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A B S T R A C T   

SARS-CoV-2 is the culprit causing Coronavirus Disease 2019 (COVID-19). For the study of SARS-CoV-2 infection 
in a BSL-2 laboratory, a SARS-CoV-2 pseudovirus particle (SARS2pp) production and infection system was 
constructed by using a lentiviral vector bearing dual-reporter genes eGFP and firefly luciferase (Luc2) for easy 
observation and analysis. Comparison of SARS2pp different production conditions revealed that the pseudovirus 
titer could be greatly improved by: 1) removing the last 19 amino acids of the spike protein and replacing the 
signal peptide with the mouse Igk signal sequence; 2) expressing the spike protein using CMV promoter other 
than CAG (a hybrid promoter consisting of a CMV enhancer, beta-actin promoter, splice donor, and a beta-globin 
splice acceptor); 3) screening better optimized spike protein sequences for SARS2pp production; and 4) adding 1 
% BSA in the SARS2pp production medium. For infection, this SARS2pp system showed a good linear rela
tionship between MOI 2-0.0002 and then was successfully used to evaluate SARS-CoV-2 infection inhibitors 
including recombinant human ACE2 proteins and SARS-CoV-2 neutralizing antibodies. The kidney, liver and 
small intestine-derived cell lines were also found to show different susceptibility to SARSpp and SARS2pp. Given 
its robustness and good performance, it is believed that this pseudovirus particle production and infection system 
will greatly promote future research for SARS-CoV-2 entry mechanisms and inhibitors and can be easily applied 
to study new emerging SARS-CoV-2 variants.   

1. Introduction 

Identifying SARS-CoV-2 as a new coronavirus and the pathogen 
causing the COVID-19 pandemic provides key information for subse
quent disease prevention and control (Chan et al., 2020; Wu et al., 2020; 
Yang et al., 2020; Zhu et al., 2020). Coronaviruses are a group of 
enveloped single-strand positive-sense RNA viruses that can cause res
piratory, gastrointestinal, hepatic and neurological diseases in humans 
and animals (Weiss and Leibowitz, 2011). Previously, six human coro
naviruses have been discovered, including four common coronaviruses 
(229E, OC43, NL63, and HKU-1) that cause ~20 % of common cold 
cases, and two highly pathogenic coronaviruses, namely, SARS-CoV 
emerging in 2002–2003 and MERS-CoV emerging since 2012 (Cui 

et al., 2019; Su et al., 2016). Phylogenetic analysis has revealed that 
SARS-CoV-2 is a new member of the subgenus Sarbecovirus of genus 
Betacoronavirus and is closely related to several bat coronaviruses and 
SARS-CoV (Lu et al., 2020; Wu et al., 2020). 

The spike glycoproteins of coronaviruses are responsible for their 
attachment to the host receptor proteins to facilitate viral entry. Similar 
to SARS-CoV and NL63, SARS-CoV-2 engages angiotensin-converting 
enzyme 2 (ACE2) as an entry receptor (Glowacka et al., 2009; Hoff
mann et al., 2020; Hofmann et al., 2005; Li et al., 2003). Recognition 
details between the receptor binding domain (RBD) of the spike protein 
and ACE2 have been analyzed by cryo-EM structure determination of the 
complex (Benton et al., 2020; Lan et al., 2020; Yan et al., 2020). The 
spike protein is also a viable and ideal target for the development of 
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vaccines and therapeutics. However, the live virus strains are not easily 
accessible and must be handled in biosafety level 3 (BSL3) facilities. This 
condition hampers and delays the development of efficient anti-viral 
candidates. Pseudovirus particles are useful tools when the live virus 
strains and specialized biosafety facilities are not accessible such as 
Ebola virus, Nipah virus, Marburg virus, SARS-CoV and so on (Nie et al., 
2019; Simmons et al., 2004; Yonezawa et al., 2005; Zhang et al., 2017). 
To date, several SARS-CoV-2 pseudovirus particle (SARS2pp) produc
tion and infection systems have been successfully generated (Hoffmann 
et al., 2020; Hu et al., 2020; Huang et al., 2020; Nie et al., 2020; Ou 
et al., 2020; Tani et al., 2021; Xiong et al., 2020). However, some 
SARS2pp production systems produce only low titers, and in most re
ported SARS2pp systems used only a single reporter gene such as eGFP 
or luciferase at a time, except that one vesicular stomatitis virus (VSV) 
based SARSpp system was constructed with dual-reporters (Hoffmann 
et al., 2020). 

In this study, a robust dual-reporter pseudovirus system was devel
oped for SARS-CoV-2 entry research based on a newly designed HIV 
vector that simultaneously expresses eGFP and firefly luciferase (luc2) 
for easy viral infection observation and analysis. Several important 
factors affecting pseudovirus particle production were optimized to 
improve viral titers. Two recombinant ACE2 proteins and two fully 
human antibodies (REGN10933 and REGN10987) reported previously 
were also evaluated using the proposed SARS2pp infection system. 
Finally, several SARS2pp susceptible cell lines were selected to compare 
their susceptibility to SARSpp. 

2. Materials and methods 

2.1. Plasmids, cells and reagents 

The pCAG and pCMV vectors used for SARS-CoV-2 spike protein 
expression were derived from pcDNA3 with some modifications. The 
optimized sequences encoding SARS-CoV-2 spike protein were either 
designed by the online “GenSmart Codon Optimization” program from 
the GenScript company (New Jersey, USA) or gifted by Dr. Lu Lu (Fudan 
University, Shanghai, China). The lentiviral transfer plasmid pLDR 
bearing dual-reporter genes eGFP and Luc2 was modified from pLNB 
described by us previously (Xie et al., 2013). The lentiviral packaging 
plasmid psPAX2 was purchased from Addgene (Cambridge, MA, USA). 
All these constructs were verified by sequencing. Kidney-derived cell 
lines HEK293, HEK293 T, 293/hACE2, Vero-E6, and BHK21, the 
liver-derived cell lines HuH7 and HuH7.5.1, and the small 
intestine-derived cell line Caco-2 were maintained in Dulbecco’s 
modified Eagle medium (DMEM, Macgene, Beijing, China) supple
mented with 10 % (vol/vol) fetal bovine serum (FBS, Gibco, Carlsbad, 
CA, USA), 1 mM sodium pyruvate (Macgene), 1×non-essential amino 
acids (Macgene), and 50 IU/mL penicillin/streptomycin (Macgene) in a 
humidified 5 % (vol/vol) CO2 incubator at 37 ◦C. Recombinant ACE2-Fc 
and ACE2-His were purchased from Sino Biological (Beijing, China) and 
Bioworld Technology (St. Louis Park, MN, USA) respectively. Recom
binant human SARS-CoV-2 neutralizing antibodies (REGN10933 and 
REGN10987) and IgG1 isotype control were acquired from AtaGenix 
(Wuhan, China). Recombinant human anti-RBD antibody named 
CR3022 was gifted by Dr. Jing Wang and Jian-nan Feng (Academy of 
Military Medical Sciences, Beijing, China). SlowFade® Gold with DAPI 
were obtained from Life Technologies (Carlsbad, CA, USA). 

2.2. Indirect immunofluorescence analysis of spike proteins 

Indirect immunofluorescence analysis was performed for cellular 
spike protein detection. After fixation with 4 % paraformaldehyde and 
permeabilization with 0.5 % Triton X-100, the HEK293 cells transfected 
with different kinds of spike protein plasmids were initially stained with 
anti-RBD antibody CR3022 (1:500 dilution), incubated with 1:1000 
diluted Alexa Fluor 488-conjugated goat anti-human IgG secondary 

antibody (A-11013, Thermo Scientific), washed with PBS for three 
times, and then stained with SlowFade® Gold with DAPI. Images were 
captured by FV1000 (Olympus, Tokyo, Japan). 

2.3. Production, purification, and infection of SARS2pp, SARSpp, and 
VSVpp 

For SARS2pp, SARSpp, and VSVpp production and purification, the 
HEK293 T cells were seeded and maintained for 18− 24 h until the cell 
density reached 70 %–90 % confluency at the time of transfection. The 
spike/pLDR/psPAX2 plasmids were cotransfected with GenJet™ Ver II 
(SignaGen Laboratories, Rockville, MD, USA) following the manufac
turer’s instructions. The medium was changed 10 h post transfection. 
The cell culture supernatant was collected, pooled, centrifuged at 
1000×g for 5 min, filtered through a 0.45-μm filter to further remove 
cellular debris, aliquoted, and stored at − 70 ◦C until used. For pseudo
virus infection, target cells were seeded at a density of 1 × 104 cells per 
well in 96-well plates at 16 h before infection. The cells in each well 
were then infected with pseudovirus particles at certain MOI. Culture 
medium was changed at 9 h post infection. The eGFP was captured using 
fluorescent microscopy (IX73 microscope, Olympus, Tokyo, Japan), and 
luciferase activity was detected at 72 h post infection using Steady- 
Lumi™ II Firefly Luciferase Assay Kit (Beyotime, Shanghai, China). For 
infection inhibition, pseudovirus particles were cocultured with re
combinant ACE2 or antibodies for 30 min at 37 ◦C prior to SARS2pp 
infection. Each experiment was repeated at least twice to ensure con
sistency. Data shown were obtained from three replicates in a single 
representative experiment. 

2.4. Statistical analysis 

Data were analyzed using GraphPad Prism 8 (GraphPad Software, La 
Jolla, CA, USA) and expressed as mean ± standard deviation (SD). 
Statistical significance was determined by the Student’s t test, and P- 
values are indicated by asterisks (***P < 0.001, **P < 0.01, and *P <
0.05). 

3. Results 

3.1. Production and infection of four different constructs of SARS2pp 

For successful SARS2pp production, the following four different 
constructs of the SARS-CoV-2 spike protein plasmids were designed and 
synthesized: 1) full-length spike protein (S), 2) spike protein (IgkS) with 
the signal peptide substituted by the leader sequence from mouse 
immunoglobulin κ light chain Igk, 3) spike protein (Stc) with a C-ter
minal 19 amino acids deletion, and 4) spike protein (IgkStc) with signal 
peptide substitution and C-terminal 19 amino acids deletion (Fig. 1A). 
After transfection into HEK293 cells, the expression of these four 
different constructs of spike protein was detected by immunofluores
cence analysis. All these four constructs were expressed on the cell 
membrane and showed cell fusion (Fig. 1B). 

A dual-reporter vector bearing eGFP and Luc2 was designed for 
simplified observation and analysis (Fig. 2A). SARS2pps packaged with 
the four constructs of SARS-CoV-2 spike protein were produced in 
HEK293 T cells, and its infectivity was determined in 293/hACE2 cells. 
SARS2pps packaged with S and IgkS showed lower eGFP expression and 
luciferase activity with that packaged with Stc and IgkStc (Fig. 2B, C), 
suggesting that the spike C-terminal 19 amino acids mainly restrained 
the SARS2pp production. Compared with that packaged with Stc, 
SARS2pp packaged by IgkStc showed approximately twofold increase in 
eGFP expression and luciferase activity (Fig. 2B, C), indicating that the 
signal peptide replacement by Igk could further facilitate SARS2pp 
production. 
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3.2. Three optimized factors to improve SARS2pp titers 

Several factors including the promoters for spike protein expression, 
different spike optimized sequences, and the production conditions were 
optimized to obtain high SARS2pp titers. First, SARS2pp titer was 
increased up to 10 times when the CMV promoter other than CAG was 
used for spike protein expression (Fig. 3A). Second, the SARS2pp titer 
was improved by approximately 2–3 times through comparing different 
spike optimized sequences (Fig. 3B). Finally, 1 % BSA addition to the 
medium benefitted SARS2pp production and improved the titer by 2–3 
times (Fig. 3C). These three optimized conditions were adopted in the 
subsequent studies. 

3.3. SARS2pp was a robust system for the evaluation of viral entry 
inhibitors 

Infection efficiency was firstly detected at different MOIs in 293/ 
hACE2 cells to examine the applicability of this SARS2pp system, and a 
good linear relationship was observed between MOI 2-0.0002 (Fig. 4A). 
Inhibition assay was then performed to test the activity of recombinant 
ACE2-Fc and ACE2-his proteins (fusion proteins consisting of the 
extracellular domain (Met 1-Ser 740) of human ACE2 linked to the Fc 
region of human IgG1 or his tag at the C-terminus) against SARS2pp 
infection. The results showed that SARS2pp but not VSVpp was inhibited 
specifically by both recombinant proteins, and the action of ACE2-Fc 
was superior to that of ACE2-his (Fig. 4B). Two human SARS-CoV-2 
neutralizing antibodies (REGN10933 and REGN10987) (Baum et al., 
2020) were also re-evaluated against SARS2pp and the Beta variant 
SARS2pp(B.1.351). REGN10987 maintained about 25 % of its neutral
ization activity against SARS2pp(B.1.351), but REGN10933 had lost its 
neutralization activity against SARS2pp(B.1.351) at least 1.5 log units 
relative to that of SARS2pp. When REGN10933 and REGN10987 were 
combined into a cocktail (1:1), these two antibodies remained effective 
against SARS2pp and SARS2pp(B.1.351) (Fig. 4C, D). 

3.4. Different cell lines showed varying susceptibilities to SARSpp and 
SARS2pp 

A panel of SARS2pp susceptible cell lines derived from kidney, liver, 
and small intestine were selected to compare their susceptibility to 
SARSpp. Baby Syrian hamster kidney cell line BHK21 served as the 
unsusceptible control. In accordance with SARS-CoV and SARS-CoV-2 
causing multi-organ damage, all the tested cell lines showed suscepti
bility to SARSpp and SARS2pp but to a different degree, except BHK21. 
For the kidney-derived cell lines 293 T and Vero-E6, SARSpp showed 
higher transduction levels than SARS2pp. For liver- and small intestine- 
derived HuH7, HuH7.5.1, and Caco-2 cell lines, SARS2pp was more 
infectious than SARSpp (Fig. 5). 

4. Discussion 

The world is still facing the COVID-19 epidemic, and many viral 
mutations have appeared such as D614 G (Korber et al., 2020), N501Y 
(Leung et al., 2021), and E484 K (Houriiyah Tegally et al., 2020). E484 K 
is considered as one of the key mutations for vaccine resistance (Jangra 
et al., 2021). With the gradual increase in virus mutations, new vaccines 
and drugs remain urgently needed. However, the live SARS-CoV-2 virus 
strains must be handled in BSL3 facilities, and this condition greatly 
limits the research and development of efficient anti-viral candidates. 

Pseudovirus is a good choice to mimic the true virus for the study of 
viral transduction mechanisms and viral infection inhibitors in BSL2 
facilities. Several SARS2pp production and infection systems that are 
based on replication-deficient/-restricted retroviruses or rhabdoviruses 
(mostly vesicular stomatitis virus) have been proven to be suitable 
models to mimic SARS-CoV-2 entry (Hu et al., 2020; Huang et al., 2020; 
Ou et al., 2020). However, the SARS2pp titer was not high in most cases. 
Here, four different constructs of the SARS-CoV-2 spike proteins were 
designed and evaluated to construct a robust high-titer SARS2pp system. 
Results showed that the presence of the spike C-terminal 19 amino acids 
is the main restraining factor for SARS2pp production. Removing the 
C-terminal 19 amino acids from the spike protein could remarkably 
improve SARS2pp titers. This finding is similar to most published studies 
generating SARS2pp with C-terminal-deleted spike proteins (Hu et al., 

Fig. 1. Four different constructs of SARS-CoV-2 
spike protein. (A) Schematic of four different 
constructs of SARS-CoV-2 spike protein. S, full- 
length spike protein; IgkS, spike protein in 
which the signal peptide was substituted by Igk; 
Stc, spike protein with C-terminal 19 amino 
acids deletion; IgkStc, the spike protein with 
signal peptide replacement by Igk and C-termi
nal 19 amino acids deletion. (B) Immunofluo
rescence analysis of the four different constructs 
of SARS-CoV-2 spike protein expression at 48 h 
post transfection of HEK293 cells by confocal 
microscopy. Control, cells transfected with the 
empty vector pCMV.   
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2020; Ou et al., 2020). We proposed that similar to SARS-CoV, SAR
S-CoV-2 spike endodomain may contain a cellular ezrin-binding domain 
that limits SARS2pp entry and fusion (Millet et al., 2012). Igk is a mouse 
secretion signal peptide, which is widely used to enhance the expression 
levels of cytokines, chemokines, or other secreted proteins (Meazza 
et al., 2000; Peng et al., 2016; Wolschek et al., 2011). In this work, it 
seemed that the Igk signal peptide could further facilitate SARS2pp 
production. 

Three other optimization conditions were also adopted to further 
improve SARS2pp titers. First, two promoters used for spike protein 
expression were compared. The CMV promoter is the most commonly 
used promoter for the production of recombinant proteins, and the CAG 
promoter is an artificial promoter composed of the CMV enhancer, 
chicken β-actin promoter, and a large synthetic intron (Kootstra et al., 
2003) and is successfully used for SARSpp production (Simmons et al., 
2004). This study showed that expressing the spike protein using the 
CMV promoter increased the SARS2pp titer by approximately 14 times. 
Second, two optimized spike protein sequences were screened and were 
found to improve SARS2pp production by approximately 2.5 times. 
Finally, 1 % BSA addition to the medium benefitted SARS2pp produc
tion. This finding is similar to a previous study stating that the stability 
of the lentiviral vectors can be increased by adding albumin and lipo
proteins as the stabilizing agent (Carmo et al., 2009). Under these 
optimized conditions, SARS2pp was successfully produced with high 
titers above 105–106 TU/mL in most cases. 

The proposed SARS2pp system showed a good linear relationship 

with MOI 2-0.0002 when applied for 293/hACE2 cell infection. The 
potential of recombinant ACE2 and antibodies to block SARS2pp 
infection was further verified using this pseudovirus system and the 
different susceptibilities of organ-specific cell lines to SARSpp and 
SARS2pp infection were also compared. However, over time, more and 
more SARS-CoV-2 antibody- and vaccine-resistant variants such as the 
B.1.351 and P.1 have been discovered. The B.1.351 and P.1 variants 
were first detected in South Africa and Brazil, respectively. Both variants 
have the E484 K mutation, which decreases the neutralizing antibody 
response produced by vaccines, monoclonal antibody therapies, and 
convalescent plasma (Jangra et al., 2021; Li et al., 2021; Zhou et al., 
2021). Thus, new SARS-CoV-2 antibody resistance or vaccine escape 
variants must be carefully monitored. 

Briefly, the designed SARS-CoV-2 pseudovirus system SARS2pp 
provids a safe and convenient tool to study SARS-CoV-2 and its variants 
for their entry mechanisms and inhibitors when BSL-3 facilities and live 
virus strains are not accessible. 
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Fig. 2. Dual-reporter SARS2pp production and infectivity. (A) Specification of the HIV dual-reporter plasmid for SARS2pp infection indication. eGFP-T2A-luc2, dual- 
reporter genes eGFP and luc2 connected by the T2A peptide. (B) and (C) Fluorescence and bioluminescence detection of SARS2pp infectivity (293/hACE2 cells) 
packaged by different constructs of SARS-CoV-2 spike proteins. The luciferase activities were normalized against "S" (set as 1). Control, non-transduced cells. Data 
were the results from three replicates. 
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Fig. 3. Three factors to increase SARS2pp titer. (A) and (B) Fluo
rescence and bioluminescence detection of SARS2pp infectivity (293/ 
hACE2 cells) packaged by SARS-CoV-2 spike protein expressed by 
different promoters (CAG and CMV). (C) and (D) Two optimized 
spike protein sequences with SARS2pp production improved by 
approximately 2.5 times. (E) and (F) 1 % BSA addition to the medium 
enhanced SARS2pp production about 2-3 times. Control, non- 
transduced cells. Data were the results from three replicates.   
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Fig. 4. Detection of neutralizing ability of recombinant ACE2 and human antibodies against SARS2pp infection. (A) SARS2pp showed a good linear relationship 
between MOI 2-0.0002. (B) ACE2-Fc was superior to ACE2-his for SARS2pp infection inhibition (MOI 0.3). VSVpp containing the spike glycoprotein of the vesicular 
stomatitis virus (VSV-G) as the control pseudotype particles. (C) and (D) Two SARS-CoV-2 neutralizing antibodies (REGN10933 and REGN10987) re-evaluated 
against SARS2pp and its South Africa variant SARS2pp(B.1.351) (MOI 0.3). Data were the results from three replicates. 

Fig. 5. Different cell lines showed different susceptibility to SARSpp and SARS2pp (MOI 2). (A) Fluorescence detection of SARSpp and SARS2pp infectivity to kidney, 
liver, and small intestine-derived cell lines. (B) Bioluminescence detection of SARSpp and SARS2pp infectivity to kidney, liver, and small intestine-derived cell lines. 
The luciferase activity above three times of signals obtained from the unsusceptible BHK21 cells was regarded as positive (the dashed line). Data were the results from 
three replicates. 
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