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The coronavirus disease 2019 (COVID‐19) is still causing a wide range of infections and deaths due to the high
variability of the severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2). Therefore, it is necessary to
establish a reliable and convenient pseudovirus‐based neutralization assay to develop drug targeted variants of
SARS‐CoV‐2. Based on the HIV‐1 backbone, we generated a high titer luciferase (Luc)‐expressing pseudovirus
packaging system. Three dominant S mutant substitution pseudovirus were also established and identified com-
pared towide type in hACE2‐overexpressingHEK‐293T cells (293T‐ACE2cells). Compared to serine protease inhi-
bitor camostat mesylate, the cysteine protease inhibitor E‐64d could significantly block all SARS‐CoV‐2 mutant S
pseudovirus infection in 293T‐ACE2 cells. Furthermore, the neutralization ability of two antibodies targeted
receptor‐bindingdomain (RBD)of SARS‐CoV‐2 spikeprotein (S)wasevaluated,which showeddifferent inhibition
dose–effect curves among four types of S pseudovirus. Overall, we developed a pseudovirus‐based neutralization
assay for SARS‐CoV‐2, which would be readily adapted to SARS‐CoV‐2 variants for evaluating antibodies.
© 2022 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction is responsible [9–11]. Thus, the antibodies or inhibitors targeting S
The ongoing global pandemic of coronavirus disease 2019 (COVID‐
19) is caused by SARS‐CoV‐2, which resulted in hundreds of millions
of infections and millions of deaths [1]. The SARS‐CoV‐2, like other
severe coronaviruses, such as severe acute respiratory syndrome coro-
navirus (SARS‐CoV) and Middle East respiratory syndrome coron-
avirus (MERS‐CoV), can cause severe respiratory syndromes in
humans, like fever, cough, and shortness of breath [2,3]. Therefore,
the quality of human life seriously declined, and the economic and
social situation was severely disrupted by the pandemic worldwide.

As a membrane‐enveloped virus, the spike (S) glycoprotein is
expressed on the membrane of SARS‐CoV‐2. It binds to the human
angiotensin‐converting enzyme 2 (hACE2) receptor to mediate mem-
brane fusion and virus entry into host cells [4–6]. The S protein is a
homotrimer, which each monomer consists of a receptor‐binding
domain (RBD) subunit S1 and a membrane‐fusion subunit S2 [7,8].
The full‐length S protein needs to be activated by cellular protease‐
mediated cleavage to S1 and S2, which the cysteine proteases cathep-
sin B and L (CatB/L) or trans‐membrane protease serine 2 (TMPRSS2)
protein or cellular proteases could efficiently block viral entry [9].
However, the efficacy evaluation of antibodies or inhibitors with
SARS‐CoV‐2 live virus has to be conducted under biosafety level 3
(BSL‐3) conditions, limiting the development of SARS‐CoV‐2 drugs
and therapeutics.

This study constructed the SARS‐CoV‐2 S pseudotyped virus based
on an HIV‐1 lentiviral packaging system incorporating luciferase
reporter; thus, the S‐mediated viral entry can be conveniently mea-
sured via luciferase activity. Protease inhibitors and human RBD‐
specific mAbs could inhibit the SARS‐CoV‐2 S pseudotyped virus infec-
tion. We established reliable and safe measurements of the SARS‐CoV‐
2 S pseudotyped virus infection system for entry inhibition and neu-
tralization assays, which could be conducted under BSL‐2 conditions.
2. Materials and methods

Anti‐Flag M2 antibody, polyethylenimine (PEI), lipofectamine
3000, and Polyethylene Glycol (PEG) 8000 were purchased from
Sigma‐Aldrich (St Louis, MO, USA). Anti actin and ACE2 antibodies
were purchased from Proteintech (Wuhan, China). HIV‐1 Gag‐p24
antibody was purchased from Sino Biological (Beijing, China). Poly-
brene was purchased from Yeasen (Shanghai, China). E‐64d and camo-
stat mesylate were purchased from MedChem Express (NJ, USA). The
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HIGHLIGHTS

Scientific question

To establish the reliable and safe measurements of SARS-

CoV-2 S pseudotyped virus infection system for entry inhi-

bition and neutralization assays under BSL-2 conditions.

Evidence before this study

The coronavirus disease 2019 (COVID-19) variants are still

disrupting the quality of human life globally, even with

some success on effective vaccines and drugs targeting

the SARS-CoV-2. Previously, researchers had successfully

established several type S WT pseudovirus systems, but

little was known of the difference between S WT and vari-

ants, especially in the neutralization assay.

New findings

We established a new SARS-CoV-2 S pseudovirus system

that efficiently high packaging titer in S WT or variants

pseudovirus. Furthermore, we used proteases inhibitors

E-64d, camostat mesylate and antibodies targeted RBD to

compare the inhibition potential of different S variants

pseudovirus.

Significance of the study

The established SARS-CoV-2 S pseudovirus system seems

to offer a safer, more convenient, and higher throughput

way for conducting the SARS-CoV-2 viral entry research.

In addition, this pseudovirus neutralization assay could

benefit the availability of inhibitors and antibodies against

SARS-CoV-2 variants.
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anti‐RBD monoclonal antibodies against the SARS‐CoV‐2 S protein
were kindly provided by Zhangjiang Bio (Shanghai, China).
2.1. Cell lines

HEK‐293T and HuH7 cells were purchased from the Cell Bank of
Type Culture Collection of the Chinese Academy of Sciences. Cells
were maintained in Dulbecco's Modified Eagle Medium (DMEM;
Hyclone, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Rockville, MD, USA), at 37 °C in 5% CO2. In addi-
tion, HEK‐293T cells transfected with human ACE2 (293T‐ACE2) were
cultured under the same conditions with the addition of puromycin
(0.5 μg/mL) to the medium.
2.2. Plasmid constructs

The S gene from the SARS‐CoV‐2 (previously 2019‐nCoV) strain
Wuhan‐Hu‐1 (GenBank: MN908947) with a C‐terminal 19 amino acid
deletion was codon‐optimized, synthesized, and cloned into the NotI
and XbaI sites of the pcDNA3.1–3 × Flag‐C vector (pc‐S for short)
by Sangon Biotech Inc. (Shanghai, China). The translated amino acid
sequence was identical to QHD43416. The primers 50‐GGTCCTCTAT
CAAGGCGTCAACTGTACG‐30 and 50‐CGTACAGTTGACGCCTTGATA
GAGGACC‐30 were used to generate the plasmid pcDNA3.1‐SARS‐
CoV‐2‐S‐D614G (pc‐S‐D614G) encoding a mutant S protein‐
containing mutation D614G. The primers 50‐GGTTTCCAACCTACA
TATGGAGTAGGGTATC‐30 and 50‐GATACCCTACTCCATATGTAGGTTG
GAAACC‐30 were used to create the plasmid pcDNA3.1‐SARS‐CoV‐2‐S‐
N501Y (pc‐S‐N501Y) encoding a mutant S protein‐containing muta-
tion N501Y. The S gene of Delta variant (T19R, G142D, E156del,
F157del, R158G, L452R, T478K, D614G, P681R, D950N) was based
on the codon‐optimized sequence of pc‐S construct, synthesized by
Sangon Biotech Inc. (Shanghai, China) and sub‐cloned into the
pcDNA3.1 vector. The constructed recombinant SARS‐CoV‐2 plasmids
containing the wide‐type (pc‐S) and mutant S variants were confirmed
by DNA sequencing. The pLVX‐Luc construct was derived from pLVX‐
Puro by inserting a luciferase reporter gene into the XhoI and BamHI
sites. The pLVX‐ACE2 construct was derived from pLVX‐Puro by insert-
ing the human ACE2 gene (pcDNA3.1‐ACE2‐3 × Flag) into the XhoI
and XbaI sites. The plasmids of pcDNA3.1‐ACE2‐3 × Flag, pLVX‐
Puro, pMD2.G, and psPAX2 were obtained from Youbio (Hunan,
China). The plasmid pNL4‐3 was obtained from Hedgehogbio (Shang-
hai, China).

2.3. Generation human ACE2 over-expressing cells

To produce the human ACE2 over‐expressing lentivirus, HEK‐293T
cells were seeded at a density of 4 × 105 cells/mL in 5 mL in a T25
flask. When cells reached 80% confluency the following day, they
were transfected with the following mixture of plasmids: 4 μg of
pLVX‐ACE2, 4 μg of psPAX2, 2 μg of pMD2.G using lipofectamine
3000 reagents. After 8 h, the medium was changed, and the super-
natants were collected at 48 h after the medium change, filtered with
0.45 μm filters, concentrated with PEG 8000, and stored at −80 °C.

For a generation of 293T‐ACE2 cells, 5 × 105 HEK‐293T cells were
seeded into a six‐well plate one day before viral transduction. Cells
were transduced with the concentrated human ACE2 over‐expressing
lentivirus in the presence of 5 μg/mL polybrene overnight. The
virus‐containing supernatant was wholly removed the next day, and
cells were cultured in their regular growth media for 48 h. After pur-
omycin selection, HEK‐293T cells expressing wild‐type ACE2 protein
were confirmed with Western blot.

2.4. Western blot

Cells were collected and lysed in RIPA buffer with a protease inhi-
bitor cocktail. Cell lysates were clarified by centrifugation for 15 min,
12,000 rpm at 4 °C, and heated at 97 °C for 5 min in SDS loading buf-
fer. Protein samples were carried out in 8%–16% Tris‐Glycine Gels
(Life Technologies, Carlsbad, CA, USA), electrophoresed, and trans-
ferred onto PVDF membranes. The chemiluminescence detection was
performed according to the manufacturer's ECL Western detection
kit (Amersham Pharmacia Biotech Europe, Freiburg, Germany).

2.5. Production and purification of pseudotype particles

HEK‐293T cells (6 × 106) were plated in a T75 culture plate and
transfected the next day when they were about 60% confluent with
a combination of the following plasmids: 10 µg of pLVX‐Luc, 10 µg
of psPAX2, and 5 µg of pc‐S, pc‐S‐D614G, pc‐S‐N501Y, pc‐S‐Delta or
pMD2.G as control using PEI transfection reagent following manufac-
turer's protocols. The supernatant containing SARS‐CoV‐2 pseu-
doviruses was harvested 48–72 h after transfection. The supernatants
were centrifuged for 15 min at 1,500 × g and then filtered through
a 0.45 μm syringe filter. For pseudovirus purification and concentra-
tion, the supernatant was mixed at a 1:4 (v/v) ratio with 25% PEG
8000 solution and incubated at 4 °C overnight. The next day, lentiviral
particles were concentrated by centrifugation at 3,000 × g for 30 min.
Supernatants were removed and pellets resuspended in serum‐free
DMEM, and stored at −80 °C.

2.6. Quantification of pseudotyped virus particles

The titers of the pseudoviruses were calculated by determining the
concentrations of viral RNA genomes using quantitative RT‐PCR with
primers targeting Luc gene LTR (50‐AGCCGCCTAGCATTTCATCA‐30

and 50‐AAAGTCCCCAGCGGAAAGTC‐30). Before quantification, viral
RNAs were extracted from 5 μL of concentrated pseudoviruses using
the TIANamp Virus RNA Kit (QIANGEN, Cat# DP315‐R) and served
as a template for reverse transcription using the FastKing RT Kit
(QIANGEN, Cat# KR116). Then, virus quantification by real‐time
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PCR was performed using the UltraSYBR Mixture (CWBIO, Cat#
CW2601), following the supplier's instructions. The known quantity
of pLVX‐Luc was used to generate standard curves, with the viral copy
number calculated accordingly. Finally, the titers of the pseudoviruses
were adjusted to the same titer (copies/mL) for the pseudovirus‐based
inhibition and neutralization experiments.

2.7. Pseudovirus-based inhibition and neutralization assays

For the inhibition assay, the 293T‐ACE2 cells (3 × 104

cells/100 μL) were pretreated with 50 μL, about 3‐fold serially diluted
(1, 3, 10, 30, 100 ∼ ) the protease inhibitors E‐64d or camostat mesy-
late 1 h before infection. Then, 50 μL pseudoviruses (a signal about
1000‐fold above the background luciferase activity) were added into
the cells. For the neutralization assay, 50 μL pseudoviruses were incu-
bated with 50 μL, about 3‐fold serially diluted, starting from 30 μg/mL
antibody for one h at 37 °C. The 293T‐ACE2 cells (3 × 104

cells/100 μL) were seeded into the pseudoviruses in 96‐well plates.
293T‐ACE2 cells were in the presence of 5 μg/mL polybrene for both
assays. After 24 h of infection, the medium was changed with fresh
culture to each well. The relative light units (RLU) were measured
72 h after infection, and the percent neutralization was calculated
using GraphPad Prism 7 software (GraphPad Software, San Diego,
CA, USA). The relative luciferase activity (%) could be calculated as
follows: [(mean RLU from each sample (virus + antibody/inhibito
r) − mean RLU from cell‐only control)/(mean maximum RLU from
virus control − mean RLU from cell‐only control) × 100. Results of
neutralization assays were plotted by normalization to samples where
no antibody was used, and the half‐maximal inhibitory concentration
(IC50) was calculated using 4‐parameter non‐linear regression.

2.8. Statistical analysis

All data are expressed as mean ± SE GraphPad Prism 7 software
was used to perform all statistical analyses and prepare graphs. Statis-
tical significance was determined using Student's t‐tests to compare the
two groups for unpaired observations or a two‐way ANOVA for multi-
ple comparisons with the Bonferroni correction. A P value of less than
0.05 was considered statistically significant.

3. Results

3.1. Identification of SARS-CoV-2 S protein expression

A codon‐optimized cDNA encoding the S protein and 3 × FLAG tag
was synthesized, with C‐terminal 19 amino acid deletion to decrease
endoplasmic reticulum (ER) location for facilitating incorporation of S
protein into pseudovirons [12,13]. We also generated S‐D614G, S‐
N501Y, and S‐Delta mutation plasmids based on pc‐S (WT) plasmid,
which exhibit the prevalent substitution mutations around 6,000
SARS‐CoV‐2 S variants globally [14–16]. The construction of SARS‐
CoV‐2 S‐WTprotein expression plasmid and detailed information of dif-
ferent S mutant protein sequences are shown in Fig. 1A. HEK‐293T cells
were transfected with SARS‐CoV‐2 S plasmids, and expression of SARS‐
CoV‐2 S protein was determined by western blot with anti‐FLAG M2
antibody. As shown in Fig. 1B, threemajor bands are detected. The band
above 180 kD may indicate dimeric or trimeric S proteins. The 180 kD
and 90 kD bands correspond to uncleaved S protein and cleaved S2 pro-
tein. However, themajor size band of SARS‐CoV‐2 S proteins incorpora-
tion into pseudovirons showed above 180 kD (Fig. 1C), which indicated
assembling dimeric or trimeric functional S proteins into the pseudovi-
rons. And the S D614G and Delta of pseudovirons showed greater S
expression than WT and N501Y, which is consistent with the D614G
mutation increasing virion spike density.

3.2. Comparison of the infectivity of SARS-CoV-2 S mutant pseudoviruses

Due to the highly infectious and pathogenic, the SARS‐CoV‐2 must
be handled in a biosafety level 3 (BSL‐3) laboratory. The lentiviral
pseudovirus can be applied to replace the live virus for screening neu-
tralizing antibodies [17]. We generated the SARS‐CoV‐2 pseudovirus
based on HIV lentiviral system, which inserted the luciferase reporter
gene into target cells. The effect of anti‐SARS‐CoV‐2 entry inhibitors
and neutralizing antibodies on S‐mediated entry can be quantified
by comparing the Luc signal intensity.

pLVX‐Luc and psPAX2 were co‐transfected with pc‐S or pMD2.G
respectively to package the SARS‐CoV‐2 S WT pseudovirus and VSV‐
G pseudovirus in HEK‐293T cells. VSV‐G pseudovirus was used as a
control. Virus titers were determined by calculating the concentrations
of viral RNA genomes using quantitative RT‐PCR and measuring RLU
based on a Luc assay [18]. The HEK‐293T, established HEK‐293T cells
stably expressing human ACE2 (293T‐ACE2) and HuH7 were used to
test the correlation between ACE2 expression and pseudovirus suscep-
tibility. Higher ACE2 expression was identified in 293T‐ACE2 cells
than HuH7 cells by western blot (Fig. 2A). As shown in Fig. 2B, all
the cells could be effectively transduced by VSV‐G pseudovirus. How-
ever, 293T‐ACE2 cells infected by SARS‐CoV‐2 pseudotyped viruses
showed an approximately 400‐fold increase in Luc activity compared
to HEK‐293T cells, a 20‐fold increase in Luc activity compared to
HuH7 cells, respectively, suggesting that the entry of SARS‐CoV‐2 S
pseudovirus is highly dependent on ACE2 expression, and 293T‐
ACE2 cells are most efficiently transduced by SARS‐CoV‐2 pseu-
dovirus. SARS‐CoV‐2 pseudotyped viruses infected ACE2‐expressing
HEK‐293T cells, yielding a solid luminescence signal of up to 107

RLU, while unmanipulated parental cells were infected poorly (HEK‐
293T) (Fig. 2C). Next, we compared the titers of infectious particles
of the established system with the classical pNL4‐3 system. Both the
two plasmids (pNL4‐3‐Luc) and three plasmids (pLVX‐
Luc + psPAX2) systems derived SARS‐CoV‐2 pseudotyped viruses
yielded a strong luminescence signal after 48 h or 72 h infection in
293T‐ACE2 cells (Fig. 2D). However, the titers of the three plasmids
system were about 3–5 times of the pNL4‐3 system.

To compare the viral entry efficiency meditated by S variants, we
detected the Luc activity at different times post‐infection with other
S mutants. pLVX‐Luc and psPAX2 were also co‐transfected with pc‐S,
pc‐S‐D614G, pc‐S‐N501Y, pc‐S‐Delta, respectively, to package the
SARS‐CoV‐2 S variants pseudovirus in HEK‐293T cells. The highest
transduction efficiency was observed in S‐D614G and S‐Delta pseudo-
typed virus (almost 1 × 106 RLU) at 72 h post‐infection, approxi-
mately 8‐fold higher than S‐WT and S‐N501Y pseudovirus (Fig. 2E).
Furthermore, after normalizing to the same titer (copies/mL) of the
S variants pseudovirus, S‐D614G and S‐Delta pseudotyped virus still
yielded a stronger luminescence signal after 72 h infection, which
was approximately 3‐fold higher than S‐WT and S‐N501Y pseudovirus
(Fig. 2F). As both S‐D614G and S‐Delta share the same D614G muta-
tion, the higher luminescence signal suggested that the plasma mem-
brane localization of S‐D614G may facilitate lentivirus packaging
and infection.

3.3. Pseudovirus-based inhibition and neutralization assays

Since the protease‐mediated proteolytic activation of S protein is
required for coronavirus entry [19], we check the effect of the CatB/
L protease inhibitor E‐64d and TMPRSS2 inhibitor camostat mesylate
on WT, D614G, N501Y, and Delta S protein pseudotyped lentiviral par-
ticles infectivity. As shown in Fig. 3A, E‐64d significantly inhibited
these four pseudoviruses entry, and the IC50 was 0.34 μM for S‐WT
pseudovirus, 0.34 μM for S‐D614G pseudovirus, 0.48 μM for S‐
N501Y pseudovirus, and 0.3 μM for S‐Delta pseudovirus. However,
the pseudoviruses were relatively insensitive to a TMPRSS2 inhibitor
camostat mesylate in 293T‐ACE2 cells (Fig. 3B). These results sug-
gested that S‐meditated viral entry into 293T‐ACE2 cells is mainly
endosomal cysteine proteases CatB/L dependent, as the 293T‐ACE2
cells lack TMPRSS2 expression. Therefore, S‐WT, S‐D614G, S‐N501Y,
and S‐Delta pseudovirus show similar sensitivity to the CatB/L inhibi-
tor E‐64d in 293T‐ACE2 cells. Together, these data demonstrate that
the pseudovirus‐based inhibition assay could be an effective and con-
venient method to screen SARS‐CoV‐2 entry inhibitors.

Next, we tested the effect of two S RBD targeted antibodies on pseu-
dotyped lentiviral particles infectivity. Both antibodies inhibited four
types of pseudovirus in a concentration‐dependent manner. Interest-



Fig. 1. Detection of SARS-CoV-2 spike (S) protein expression. A) Schematic illustration of the SARS-CoV-2 wt spike (S). Detail information of different S mutant
protein sequences are shown below. The mutant amino acids were marked in red or removed. The RBD (receptor binding domain) is in subunit S1; the CT
(cytoplasmic tail) are in subunit S2. The endoplasmic reticulum retrieval signals in the CT domain of S-FL were destroyed in S protein. B) Detection of SARS-CoV-2
S expression in HKE-293T cells by western blot using the anti-Flag monoclonal antibody. Actin served as a loading control. Cells were transfected with pc-S-WT,
pc-S-D614G, pc-S-N501Y, pc-S-Delta plasmids or with an empty vector. C) Detection of SARS-CoV-2 S expression in pseudovirions by western blot using the anti-
Flag monoclonal antibody. Gag p24 served as a loading control. Data in B) and C) are shown as one representative experiment of three independent experiments.
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ingly, each antibody showed similar IC50 to S‐WT and S‐D614G (S‐
WT: 316 ng/mL (mAb‐A), 109 ng/mL (mAb‐B); S‐D614G: 289 ng/
mL (mAb‐A) and 59 ng/mL (mAb‐B)), respectively. The IC50 of anti-
body to S‐Delta are 182 ng/mL (mAb‐A) and 135 ng/mL (mAb‐B),
respectively. However, the antibody B showed great loss of inhibition
potential on S‐N501Y (S‐ N501Y: 286 ng/mL (mAb‐A), 257 ng/mL
(mAb‐B)) (Fig. 3C, D, E, F). These data indicated that decreased infec-
tivity of the pseudotyped SARS‐CoV‐2 in the presence of these antibod-
ies is associated with neutralizing activity of increased concentration
on SARS‐CoV‐2 entry. Our data indicated that a safe and convenient
assay had been established to test the entry inhibitors and neutralizing
activity of antibodies against SARS‐CoV‐2.
4. Discussion

Under the highly infectious and operational risks of live SARS‐CoV‐
2, the neutralization test needs to be done in a BSL‐3 laboratory, lim-
iting the availability of drugs against SARS‐CoV‐2. Our established S
pseudovirus based on HIV‐1 lentiviral packaging system could mimic
the live virus by sharing the same S envelope protein and is much safer
with a single round of replication and without other viral components,
which can be performed in a single round of replication BSL‐2 labora-
tory [20]. A live virus neutralization assay usually takes four days
[21]. With a luciferase gene as the reporter, our neutralization assay
takes only 48–72 h, costing less time. Furthermore, our essay could
be performed in a 96‐well plate with higher throughput than the con-
ventional plaque‐reduction neutralization test (PRNT), which must be
performed in a 6‐well plate. Therefore, our pseudovirus neutralization
assay is safer, more time‐saving, and has higher throughput than the
PRNT. Although many researchers had successfully established an
HIV‐based pseudovirus system for SARS‐CoV‐2, they usually used
specific plasmids which are not convenient to acquire in some areas
[22–26]. The plasmids used in our system are constructed based on
standard commercial plasmids that are easy to obtain, which benefit
the pseudovirus research in these areas. Significantly, the low titer
of pseudovirus usually limits their more comprehensive applications.
According to our comparison, the titer of our pseudovirus is usually
3–5 times higher than the pseudovirus packaged by the classical
pNL4‐3 system, which contributes to the improvement of the concen-
tration and purification efficiency. Our pseudovirus packaging system
is much easier to establish and more efficient than the classical pack-
aging system.

SARS‐CoV‐2 S plays a crucial role in viral infection and pathogen-
esis. Antibodies target S can block SARS‐CoV‐2 infectivity in vitro and
in vivo. During budding, lentiviral particles (LVP) can incorporate cell
membrane proteins in the viral envelope [27]. We created SARS‐CoV‐2



Fig. 2. Detection of SARS-CoV-2 S pseudotyped virus infectivity. A) Detection of ACE2 expression in 293T, 293T-ACE2 and HuH7 cells by western blot using the
anti-ACE2 monoclonal antibody. Actin served as a loading control. B) Infectivity measurements of lentiviruses pseudotyped without (MOCK) or with vesicular
stomatitis virus G (VSV-G) or SARS-CoV-2 S WT protein on the 293T, 293T-ACE2 and HuH7 cells after 72 h post inoculation. C) Infectivity measurements of
lentiviruses pseudotyped with SARS-CoV-2 S WT protein on the 293T and 293T-ACE2 cells with the indicated volumes of concentrated pseudotyped viruses after
72 h post inoculation. D) Infectivity measurements of the two plasmids or three plasmids systems derived SARS-CoV-2 S WT pseudotyped viruses on the 293T-
ACE2 cells after 48 h and 72 h post inoculation. E) Infectivity measurements of lentiviruses pseudotyped with SARS-CoV-2 S protein variants on the 293T-ACE2
cells after 24 h, 48 h and 72 h post inoculation. F) Infectivity measurements of lentiviruses pseudotyped with SARS-CoV-2 S protein variants with the same titer
(copies/mL) on the 293T-ACE2 cells after 72 h post inoculation. Above the infectivity (luciferase activity) was quantified by measuring RLU following infection.
Data in A) is shown as one representative experiment of three independent experiments. Data in B) C) D) E) and F) are shown as mean ± SE of three independent
experiments.
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pseudovirus by replacing membrane proteins with S protein in LVP.
However, the cytoplasmic tails of S protein contain an endoplasmic
reticulum retrieval signal (ERRS), which is thought to accumulate S
protein at the SARS‐CoV‐2 budding site to facilitate S protein incorpo-
ration into virions [13]. Considering the entire length of S protein is
not in favour of lentivirus pseudotyping, we deleted the last 19 amino
acids, which may increase the levels of S on the cell surface, resulting
in a higher titer of pseudovirus. The D614G S mutant had become the
dominant circulating strain globally by replacing the wide‐type S
strain, which replicates faster and is more transmissible [14].
Researchers demonstrated that the D614G mutation enhanced the
replication of the mutated virus in the lung cells with higher viral load
in the respiratory secretions [28–30]. Furthermore, structural analysis
elucidated that the D614G mutation resulted in a more open ACE2
binding site in the RBD region, indicating that it enhanced the ability
to attach to the ACE2, ultimately induced higher infectivity without
influencing the neutralization potency of antibodies targeting the S
protein RBD [31]. This function is consistent with the neutralization
abilities of our two antibodies targeted RBD was not influenced by
comparing WT with D614G S pseudovirus. After the emergence of
the D614G substitution, the N501Y S mutant substitution occurred
convergently in the United Kingdom (UK), South Africa, and Brazil,
which is a significant determinant responsible for being more trans-
missible by improving the affinity of the viral spike protein for cellular
receptors [32]. The antibodies targeting different regions of RBD
showed a distinct change of neutralization potential against N501Y
compared to WT [33]. The mAb B showed a loss of neutralization abil-
ity for N501Y compared to WT, indicating that mAb B may recognize
the N501 amino acid. Currently, as the predominant strain of the virus,
the Delta variant contained several mutations in S protein compared to
the WT strain, including T19R, G142D, Δ156–157, R158G, L452R,
T478K, D614G, P681R, and D950N. Lizhou Zhang showed D614G
mutation indeed increases pseudovirus (PV) infectivity without influ-
encing neutralization sensitivity [34], which is consistent with infec-



Fig. 3. Detection of entry inhibitors and antibodies against SARS-CoV-2 pseudovirus infection. A) E-64d blocked SARS-CoV-2 S variants pseudovirus entry. 293T-
ACE2 cells were pre-incubated with E-64d (about 3-fold serially diluted) and subsequently inoculated with pseudovirions. RLU were detected after 72 h post-
pseudovirus inoculation. B) Camostat mesylate slightly blocked SARS-CoV-2 S variants pseudovirus entry. 293T-ACE2 cells were pre-incubated with camostat
mesylate (about 3-fold serially diluted) and subsequently inoculated with pseudovirions. RLU were detected after 72 h post-pseudovirus inoculation. Antibodies
targeted RBD neutralized the SARS-CoV-2 S variants pseudovirus. The S WT C), D614G D), N501Y E) and Delta F) pseudovirus were pre-incubated with mAb-A or
mAb-B (about 3-fold serially diluted), and subsequently inoculated with 293T-ACE2 cells. RLU were detected after 72 h post-pseudovirus inoculation. Data in A) B)
C) D) E) and F) are shown as mean ± SE of three independent experiments.
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tivity measurements results of D614G and Delta. Recent reports have
indicated that Delta variant is resistant to certain antibodies, especially
targeting RBD of SARS‐CoV‐2 S [35–37]. Our antibodies are engi-
neered by fusing the antibodies which recognized the common RBD
region of SARS‐CoV, MERS‐CoV and SARS‐CoV‐2 S to the ACE2 bind-
ing region, which can both competitive bind to receptor with coron-
avirus and directly bind to coronavirus to effenciently block the
virus infection. Our data showed slightly increased sensitivity of
SARS‐CoV‐2 variant Delta to mAb‐A neutralization, which may con-
tribute to broader applications.

In conclusion, we generate a replication‐incompetent LVP carrying
the SARS‐CoV‐2 S WT or mutant protein to study SARS‐CoV‐2 in a
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safer, more convenient, and higher throughput way. Furthermore, this
pseudovirus neutralization assay could be applied to test the inhibitors
that target infection progress by SARS‐CoV‐2 and neutralize antibod-
ies, which could benefit the availability of inhibitors and antibodies
against SARS‐CoV‐2.
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