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A B S T R A C T   

Background: SARS-CoV-2 has a significant impact on healthcare systems all around the world. Due to its high 
pathogenicity, live SARS-CoV-2 must be handled under biosafety level 3 conditions. Pseudoviruses are useful 
virological tools because of their safety and versatility, but the low titer of these viruses remains a limitation for 
their more comprehensive applications. 
Method: Here, we constructed a Luc/eGFP based on a pseudotyped lentiviral HIV-1 system to transduce SARS- 
CoV-2 S glycoprotein to detect cell entry properties and cellular tropism. 
Results: The furin cleavage site deletion of the S protein removed (SFko) can help SARS-CoV-2 S to be cleaved 
during viral packaging to improve infection efficiency. The furin cleavage site in SARS-CoV-2-S mediates 
membrane fusion and SFko leads to an increased level of S protein and limits S1/S2 cleavage to enhance pseu
dovirus infection in cells. Full-length S (SFL) pseudotyped with N, M, and E helper packaging can effectively help 
SFL infect cells. Finally, pseudotyped SFko particles were successfully used to detect neutralizing antibodies in 
RBD protein-immunized mouse serum. 
Conclusion: Overall, our study indicates a series of modifications that result in the production of relatively high- 
titer SARS-COV-2 pseudo-particles that may be suitable for the detection of neutralizing antibodies from COVID- 
19 patients.   

1. Introduction 

A large outbreak of severe acute respiratory disease (COVID-19) was 
characterized as a pandemic by the World Health Organization on 
March 11, 2020 (Zhu et al., 2020; Zhou et al., 2020). It is identified as an 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that causes 
lethality in humans and is classified as a β-coronavirus genus (Perlman 
and Netland, 2009). It has already been successfully demonstrated that 
it has a high affinity for the host human angiotensin-converting enzyme 
2 (ACE2) receptor (Walls et al., 2020). SARS-CoV-2 encodes four 
structural proteins: the spike (S), membrane (M), envelope (E), and 
nucleocapsid (N) proteins (Kim et al., 2020); with S, E, and M being 
three integral membrane proteins. Understanding how SARS-CoV-2 

infects human cells will provide insights into viral transmission and 
pathogenesis. 

The S protein is a class I fusion protein comprised of two domains, S1 
and S2. The surface unit S1 binds to a cellular receptor while the 
transmembrane unit S2 facilitates the fusion of the viral membrane with 
a cellular membrane (Hoffmann et al., 2020). Cleavage of the S1/S2 site 
results in the activation of a highly conserved the fusion peptide 
immediately downstream of the S2 site (Millet and Whittaker, 2015; 
Davidson et al., 2020; Andersen et al., 2020). Notably, SARS-CoV-2 in 
the presence of four amino acids, “682RRAR685”, results in a furin 
cleavage site (FCS) (Wrapp et al., 2020). This FCS has been present in all 
the peak proteins of clinical SARS-CoV-2 isolates and in some other 
highly pathogenic viruses (such as avian influenza A) (Luczo et al., 2015; 
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Chu et al., 2020; Belouzard et al., 2009). 
Pseudoviruses (PVs) are useful virological tools due to their safety 

and versatility. This method can “pseudotype” assemble the S protein of 
SARS-CoV-2 into a safer nonreplicating virus particle, replacing the 
endogenous protein of the virus particle itself, so that these virus par
ticles rely on the S protein to enter cells (Temperton et al., 2005; Grehan 
et al., 2015). Recently, the use of HIV-based lentiviral particles (Ou 
et al., 2020), MLV-based retroviral particles (Pinto et al., 2020), and 
VSV-based SARS-CoV-2 pseudotyped virus particles (Letko et al., 2020; 
Xiong et al., 2020) have been reported. The results of these PV 
neutralization measurements have a good correlation with the use of 
live SARS-CoV-2 virus (Chen et al., 2020). 

Here, we constructed a Luc and eGFP gene expressing PVs containing 
the wild-type or mutant S protein of SARS-CoV-2 in the envelope- 
defective HIV-1 backbone as an evaluation system in a preliminary in 
vitro. Meanwhile, using the SARS-CoV-2 S protein PV system, we 
focused on specific FCS to determine whether it is essential for SARS- 
CoV-2 S multibasic cleavage site processing and how it impacts both 
viral entry and cell-cell fusion. We confirmed that in cells infected with 
PVs, deletion of FCS can greatly increase infection efficiency. 

2. Material and methods 

2.1. Cell line and plasmids 

Huh-7 (human hepatocarcinoma cells), Vero cells (African green 
monkey kidney cells), Calu-3 (human lung epithelial cells), and MCF-7 
(human breast adenocarcinoma cells) were obtained from the Amer
ican Type Culture Collection. HEK293T cells stably expressing ACE2 
receptor (293 T-ACE2) were constructed using the lentiviral trans
duction method. The plasmid PCAGGS-spike coding full-length 
(1–1273) was kindly provided by Prof. Guangwen Lu (Sichuan Univer
sity, China). The VSV-G-encoding plasmid lentiviral packaging plasmid 
psPAX2 (#12260, Addgene). The eGFP fluorescent protein or pCDH- 
lentiviral reporter plasmid that expresses luciferase and GFP was 
generously transformed. The plasmids coding membrane (M), envelope 
(E), and nucleocapsid (N) proteins were synthesized by General Bio
logical System Co. Ltd (Anhui, China). 

2.2. Animals 

Using a fusion protein that contained the RBD linked to mouse IgG1 
Fc fragment (designated RBD-mFc) as an immunogen, Bal/bc mice (the 
Center of Experimental Animals, Sichuan University) were immunized 
2-week intervals between immunizations and three occasions later, 
blood collection was performed via a tail vein draw of ~ 0.1 mL. 
Collection of serum to measure neutralizing antibody titers. 

2.3. Production of SARS-CoV-2 S PVs or PVs with helper packaging and 
virus entry 

Pseudovirions were produced by cotransfection of HEK293T cells 
with pLenti-eGFP/pCDH-Luc-GFP, psPAX2, and plasmids encoding 
either SFL, Sdel18, SG614, SFko, or VSV-G were (6:3:1) by using poly
etherimide (PEI) reagent (Polysciences Inc, USA) based on the manu
facturer’s instructions as the transfection reagent. After 6 h of 
transfection, the medium was changed to a fresh medium, and the viral 
supernatant was collected at 24 h, 48 h, and 72 h, respectively. Cell 
debris was removed by filtration, and HIV-1 lentiviral titers were 
detected using a p24 kit (Sino Biological Inc., Beijing, China). On the 
basis of pseudovirion packaging, helper plasmids (M, N, E) were added 
to the proportion of (5:2:1:5:5:1) during packaging. Different cells were 
seeded into 96-well plates and inoculated with 100 μl media containing 
pseudovirions. Approximately 48 h postinoculation, eGFP expression in 
the infected cells was determined by fluorescence microscopy and flow 
cytometry. Cell lysates were collected 48 h postinfection, and luciferase 

activity was analyzed to monitor PV integration by the ONE-Glo™ 
Luciferase Assay System (Promega, USA). The transduction efficiency 
was analyzed using a multifunctional enzyme labeling instrument 
(Thermo Fisher Scientific, Inc., USA) All experiments were performed in 
triplicate or more. 

2.4. Pseudovirus titer assay by p24 ELISA kit 

The 96-well strip plate is precoated with a monoclonal antibody 
specific for HIV-1 p24 / capsid protein p24. The pseudovirus superna
tant from different mutants was in the same packaging conditions. Add 
the diluted test virus samples to each well and incubate for 2 h at room 
temperature. After washing, a horseradish peroxidase-conjugated anti- 
HIV-1 p24 / capsid protein p24 secondary antibody is added and incu
bated at room temperature for 1 h. A TMB substrate solution is added to 
the wells and color develops in proportion to the amount of HIV-1 p24 / 
capsid protein p24 bound in the initial step. The color development is 
stopped and the intensity of the color is measured at 450 nm. 

2.5. Detection of the S protein of SARS-CoV-2 by western blot 

Briefly, purified pseudovirion virus pellets of SFL, Sdel18, SG614, SFko, 
or VSV-G were passed through a 20% sucrose layer and cell lysates were 
resuspended in 30 μl RIPA buffer, and incubated on ice for 30 min with 
an interval vortex. Then the samples were boiled for 10 min and sepa
rated in a 10% SDS-PAGE gel and transferred to nitrocellulose filter 
membranes. After blocking with 5% milk, the membranes were blotted 
with SARS-CoV-2 (2019-nCoV) Spike Antibody, Rabbit PAb (1:2000) 
(Sinobiological Inc., China) and incubated in blocking solution over
night at 4℃, followed by incubation with horseradish peroxidase (HRP)- 
conjugated goat anti-rabbit secondary antibody (1:3000) (Proteintech, 
China) and visualization with Chemiluminescent Reagent (Bio-Rad, 
USA). 

2.6. Flow cytometric analysis of S protein expression 

Briefly, HEK293T cells were transfected with 2 μg of plasmids 
encoding SFL, Sdel18, SG614, and SFko using Lipofectamine 3000 (Invi
trogen, USA) reagents. Forty hours later, the cells were washed with PBS 
and incubated with monoclonal mouse anti-SARS Spike glycoprotein 
antibody 1A9 (1:500) (Abcam, UK) for 1 h on ice, followed by Alexa 
Fluor 488-conjugated goat anti-mouse IgG (1:500) (Proteintech, China) 
for 1 h. After washing, the cells were analyzed by flow cytometry. 

2.7. virus-like particle (VLP) production and expression 

SARS-CoV-2 VLPs were produced by SARS-CoV-2 M, S, E co- 
transfection of 293 T cells with 70% cell density in six-well plates at a 
proportion of (8:1:1) using PEI as the transfection reagent. VLP culture 
supernatants were harvested 72 h post-transfection and cleared by 0.45 
μm filtration. Then, the supernatants were concentrated using a 100 kD 
ultrafiltration tube (Millipore, USA) for further concentration and pu
rification. boiled for 10 min, separated in a 10% SDS-PAGE gel, and 
transferred to nitrocellulose filter membranes for blotting. 

2.8. Cell-cell fusion assay 

Plasmids encoding SFL, Sdel18, SG614, SFko, and eGFP were over- 
expressed into 293 T cells as the effector cells and 293 T-ACE2 as the 
target cells. Effector cells were collected separately and added to 293 T- 
ACE2 cells at an effector: target ratio (E: T) of 1:1 (104 effectors:104 

targets) in 96-well plate coculture for 4 to 24 h. Then the fusion was 
observed under a fluorescence microscope. 
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2.9. Analysis of SARS-CoV-2 S protein subcellular localization 

Confocal microscopy analysis was performed to study the localiza
tion of the S protein. Briefly, 293 T cells overexpressing SFL, Sdel18, SG614, 
SFko, and 293 T-ACE2-GFP were cocultured in 24-well plates for 12 h, 
and SARS-CoV-2 S proteins were detected using monoclonal mouse anti- 
SARS Spike glycoprotein antibody 1A9 (1:500). Specific signals were 
visualized using Alexa Fluor 594-conjugated goat anti-mouse IgG 
(1:500) (Cell Signaling Technology, USA). For nuclear staining, cells 
were treated with DAPI for 5 min. Staining sections were analyzed using 
a laser scanning confocal microscope (Zeiss 880). 

2.10. Indirect ELISA 

The RBD protein with His tags and SARS-CoV-2 Spike S1 + S2 ECD- 
His Recombinant Protein (Sinobiological Inc., China) were separately 
diluted and added to antigen-coated wells (Thermo Scientific™) and 
incubated at 4 ◦C overnight. A dilution series (from 1:2 × 103 to 1:2 ×
107) of mouse serum was added to the wells, followed by the addition of 
HRP-conjugated goat anti-mouse IgG (1:2000) (Beyotime, China). After 
washing, tetramethylbenzidine liquid substrate (TMB) (Sigma) was 
added to the plates, and the reaction was stopped with 2 M H2SO4, and 
the optical density at 450 nm (OD450nm) was measured using a multi
functional enzyme labeling instrument. The binding ability was deter
mined using a four-parameter nonlinear regression curve fit (GraphPad 
Prism 7.0). 

2.11. Detection neutralization effect of pseudotyped virus infection 

PVs containing Sdel18, SG614, and SFko were incubated with the sera 
from the immunized mouse at various dilutions (1:100–1:10000) and 
unimmunized sera for 1 h at 37 ◦C. The mixture was added to 293 T- 
ACE2 cells to detect viral infectivity. After 48 h of infection, luciferase or 
eGFP expression in the infected cells was determined by fluorescence 
microscopy and the ONE-Glo™ Luciferase Assay System. The relative 

luciferase units (RLU) from the negative control wells were normalized 
and used to calculate the neutralization percentage for each 
concentration. 

2.12. Statistical analysis 

All statistical analyses were performed using GraphPad Prism 
version 7.0 (GraphPad Software, San Diego, CA, USA). All presented 
data are shown as the means ± SDs, which contain five replicates. 
Comparisons among multiple groups were performed using two-way 
ANOVA with Dunnett’s posttest. Only p values of 0.05 or lower were 
considered statistically significant (p＞0.05[ns, not significant], p ≤
0.05[*], p ≤ 0.01[**], p ≤ 0.001[***]). 

3. Results 

3.1. Pseudovirion incorporation of SARS-CoV-2 S 

To construct a pseudovirus carrying the S protein of SARS-CoV-2, the 
S gene sequence was codon-optimized for expression and cloned into the 
eukaryotic expression plasmid pCAGGS (Yang et al., 2020) to generate 
the recombinant plasmid SARS-CoV-2 S full-length (SFL) (Fig. 1A). 
Because truncation of the cytoplasmic tail of SARS Spike was shown to 
enhance the production of viral pseudotypes (Johnson et al., 2020), we 
also generated a SARS-COV-2 Spike subclone S with C-terminal 18 aa 
truncation (Sdel18) to generate SARS-CoV-2 S deleting an endoplasmic 
reticulum (ER)-retention signal from the cytoplasmic tail. On the basis of 
the variation of Sdel18, we mutated R682 to R685 to inhibit furin- 
mediated cleavage (SFko) to detect the cleavage state for cell infection 
impact. An aspartate(D) at position 614 mutated to glycine (G) (SG614) as 
a comparison (Fig. 1B). A pseudovirus system based on the lentivirus 
Packaging System was employed to produce the SARS-CoV-2 S protein 
(Fig. 1C). 

Fig. 1. Overall structure of the SARS-CoV-2 spike protein 
PVs system. A Schematic representation of the 1D structure 
of full-length coronavirus Spike protein. Segments of S1 and 
S2 include: NTD, N-terminal domain; RBD, receptor-binding 
domain; RRAR, S1/S2 Furin cleavage site; FP, fusion peptide; 
HR1, heptad repeat1; and HR2, heptad repeat2 are structural 
units in coronavirus S2 that function in membrane fusion; 
TM, transmembrane; CT, cytoplasmic tail. B Amino acid 
sequence alignment of the SARS-CoV-2 S mutant variants. 
Including Sdel18 with C-terminal 18 amino acid truncation, S 
proteins with aspartic acid (D) mutant to glycine (G) at res
idue 614 (SG614), and Furin cleavage “RRAR” deletion (SFko). 
The C-terminal 18 amino acids were lacking in all S mutant 
variants, compared with the SFL. C. The cell entry mechanism 
of SARS-CoV-2 PVs system.   
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3.2. FCS deletion can enhance PV infection 

The different mutations for the expression of the SARS-CoV-2 S 
protein were monitored using flow detection and Western blotting. 
Compared with SFL, there were obvious expressions in these variants, 
while the maximum expression was 73.42% in SFko in HEK293T cells, 
there is no significant difference among Sdel18, SG614, and SFko (Fig. 2A). 
Collect the PVs supernatant expressing the Luc and GFP genes pseudo
typed with different mutant viruses, and add equal amounts into 293 T- 
ACE2 cells for 48 h. The fluorescence intensity of GFP was evaluated by 
fluorescence microscopy and flow cytometry. As a result, the efficiency 
of Sdel18 was 23.70%. The efficiency of SFko has increased drastically to 
65.38%. Surprisingly, the efficiency of SG614 decreased instead of 
increasing as previously reported (Shi et al., 2020). Wild full-length S 
protein of SARS-CoV-2 was used as a negative control. VSV-G virus was 
used as a positive control (Fig. 2B). Different vectors, such as Plenti- 
eGFP, pCDH-GFP, pCDH-luciferase-GFP, and pCDH-luciferase- 
mCherry, were used for repeated verification. Different vectors had 
different viral packaging efficiencies, but the results consistently showed 

that the viral infection titer of SFko was significantly higher than that of 
Sdel18 (Supplementary Fig. 1). The cell type entry efficiency of PVs with 
different SARS-CoV-2 mutations further validates the results, further 
supporting the notion that ACE2 is the receptor and SFko-treated PVs 
demonstrated significant increases in cell entry efficiency. However, 
SFko-mediated furin deletion was inefficient in entering human lung 
Calu-3 cells (Fig. 2C). 

3.3. Neutralizing activities of SARS-CoV-2 S RBD-specific mouse serum 

P24 ELISA assay results indicated that the HIV-1-based PVs pseu
dotyped with SFL, Sdel18, SG614, SFko, and VSV-G packaged by 
HEK293T under the same virus packaging conditions showed different 
titers. The full-length S protein had no p24 titration (Fig. 3A). Indirect 
ELISA results indicated that RBD-mFc immune mouse serum simulta
neously has the binding affinity of the RBD protein with His tags and 
SARS-CoV-2 S1 + S2 ECD-His Recombinant Protein (Fig. 3B). The 
neutralization activity of RBD-immunized mouse serum against S 
pseudovirus was detected in 1:5000 titer. Neutralizing activities are 

Fig. 2. Furin cleavage site deletion increases S pseudovirus entry. A. HEK293T cells transiently expressing SARS-CoV-2 S mutant variants were incubated with 
the anti-SARS-CoV-2 spike antibody on ice. Cells have analyzed the expressions by flow cytometry. B. The infection efficiency of SARS-CoV S different variants in the 
similar virus harvest supernatant titers (Scale bar = 100 µm). EGFP fluorescence intensity was detected using the FITC channel (527/32 filter) by flow cytometry (SFL- 
negative control, VSV-G-positive control). C. Transduction efficiency of different six types of cells was tested for S variants PVs. The y-axis showed the luciferase 
activity (Log10) value detected 48 h after infection with SARS-CoV S different variants. The experiments were repeated at least three times. 

Z. Wang et al.                                                                                                                                                                                                                                   



Gene 856 (2023) 147144

5

similar among Sdel18 and SG614 PVs. SFko showed weaker neutralization 
efficiency which means that the neutralization efficiency was only 90% 
at a ratio of 1:100 (Fig. 3C-E). The 50% neutralization was presented 
with titers of 1:1000 among Sdel18, SG614, and a titer of 1:800 with SFko 
(Fig. 3F). Collectively, the results indicate that the SFko-mediated 
convenient and enhanced pseudovirus system has been established to 
test the neutralizing activity of mouse sera against SARS-CoV-2. 

3.4. SARS-CoV-2-S needs cleavage at the S1/S2 site to mediate 
membrane fusion 

The 293 T-S-GFP/293 T-ACE2 fusion showed that Sdel18 and SG614 
promoted the transport of S to the target cell surface for fusion, while 
SFko, with deletion of the polybasic site in the S protein, showed negli
gible syncytia formation in cell culture, but not completely (Fig. 4A). We 
further verified this fusion phenomenon in 293 T-S-GFP/293 T-ACE2 
cells by confocal microscopy. Colocalization of SARS-CoV-2 (red) with 
ACE2 (green) and the nucleus (blue) during cell fusion by immunoflu
orescence analysis. When fusion occurred, cells with green fluorescent 
membranes and blue fluorescent nuclei were observed to fuse to form 
multinucleated syncytia and the adjacent cells grew and fused into 
pieces (Fig. 4B). The SFko group exhibited syncytia, but very few syn
cytia, 10% fusion rate (Fig. 4C). The Western blot results revealed that 
Sdel18 and SG614 in PVs during viral packaging and overexpression in 293 
T cells were all cleaved, while the mutant SFko was no longer cleaved 
during viral packaging at 72 h post packaging (Fig. 4D-E). When the 
spike enters the cell, it is cleaved by the protease on the surface of the 
host cell, then the S1 protein falls off into the supernatant, and S2 fuses 
with the cell. This confirmed that the 100 kDa polypeptides corre
sponding to the S2 subunit were processed in the biosynthesis process to 
promote syncytia formation. The virus-like particles (VLPs) further 

confirm that there is indeed cleavage into two domains, S1 and S2, in 
SARS-CoV-2 S; in contrast, the mutant type SFko does not (Fig. 4F). 

3.5. E, M, N helper packaging can effectively help SFL infect cells 

N, E, and M of SARS-CoV-2 were added for helper packaging to 
explore the effect these proteins have on the packaging of the PVs. Virus 
supernatant harvested at 48 h, Sdel18 + N successfully infected 293 T- 
ACE2 cells. However, the virus supernatant harvested at 72 h cannot 
infect the cells. Notably, the virus was captured by SFL + M + E cells, and 
SFL + M + E + N cells successfully infected 293 T-ACE2 cells with the 
virus supernatant harvested at 72 h (Fig. 5A). The incorporation of 
SARS-CoV-2 S on the surface of PVs was detected by using Western 
blotting with a SARS-CoV-2 S antibody. During virus maturation, it is 
cleaved into two subunits: S1, which binds to receptors in the host cell, 
and S2, which mediates membrane fusion. When the Sdel18 pseudovirus 
successfully enters the cell, the Sdel18 protein will be cleaved, it was 
observed at approximately 180 kDa and confirmed that the 100 kDa 
protein corresponded to the cleaved subunit (Fig. 5B). Similarly, we 
demonstrated that PVs of SFL with M, E, and N helper packaging were 
cleaved successfully. (Fig. 5C). 

4. Discussion 

Because of the COVID-19 pandemic, the novel coronavirus SARS- 
CoV-2 rose to shape scientific research in 2020, with its S protein 
being a predominant focus. Currently, attention has been focused spe
cifically on the S protein, the key determinant for immunological re
sponses and virus infection. The main purpose of this study was to 
improve the infection efficiency of S protein pseudoviruses. In fact, in 
the course of the study, research methods to increase the titer of PVs are 

Fig. 3. Detection neutralization effect of RBD-mFc serum of SARS-CoV-2 pseudovirus infection. A Virus supernatants were analyzed by p24 ELISA for PVs- 
associated p24. Under the same packaging conditions, the p24 expression level of SFko is the highest when the PVs of different mutants (SFL-negative control, 
VSV-G-positive control). B. Determination of the binding affinity of immune serum with RBD-His protein and Spike S1 + S2 ECD-His recombinant protein using 
indirect ELISA. C-E. Neutralization potency was measured by using S variants pseudotyped virus luciferase neutralization assay. F. 50% neutralization was presented 
as the mean ± SD four mouse serum samples in each group (n = 4) (ns, no significance; p ≤ 0.01[**] indicate significant differences). 
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constantly being reported (Yang et al., 2021). 
Indeed, the incorporation of envelope glycoproteins into virions is an 

essential step in the retroviral replication cycle. The infectivity of len
tiviral systems, such as HIV-1, can be adversely affected by the expres
sion of abnormal heterologous glycoproteins with cytoplasmic tail 
deletions (Murakami and Freed, 2000). It is reported that the full-length 
spike has an endoplasmic reticulum (ER)-retention signal from the 
cytoplasmic tail (Ou et al., 2020). During virus packaging, the proteins 
are trapped in the endoplasmic reticulum, making it impossible to 
secrete. Considering the entire length of S protein is not in favor of 
lentivirus pseudotyping, most of the f pseudovirus systems deleted the 
last 18 amino acids, which may increase the levels of S on the cell sur
face, resulting in a higher titer of pseudovirus (Wang et al., 2022; Hu 
et al., 2020; Crawford et al., 2020). The results of virus infection and 
western blot both showed the SARS-CoV-2-S full-length construct fail to 
be expressed. Additionally, to improve the packaging efficiency of the 
PV, the packaging conditions and the ratio of packaging plasmids were 
optimized. At the same time, to elevate PV productivity, the packaging 
conditions and the proportion of packaging plasmids were optimized. 
Selection of vectors with the features desired to use should be made with 
consideration for lentiviral packaging proportions and the relationship 

between the viral titer and the sizes of the Luc and eGFP being packaged. 
It was also noteworthy that the human embryonic kidney cell line 293A 
showed a higher infection efficiency with SARS-CoV-2 S pseudovirions. 

We also find that if the SFL PVs with M, E, and N proteins with helper 
packaging, they can successfully infect 293 T-ACE2 (Fig. S1). The M 
protein is responsible for directing most of the protein interactions 
required for the assembly of SARS-CoV-2. However, the M protein itself 
cannot form viral particles; when M and E proteins are co-expressed, 
virus-like particles (VLPs) are formed to produce the envelope of 
SARS-CoV-2. The cytoplasmic tails of some coronavirus S proteins 
contain an endoplasmic reticulum retrieval signal (ERRS) that can 
retrieve S proteins from the Golgi to the endoplasmic reticulum; this 
process is thought to accumulate S proteins at the CoV budding site, the 
ER-Golgi intermediate compartment (ERGIC), and to facilitate S protein 
incorporation into VLPs (Ujike et al., 2016; Nguyen Dzung and Hildreth 
James, 2000). The key cell entry mechanisms need to be further un
derstood. This packaging protocol will help to study the assembly of 
SARS-CoV-2 virus particles and the interaction in these structural pro
teins. Moreover, taking into account that some SARS-CoV-2 S molecules 
were cleaved during PV packaging, we used the total amount of 
uncleaved and cleaved S molecules to calibrate SARS-CoV-2 PV entry. 

Fig. 4. Furin cleavage in the S1/S2 Site of SARS-CoV-2 spike is required for efficient cell-cell fusion but is not essential. A. 293 T-S-GFP/293 T-ACE2 
mediated cell-cell fusion with the four variants. The effector cell was identified as co-expressing S and GFP proteins, 293 T-ACE2 was the target cell. Mock-fusion 
between target cells and 293 T/GFP effector cells without S-expression as control. (Scale bar = 100 µm). B. Detection of SARS-CoV-2 S subcellular localization in 293 
T/293 T-ACE2-GFP cells fusion by confocal microscopy. Red represented high SARA-Cov-2 antibody binding. GFP (green) represented GFP over-expressed 293 T- 
ACE2 cells. Nuclei (blue) were counter-stained with DAPI. The nucleus was observed to fuse to form multinucleated syncytia and the adjacent cells grew and fused 
into pieces. (Scale bar = 20 µm). C. Statistical analysis of fusion rates mediated by wild-type or mutated S protein after co-culture for 4 h. Experiments were repeated 
at least three times independently, and the data are expressed as means ± SD. p ≤ 0.001[***] indicates significant differences; ns: no significance. D. Detection of S 
variant proteins in cells lysate by western blot. E. Furin-mediated S protein cleavage with PVs subjected to western blot analysis. F. The virus-like particles (VLPs) 
with S, M, E were subjected to western blot analysis. All experiments were biologically repeated at least three times. 

Z. Wang et al.                                                                                                                                                                                                                                   



Gene 856 (2023) 147144

7

We sought to determine the influence of related mutations on the PV 
packaging system for SARS-CoV-2 entry. A striking difference of the S 
protein of SARS-CoV-2 has an FCS that did not exist in SARS-CoV at its 
S1/S2 boundary encoding four amino acid residues “RRAR” (Coutard 
et al., 2020). It has been proven by Markus Hoffmann, an infection 
biologist at the German Primate Center, to cause the cleavage of the 
SARS-CoV-2 S protein and is a necessary step for the virus to enter the 
lung cells (Hoffmann et al., 2020). There are also some studies showing 
that the host cell protease furin can cleave the SARS-CoV-2 S protein at 
the S1/S2 site, but this is mainly based on the use of indirect furin in
hibitor experiments (Shang et al., 2020; Xia et al., 2020). It has been 
reported that formation-specific furin inhibitors can suppress SARS- 
CoV-2 S-mediated syncytium formation and block SARS-CoV-2 entry 
and virus replication which are potential antiviral agents for SARS-CoV- 
2 infection and pathogenesis (Cheng et al., 2020). Many infections with 
coronavirus syncytium formation have been found to be associated with 
increased invasiveness (Park et al., 2016). We think that the full-length S 
protein structure is not conducive to the expression The results of 
plasmids encoding SFL, Sdel18, SG614 and SFko transient transfection 293 T 
to express show that the full-length S protein is not conducive to 
expression, while the expression of other mutants is significantly higher 
and there is no significant difference among them (Fig. 2A). Through the 

packaging of the SFko PVs, it was found that the deletion of the “RRAR” 
FCS can significantly enhance the infection efficiency of the S protein, 
such as Vero, Huh7, and other cells. However, the infection efficiency of 
Calu-3 cells was reduced but remains to be further studied. We initially 
discovered that FCS might be essential for the activation of SARS-CoV-2 
S in human airway epithelial cells. We also found that FCS plays an 
important role in coronavirus S protein-mediated cell-cell fusion. While 
FCS will reduce the large lack of S protein-mediated cell fusion, it does 
not stop it (Buchrieser et al., 2020; Follis et al., 2006). S must be pro
cessed at the S1/S2 border to mediate cell-cell fusion and then the po
tential cleavage sites within the S2 subunit alter S processing at the S1/ 
S2 border, mediating cell-cell fusion (Barrett et al., 2021). 

Meanwhile, to detect the cell entry mechanisms of SARS-CoV-2 S on 
the surface of PVs, we evaluated their infectivity by performing Western 
blotting on the PVs. SG614 showed a decrease in S1/S2 cleaved shedding 
and a lower level of S protein in the virion. The S: S1/S2 cleaved ratio by 
western blot monitoring was markedly greater in Sdel18 compared to 
SG614, indicating that glycine at SG614 stabilizes the interaction between 
the S1 and S2 domains, limiting S1/S2 cleaved shedding (Yurkovetskiy 
et al., 2020). There was no S1/S2 cleaved shedding and increasing total 
S protein in SFko that the mutations show to enhance virus infection 
through related mechanisms that increase total S protein and limit S1/ 

Fig. 5. SFL pseudotyped with E, M, and N helper packaging can effectively help SFL infect cells. A. Fluorescence images of SFL PVs with helper packaging after 
48 h and 72 h cell infection. 72 h packaging SFL PVs cannot infect 293 T-ACE2 while 72 h packaging SFL PVs with M, E or M, E, N helper packaging infect cells 
successfully. But 72 h packaging Sdel18 PVs with N helper packaging without infectivity of budding viruses (Scale bar = 100 µm). Experiments were done twice and 
one representative is shown. B. SARS-CoV-2 S protein PVs were cleaved successfully when infecting the cells triumphantly by western blot. uncleaved S protein, 
about 180 kDa; cleaved S protein, about 100 kDa. C. PVs with E, M, and N helper packaging in 72 h show similar results. The total amount of uncleaved and cleaved 
spike molecules was calibrated for SARS-CoV-2 PVs entry. Experiments were done twice and one is shown. 
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S2 cleaved shedding when incorporated into the virion (Zhang et al., 
2020). 

The fusogenic capacity of SFL, Sdel18, SG614, and SFko via an S-medi
ated cell-cell fusion assay in the absence of trypsin protease (Xia et al., 
2020). We provide evidence that only S1/S2 cleavage occurs during 
packing biosynthesis of S, and deletion of the polybasic site in the S 
protein reduces syncytia formation in cell culture. These results suggest 
that FCS may play a role in SARS-CoV-2 S-mediated membrane fusion. 
Notably, this enhanced infectivity of SFko is not an artifact of titer 
normalization, as virus titers were determined in the supernatant, which 
was very similar to the similar packing condition. However, after 
binding the receptor in host cells, a nearby host protease cleaves S, 
which releases the fusion peptide, facilitating virus entry mechanisms 
that should be further explored. SARS-CoV-2 S protein entry into sus
ceptible cells is a complex process that requires the concerted action of 
receptor-binding and proteolytic processing of the S protein to promote 
virus-cell fusion syncytium formation. 

There is a limit that lentivirus-based SARS-CoV-2 pseudotyped vi
ruses have a relatively low pseudoviral titer for which the relative 
luciferase units (RLU) is ~ 106 and be applied only to hACE2- 
overexpressing cell lines (Crawford et al., 2020), while they cannot 
efficiently infect both Huh-7 and Vero cells, which were used to isolate 
live virus (Nie et al., 2020). We contribute to solving this problem with 
FCS deletion to enhance infection. 

Taken together, we successfully built a robust pseudovirus packaging 
system to produce infectious SARS-CoV-2 PVs. In this PV system, we 
established FCS mutations, which are conducive to virus packaging and 
infection. This methodology is only suitable for virus neutralization, 
virus invasion cell mechanism research, and anti-spike inhibitor 
screening, but we do not know whether this system can simulate real 
viruses or assess their infectivity. 

5. Conclusion 

In conclusion, this study constructed a furin site deletion HIV-1 PVs 
evaluation system in a preliminary in vitro. The furin cleavage site 
deletion of the S protein can help SARS-CoV-2 S to be cleaved during 
viral packaging to improve infection efficiency. As a widely used pseu
dovirus neutralizing system, it can provide strong support for the pro
duction of relatively high-titer SARS-COV-2 pseudo-particles that may 
be suitable for the detection of neutralizing antibodies from COVID-19 
patients. 
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