION

2.1 | Quantification of membrane fusion
To quantify the cell-cell membrane fusion, we used HiBit
technology (Reference Figure S1 for schematic diagram).
HiBit is a small 11-amino acid peptide that binds with
high affinity to a larger subunit, called LgBit, to form a
complex with luciferase activity. HiBit was conjugated

108+

with C-terminal of green fluorescent protein (ZsGreen).
First, we transduced HiBit and LgBit in 293 T cells and
co-expression strongly enhanced luciferase activity. Sin-
gle expression of LgBit also slightly enhanced luciferase
activity compared to single HiBit expression or non-
transfection (Figure 1la). Remarkable cell fusion was
observed when Vero E6 cells expressing TMPRSS2 (Vero/
TMPRSS2) were infected with SARS-CoV-2 (Figure 1b).
To quantify the fusion induced by virus infection, Vero/
TMPRSS2 cells expressing ZsGreen-HiBit or LgBit were
co-cultured in same well before SARS-CoV-2 infection.
Since single LgBit was expected to enhance some degree of
luciferase activity, cell numbers of LgBit expressing were
changed from about 300 cells to 20,000 cells and were co-
cultured with 20,000 HiBit expressing cells. The cells
infected with SARS-CoV-2 showed luciferase activity from
3.4 x 107 relative luminescence unit (RLU) to 1.0 x 10°
RLU (Figure 1c). Uninfected cells also showed that the
luciferase activity from 6.6 x 10° RLU to 1.0 x 10° RLU
depends on numbers of LgBit-expressing cells. The largest
difference by presence or absence of infection was 313 cells
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FIGURE 1

Membrane fusion assay. (a) 293 T cells were transfected ZsGreen-HiBit, LgBit, or ZsGreen-HiBit, and LgBit. At 24 hr post-

transfection, cells were examined with the Nano-Glo live-cell assay system, and luciferase activity was measured. Y-axis indicates relative
luminescence unit (RLU). (b) Images of Vero/TMPRSS2 cells at 24 hr post-infection with SARS-CoV-2 (left panel, uninfected cells; right
panel, infected cells). Arrows indicated cellular fusion. Scale bar is 50 pm. (c) 2.0 x 10* of Vero/TMPRSS2 cells expressing Zsgreen-HiBit

were co-cultured with indicated number of LgBit expressing Vero/TMPRSS2 cells (X-axis) for 24 hr. SARS-CoV-2 were infected to cells and
luciferase activity was measured at 24 hr post-infection with the Nano-Glo live-cell assay system.
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FIGURE 2 Nafamostat and neutralizing antibodies reduced cellular fusion. 2.0 x 10* of Vero/TMPRSS2 cells expressing Zsgreen-HiBit
were co-cultured with 300 cells of LgBit expressing Vero/TMPRSS2 cells for 24 hr. (a) Indicated concentration of Nafamostat were treated

1 hr before infection until 24 hr post-infection. (b,c) Virus was treated indicated concentration of neutralizing antibody (b) or K-874A (c) at
37°C for 2 hr and subsequently at 4°C for overnight. Treated virus was added co-culturing cells. Treated virus was added co-culturing cells.
At 24 hr post-infection, RNA copies (purple) were determined by qRT-PCR and luciferase activity (light blue) was measured with the Nano-
Glo live-cell assay system. Left Y-axis indicates RNA copies and right Y-axis indicates RLU. (N = 3, *p < .005, **p < .0001, One-way ANOVA

Dunnett's multiple comparisons test)

of LgBit-cells; therefore, further experiment in this study
was conducted under this condition.

2.2 | Neutralizing antibodies or
Nafamostat blocked membrane fusion and
infection

We next sought to determine if HiBit-LgBit system could
be used to screen anti-viral drugs targeting viral entry.
First, we treated the cells with protease inhibitor,
Nafamostat, which inhibits TMPRSS2 and blocks SARS-
CoV-2 infection (Hoffmann et al., 2020). SARS-CoV-2 prog-
eny was dose dependently reduced by pre-treating the cells
with Nafamostat before infection (Figure 2a). Additionally,
the luciferase activity was also reduced in cells treated with
higher concentration of Nafamostat. To confirm, the mem-
brane fusion was caused by S Protein, and S protein was
transduced into Vero/TMPRSS2 cells by lentivirus vector.
After S protein transduction into HiBit-LgBit co-culture
cells, Nafamostat, likewise, inhibited luciferase activation
(Figure S2). These data showed that inhibition of SARS-
CoV-2 infection by Nafamostat was caused by repressing
fusion between virus and cellular membrane via S protein
and our cell fusion quantification system could assess S
protein-induced cellular fusion.

Similarly, we tested this system using a serum from a
COVID-19 convalescent patient. The 50% neutralization
titer (NTso) of this serum was determined (NTso = 512) by
neutralizing SARS-CoV-2. In our HiBit-LgBit system, the
neutralization serum also inhibited S protein-induced cel-
lular fusion (Figure S3). A monoclonal antibody that neu-
tralizes SARS-CoV-2 by targeting to the receptor binding
domain (RBD) of S protein also inhibited viral infection
and the luciferase activation induced by cellular fusion

(Figure 2b). In addition, a neutralizing nanobody, K-874A,
which bound to space between N-terminal domain (NTD)
and RBD of S protein and did not block S-ACE2 binding
(Haga et al., 2021), also showed inhibition of SARS-CoV-2
infection and concomitant luciferase activation by cellular
fusion (Figure 2b). Thus, the HiBit-LgBit system may be
applied to screen for drugs against SARS-CoV-2, especially
those targeting viral entry and membrane fusion.

2.3 | Transduction of S protein from
each variant showed different cellular
fusion activity

To gain insight into S protein property of each variant, in
advance, we compared progeny production and
fusogenicity among variants by infecting same infection
dose of each variants to co-culturing of Vero/TMPRSS2/
HiBit and Vero/TMPRSS2/LgBit cells. At 24 hr post-
infection, cell fusion was observed in Wuhan-infected
cells, and the Delta strain induced more prominent cell
fusion, while the Omicron did not induce visible cellular
fusion (Figure S4a). Progeny virus of Wuhan strain was
highest and reached more than 10’ RNA copies/pl in the
culture supernatant, and progeny virus of the Delta and
Omicron strains was approximately 10°-10° RNA copies/
pl (Figure S4b). The reason why Wuhan was higher prog-
eny production can be inferred from that the Wuhan
strain in this study was repeated passage about 10 times
and may be adapted our in vitro culture condition. In
contrast, the Delata and Omicorn were used after doing
passage 3 times. Luciferase activity of the Delta infection
was significantly higher than Wuhan infection, while
that of the Omicron was significantly lower than Wuhan
infection (Figure S4c).
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FIGURE 3

S-G142D

S-L452R S-P681R

1 Untransfected 293T
B 293T transfected Indicated S protein

Delta S protein induces more cell fusion than the omicron strain. (a) Each FLAG-tagged S protein was transduced into 293 T

cells stably expressing LgBit. At 16 hr after transduction, Vero/TMPRSS2/HiBit cells were mixed into transduced 293 T cells. After 6 hr of
incubation, luciferase activity was measured with Nano-Glo live-cell assay system (*p < .0001, Dunnet's multiple comparison test). (b) Each

transduced FLAG-tagged S protein expression in 293 T/LgBit was analyzed by western blotting using anti-S and anti-FLAG antibody. Actin

was used as a loading control. (c) Each transduced FLAG-tagged S protein expression on cell surface was analyzed by flow cytometric

analysis. Untransfected 293 T cells (blue line) was used as control

Since novel variants are expected to emerge one after
another in the future, it is required to establish the system
to evaluate promptly the antiviral effect of the developed
drugs or antibodies without using live virus. Therefore, we
tried to develop the system using S protein transduction
instead of using live virus. We transduced S protein of each
variant into 293 T cells constitutively expressing HiBit-
ZsGreen and compared their fusion activity when Vero/
TMPRSS2/LgBiT cells were co-cultured after S protein
transduction. Cellular fusion activity of the Delta-S was
higher than the Wuhan-S, while that of the Omicron-S was
lower than Wuhan-S (Figure 3a). The S protein of the Delta
was highly expressed in the cells compared to S protein of
Wuhan and the Omicron even using the same plasmid vec-
tor to express the S proteins, while there was no difference
in amount of expression on cell surface (Figure 3b,c). Three
amino acid mutations were found in S protein of Delta com-
pared to Wuhan (G142D, L452R, and P681R in NTD, RBD,
and S1/S2, respectively). These mutations were individually
introduced into the Wuhan-S protein. None of them
impaired the expression level on the cell surface, and S-
G142D and S-1452R had almost the same amount of expres-
sion and fusion ability as the Wuhan strain; however, P681R
showed higher expression and fusion ability (Figure 3a-c).
These data supported the recent report that P681R mutation

enhanced viral fusogenicity and exhibited higher pathoge-
nicity in infected hamsters (Saito et al., 2021). Additionally,
P681R may be involved in furin protease cleavage on the
S1/S2 site and enhanced infectivity (Papa et al., 2021). Our
data indicated that transduction of S protein from each vari-
ant to our system reflected the nature of each S protein
observed when each variant was infected to cell.

Finally, we evaluated whether neutralizing nanobody
could inhibit luciferase activity of our system using S pro-
tein transduction. K-874A was treated to 293 T cells after
S protein transduction. Luciferase activity was lower
when 293 T cells were treated with K-874A VHH
(Figure S5); however, the difference was smaller com-
pared to using live virus. Although further optimization
is required in the live-virus-free system, our system pres-
ented here can be used to screen for drugs and antibodies
that impede S protein activity.

3 | EXPERIMENTAL PROCEDURES

3.1 | Cell and virus

Vero E6/TMPRSS2 cells were purchased from the JCRB
Cell Bank. 293 T cells were purchased from ATCC. 293 T/
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ACE2 cells were established by transducing lentiviral
vector. Vero/TMPRSS2 cells were cultured in DMEM
(Nacalai) with 5% FBS, Penicillin-Streptmycin (GIBCO)
and 1 mg/ml G418 (Nacalai). 293 T cells were cultured in
DMEM (Nacalai) with 5% FBS and Penicillin-Streptmycin.
SARS-CoV-2, 2019-nCoV JPN/TY/ WK-521 (Wuhan),
B.1.617.2 (Delta), and B.1.1.529 (Omicron) were provided
from National Institute of Infectious Diseases (NIID,
Japan). KUH003 (accession number LC630936) was iso-
lated from nasal swabs of COVID-19 patients in Tokyo.
KUHO003 has D614G.

3.2 | Vector preparation

The coding sequence of the S protein without the ER
retention signal was cloned into lentiviral vector, pLVSIN-
IRES-puro. The 11-amino acid HiBit was inserted into the
C-terminus of ZsGreen gene in pLVSIN-ZsGreen-IRES-
Puro vector, and LgBit and ACE2 were cloned into the
pLVSIN-IRES-Hyg vector, S proteins of each variant strain
of SARS-CoV-2 were Flag-tagged at C-terminus and were
cloned into pLVSIN-IRES-Puro vector.

3.3 | Lentivirus preparation and
titration

Lentivirus preparation was as described (Haga et al., 2016).
Briefly, lentivirus vectors were produced in HEK293 T cells
by transfecting four plasmids (i.e., pMDLg/pRRE, pMD2.G,
pRSV-Rev, and pLVSIN-IRE-puro-S-FLAG), using Poly-
ethylenimine ‘“Max” (Polysciences) as a transfection
reagent. The culture supernatant was harvested 60 hr post-
transfection and filtered with a 0.45-pum filter (Millipore)
and stored at —80°C.

3.4 | Transduction of HiBit and LgBit
Vero/TMPRSS2 or 293 T cells were transduced with
Zsgreen-HiBit or LgBit by a lentivirus vector. At 1 day
after transduction, 2 pg/ml puromycin (GIBCO) or
200 pg/ml hygromycin (GIBCO) was used for selection.

3.5 | Cell fusion assay with SARS-CoV-2

HiBit technology (Promega) was used to quantify the cell
fusion induced by the S protein. HiBit was linked to the
C-terminus of ZsGreen (TAKARA) and transduced by
lentivirus vector LVSIN-IRES-puro, and LgBit was trans-
duced by lentivirus vector LVSIN-IRES-Hyg (Haga

Genesto el QBSACE

et al., 2016). Equal numbers of ZsGreen-HiBit-expressing
cells and LgBit-expressing cells were plated on a 96-well
white plate (1,603,101, ThermoFisher Science). S protein
was transduced by lentivirus vector. At 14 hr after trans-
duction, the culture supernatant was replaced with Opti-
MEM (ThermoFisher Science), and 25pul of diluted
Nano-Glo live solution (Promega) was added into the
each well. After mixing, the relative luminescence was
measured by Ensight (Perkin Elmer).

3.6 | The 50%neutralization titer (NT5,)
determination for neutralization serum

Four-fold serially diluted serum from a COVID-19 conva-
lescent patient was mixed with 2.5 x 10°> TCIDs, (50%
Tissue Culture Infectious Dose) of SARS-CoV-2 and incu-
bated for 2 hr at 37°C and then 24 hr at 4°C. After incu-
bation, the virus-serum solution was added to Vero/
TMPRSS2 cells and incubated for 4 days at 37°C. Cells
were fixed with ice-cold methanol and stained with
methylene blue. The serum dilution factor was deter-
mined by counting the wells showing cytopathic effect.

3.7 | Nafamostat and neutralizing serum
treatment

Neutralizing sera were obtained from patients recover-
ing from COVID-19. To neutralize the virus, 2.5 X 10°
TCIDs, of virus was treated with the serum and
incubated at 37°C for 2 hr and subsequently at 4°C for
overnight. Cells were then inoculated with the serum-
treated virus and were incubated for 24 hr until cell
fusion assy.

3.8 | Nafamostat and neutralizing
antibody and K-874A VHH treatment

Nafamostat was purchased from Selleck. Nafamostat
treatment to cells was started 1 hr before infection and
cells were incubated for 24 hr with medium containing
each concentration of Nafamostat. To neutralize the
virus, 2.5 x 10® TCIDy, of virus was treated with serial
diluted neutralizing antibody (40592-MM57, Sino Biologi-
cal) or K-874A neutralizing VHH (Haga et al., 2021) at
37°C for 2 hr and subsequently at 4°C for overnight. Cells
were then inoculated with treated virus. At 24 hr post-
infection, RNA copies of progeny virus in the culture
supernatant were determined by qRT-PCR (SARS-CoV-2
Detection Kit, TOYOBO), according to manufacturer's
protocol.
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3.9 | S transduction to 293 T cells and
cell fusion assay

Log-phase 293 T cells (1-2 x 10*) were plated on 96-well
white plate (136,101, Thermo Fisher Scientific) 24 hr
before transfection. For transfection, 100 ng of Flag-
tagged S-protein- expressing plasmid (pLVSIN-IRE-puro-
S-FLAG) was transduced into 293 T cells. At 16 hr
post-transfection, Vero/TMPRSS2 cells expressing HiBit
were cocultured for 6 hr, and luminescence was quanti-
fied using Nano-Glo live solution (Promega), according
to manufacturer’s instruction.

3.10 | Virus infection and quantification
Cells were plated on the 96-well plates and were cultured
until confluent. The medium was changed to DMEM
with 2% FBS, and virus solution with 2.5 x 10* TCIDs,
was inoculated and incubated for 1 hr at 37°C. After
infection, virus solution was removed, and wells were
washed with DMEM/2% FBS and incubated for 24 hr
with fresh DMEM/2% FBS. Culture supernatant at 0 days
after infection was collected just after putting fresh
medium. RNA copies in culture supernatant were mea-
sured by SARS-CoV-2 Detection Kit -N2 set- (TOYOBO),
according to manufacturer's protocol.

311 | Western blotting

Whole-cell lysates were prepared by adding Laemmli's
SDS/PAGE sample buffer after washing the cells with
PBS(—) solution. The lysates were separated on 5%-20%
polyacrylamide gels (ePAGEL; ATTO) and transferred
onto a PVDF membrane by using Trans blot turbo (Bio-
Rad). Anti-S protein (40591-T62, Sino Biological) and
anti-FLAG-tag (F1804, SIGMA) were used as primary
antibodies. HRP-conjugated anti-mouse IgG (7076, Cell
Signaling Technology) and anti-rabbit IgG (7074, Cell
Signaling Technology) were used as secondary anti-
bodies. For actin detection, anti-actin hFAB rhodamine
(Bio-Rad) was used. The ChemiDoc touch (Bio-Rad) was
used to detect proteins visualized by Chemi-Lumi One
Super (Nacalai) or rhodamine.

3.12 | Flow cytometric analysis

The expression of S protein was analyzed by FACS analy-
sis. The cells were detached from plates by using enzyme-
free dissociation buffer (Gibco). After fixing with 4%
paraformaldehyde and blocking with Block ACE solution

(WAKEN B TECH), rabbit anti-S protein polyclonal anti-
bodies (40591-T62; Sino Biological) were reacted with the
cells for 12 hr at 4°C. Then, the cells were washed and
incubated with Alexa Fluor 488 goat anti-rabbit IgG
(A-11008; Thermo Fisher) for 1 hr at 4°C. Afterward, the
cells were washed and subjected to analysis. All staining
and washing steps were carried out in ice-cold
phosphate-buffered saline without magnesium and cal-
cium salts [PBS(—)] solution. The cells were analyzed
using a FACSMelody flow cytometry system (BD) and
analyzed by using FlowJo software.
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