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ABSTRACT
The global pandemic of coronavirus disease 2019 (COVID-19) is a disaster for human society. A convenient and reliable
neutralization assay is very important for the development of vaccines and novel drugs. In this study, a G protein-deficient
vesicular stomatitis virus (VSVdG) bearing a truncated spike protein (S with C-terminal 18 amino acid truncation) was
compared to that bearing the full-length spike protein of SARS-CoV-2 and showed much higher efficiency. A
neutralization assay was established based on VSV-SARS-CoV-2-Sdel18 pseudovirus and hACE2-overexpressing BHK21
cells (BHK21-hACE2 cells). The experimental results can be obtained by automatically counting the number of EGFP-
positive cells at 12 h after infection, making the assay convenient and high-throughput. The serum neutralizing titer
measured by the VSV-SARS-CoV-2-Sdel18 pseudovirus assay has a good correlation with that measured by the wild
type SARS-CoV-2 assay. Seven neutralizing monoclonal antibodies targeting the receptor binding domain (RBD) of the
SARS-CoV-2 S protein were obtained. This efficient and reliable pseudovirus assay model could facilitate the
development of new drugs and vaccines.
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Introduction

As of August 18th, 2020, over 21.9 million cases of cor-
onavirus disease 2019 (COVID-19) have been reported.
The spread of the SARS-CoV-2 is still difficult to control
due to its highly contagious nature and asymptomatic
infection. An urgent need exists to develop vaccines or
therapeutics against SARS-CoV-2 infection. However,
SARS-CoV-2 culture and assays need to be carried out
in a biosafety level-3 laboratory, which limits the
efficiency of research and development (R & D). Widely
available and convenient functional assays, such as cell-
based assays for neutralizing quantification, are essential
for vaccine and therapeutic antibody R & D [1–3].

SARS-CoV-2 belongs to the genus betacoronavirus
and is an enveloped virus [4]. The glycosylated spike
(S) protein is themajor surface protein and is responsible
for receptor binding and the fusionof the viralmembrane
with cellular membranes [5,6]. Studies have shown that
SARS-CoV-2 S protein and SARS-CoV S protein bind
with the same receptor, human angiotensin-converting
enzyme 2 (hACE2), with similar affinities [7–9]. There-
fore, studies of SARS-CoV neutralization assays, which
are based on pseudoviruses bearing the spike protein of
SARS-CoV,wouldprovide valuable experience and refer-
ence for SARS-CoV-2 assays. In recent years, a pseudo-
typing system based on vesicular stomatitis virus (VSV)
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was reported to produce pseudotyped viruses incorporat-
ing the envelopeproteinofheterologous risk group-3 (RG-
3) or RG-4 viruses, such as Ebola virus, SARS coronavirus,
and MERS coronavirus, in which the VSV G gene is
deleted (VSVdG) and the gene encoding GFP, luciferase
or other reporter genes was integrated [10–12]. Pseudo-
typed viruses provide a safe viral entry model because of
their inability to produce infectious progeny virus. VSV
assembly occurs at the plasma membrane and involves
the budding of virions from the cell surface. During bud-
ding, VSV acquires an envelope, consisting of a lipid
bilayer derived fromtheplasmamembrane, and spikepro-
teins, consisting of trimers of the VSV glycoprotein (VSV-
G).When VSV-G is absent and the glycoprotein from the
heterologous virus is complacently expressed in cells
infectedwithVSVdG, the glycoproteinof the heterologous
virus could be assembled into the VSV membrane.

Recently, Michael Letko et al. used VSVdG-luc bear-
ing SARS-spike chimeras to study cell entry and recep-
tor usage for SARS-CoV-2 and other lineage B
betacoronaviruses [13]. Jianhui Nie et al. successfully
constructed a pseudovirus neutralization assay for
SARS-CoV-2, which consists of pseudotyped VSV
bearing the full-length spike protein of SARS-CoV-2
and Huh7 cells [12]. A lentiviral pseudotype bearing
the truncated spike protein of SARS-CoV-2 was also
constructed and used to study virus entry and immune
cross-reactivity with SARS-CoV. Viral packaging and
infection efficiency are limiting factors for high-
throughput in vitro neutralization assays.

It was reported that a pseudotyped VSV and a retro-
virus bearing a SARS-CoV-S protein variant with a
truncation in the cytoplasmic tail had much higher
infection efficiency than that with full-length S protein
[11, 14]. In this study, VSVdG pseudotypes with full-
length SARS-CoV-2 S protein or truncated SARS-
CoV-2-Sdel18 protein with a C-terminal 18 aa trunca-
tion were compared, and we found that the infection
efficiency of VSV-SARS-CoV-2-Sdel18 was much
higher than that of VSV-SARS-CoV-2-S. Among the
cell lines used in this study, BHK21-hACE2 cells stably
expressing human ACE2 were most sensitive to infec-
tion, while Vero-E6 cells were most suitable for viral
packaging. A neutralization assay for antibody screen-
ing and validation was established based on VSV-
SARS-CoV-2-Sdel18 and BHK21-hACE2 cells, and 7
strains of neutralizing monoclonal antibodies targeting
the receptor binding domain (RBD) of SARS-CoV-2 S
protein were obtained. Most importantly, the neutraliz-
ing antibody titers measured by the pseudovirus assay
and the authentic virus assay were highly correlated.

Materials and methods

Cells and samples

Vero-E6 (American Type Culture Collection [ATCC],
CRL-1586), Vero (ATCC, CCL-81), BHK21 (ATCC,

CCL-10) and 293 T (kindly gifted by Dr Jiahuai Han)
cells were maintained in high-glucose DMEM (Sigma-
Aldrich) supplemented with 10% FBS (Gibco), penicillin
(100 IU/mL), and streptomycin (100 μg/mL) in a 5%
CO2 environment at 37°C and passaged every 2 days.
BHK21-hACE2 cells stably expressing hACE2 were
developed by the PiggyBac transposon system. Transpo-
son vectors (SBI System Biosciences, PB514B-2) con-
taining the hACE2 gene and transposase plasmids
were co-transfected into BHK21 cells and then selected
through puromycin resistance and red fluorescence.

SARS-CoV-2 spike-specific antibody was generated
through the immunization of Balb/c mice with SARS-
CoV-2 spike protein (RBD, Fc Tag, 40592-V05H,
Sino Biological Inc.). MAbs against the SARS-CoV-2
RBD were produced with hybridoma technology and
were characterized by pseudotyped virus assay.

Twelve SARS-CoV-2 serum samples from convales-
cent patients were generously provided by Mr Zhi-Yong
Li from the First Hospital of Xiamen University. Written
informed consent was obtained from all volunteers.

Plasmids and pseudovirus

To construct a VSV pseudovirus carrying the spike
protein of SARS-CoV-2, the spike gene of the Wuhan-
Hu-1 strain (GenBank: MN908947) was codon-opti-
mized for expression in human cells and cloned into
the eukaryotic expression plasmid pCAG to generate
the recombinant plasmid pCAG-nCoVS. The spike
gene mutant of SARS-CoV-2 with a C-terminal 18 aa
truncation was also cloned into plasmid pCAG and gen-
erated pCAG-nCoVSdel18. The plasmids pCAG-nCoVS
and pCAG-nCoVSdel18 were each transfected into
Vero-E6 cells. Forty-eight hours post transfection, the
VSVdG-EGFP-G (Addgene, 31842) virus was inoculated
into cells expressing the SARS-CoV-2 spikeproteinor the
SARS-CoV-2 Sdel18 truncated protein and incubated for
one hour[15]. Then, VSVdG-EGFP-G virus was
removed from the supernatant, and anti-VSV-G rat
serum was added to block the infectivity of residual
VSVdG-EGFP-G.The progeny viruswould be enveloped
by SARS-CoV-2 spike protein or SARS-CoV-2 Sdel18
truncated protein to generate a VSV pseudovirus carry-
ing a different spike protein of SARS-CoV-2, as shown
in Figure 1. The supernatant was harvested at 24 h post
VSVdG-EGFP-G infection and then centrifuged and
filtered (0.45-μm pore size, Millipore, SLHP033RB) to
remove cell debris and stored at −80°C until use. The
viral titer was determined by counting the number of
GFP-positive cells after BHK21-hACE2 cell infection
with gradient diluted supernatant.

Pseudovirus-based neutralization assay

BHK21-hACE2 cells were seeded previously. The cul-
tured supernatant of monoclonal hybridoma cells,
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gradient diluted purified antibodies or the serum of
convalescent patients were mixed with diluted VSV-
SARS-CoV-2-Sdel18 virus (MOI=0.05) and incubated
at 37°C for 1 h. All samples and viruses were diluted
with 10% FBS-DMEM. The mixture was added to
seeded BHK21-hACE2 cells. After 12 h of incubation,
fluorescence images were obtained with Opera Phenix
or Operetta CLS equipment (PerkinElmer). For quan-
titative determination, fluorescence images were ana-
lyzed by the Columbus system (PerkinElmer), and
the numbers of GFP-positive cells for each well were
counted to represent infection performance. The
reduction (%) in the number of GFP-positive cells in
mAb-treated wells compared with that in nontreated
control wells were calculated to show the neutralizing
potency.

Wild type SARS-CoV-2-based neutralization
assay

Vero cells were seeded 24 h before the infection in a 96-
well plate (1 × 104cells/well). On the day of infection,
the cells were washed twice. Serum samples were incu-
bated at 56°C for 30 min and then diluted 2-fold in cell
culture medium. Aliquots (50 μL) of diluted serum
samples (from 20-fold to 10240-fold) were added to
50 μL of cell culture medium containing 50 times the
tissue culture infective dose (TCID50) of wild type
SARS-CoV-2 virus on a 96-well plate and incubated
at 37°C for 2 h in CO2 5% vol/vol. The mixture of
virus and serum were then added to cells in 96-well
plates and plates were incubated at 37°C with micro-
scopic examination for cytopathic effect (CPE) after a
5-day incubation. The highest dilution of serum that
showed complete inhibition activity of SARS-CoV-2

was recorded as the neutralizing antibody titer
(ID100). Assays were performed in duplicate with
negative control serum.

Statistics

The inhibition rates of mAb and serum were calculated
according to the decrease in the number of GFP-posi-
tive cells (for pseudotype-based neutralization assay) or
the decrease in CPE (for wild type SARS-CoV-2-based
neutralization assay). The IC50 (the half maximal
inhibitory concentration) or ID50 (plasma/serum
dilutions causing a 50% reduction in the number of
GFP-positive cells) values were calculated with non-
linear regression, i.e. log (inhibitor) vs. response (four
parameters), with GraphPad Prism 7.00 (GraphPad
Software, Inc., San Diego, CA, USA). The correlation
of the analysis results between the pseudovirus system
and the wild type virus system was analyzed by linear
regression with GraphPad Prism 7.00.

Results

The combination of VSV-SARS-CoV-2-Sdel18 and
BHK21-hACE2 cells showed higher efficiency

To compare the infection efficiency of pseudotyped
viruses bearing different glycosylated proteins, single-
cycle infectious recombinant VSVdG-EGFP-G was
prepared and used to infect Vero-E6 cells transiently
expressing full-length SARS-CoV-2 S protein and trun-
cated SARS-CoV-2-Sdel18 protein with a C-terminal
18 aa truncation. Pseudotyped VSV-SARS-CoV-2-S
and VSV-SARS-CoV-2-Sdel18 were obtained follow-
ing the procedures described in the methods (Figure

Figure 1. Generation of VSV pseudotyped viruses bearing SARS-CoV-2 spike proteins. (A) The difference between SARS-CoV-2 S
protein and SARS-CoV-2-Sdel18. (B) The procedure of producing VSV pseudotyped viruses bearing SARS-CoV-2 spike proteins.
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1). Vero-E6, BHK21, BHK21-hACE2 and 293 T cells
were seeded to compare the infection efficiency of
pseudotyped viruses. BHK21 cells stably expressing
hACE2 (BHK21-hACE2 cells) were constructed as
described in the methods, and the expression of
hACE2 was confirmed (Supplementary figure 1). The
infection efficiency of VSV pseudotypes bearing trun-
cated Sdel18 was much higher than that of those bear-
ing full-length S protein. Similar results were observed
in BHK21-hACE2 and Vero-E6 cells, among which
BHK21-hACE2 cells stably overexpressing hACE2
were most sensitive, whereas BHK21 cells and 293 T
cells were almost resistant to infection (Figure 2). The
number of GFP-positive cells in VSV-SARS-CoV-2-
Sdel18-infected BHK21-hACE2 cells were approxi-
mately 70 times greater than that in the VSV-SARS-
CoV-2-S infection group and 1.26 times lower than
that in the VSVdG-EGFP-G infection group (Figure
2). Vero-E6 cells expressing C-terminal truncated
spike protein (Sdel18) also formed more syncytia
than cells expressing full-length spike protein (Sup-
plementary figure 2). The results suggested that the

combination of VSV-SARS-CoV-2-Sdel18 and
BHK21-hACE2 cells could be a better alteration for
establishing pseudotyped SARS-CoV-2 entry and neu-
tralization assays.

Vero-E6 cells packaged VSVdG-SARS-CoV-2-
Sdel18 with the highest efficiency

Viral packaging efficiency is one of the limiting fac-
tors for high-throughput in vitro neutralization
assays. To select a cell line that is most appropriate
for pseudovirus production, we compared the viral
titers of VSVdG-SARS-CoV-2-Sdel18 packaged by
Vero-E6, BHK21 and 293 T cells. The results showed
that Vero-E6 cells formed more syncytia than the
other two cell lines during packaging and produced
the highest viral titer (Figure 3), which was approxi-
mately 3 × 105 infectious particles per millilitre.

Time course of EGFP expression after VSVdG-
SARS-CoV-2-Sdel18 infection

To determine the optimal incubation period for the
detection of VSVdG-SARS-CoV-2-Sdel18 infection,
time-course monitoring of EGFP expression was per-
formed with the Opera Phenix High Content
Screening System. EGFP expression could be
detected as early as 8 h post infection, and the num-
ber of GFP-positive cells gradually increased, reach-
ing the plateau phase within 12 h, and remained
stable between 12 and 24 h (Figure 4). However,
the fluorescence intensity increased continuously.
As pseudoviruses are unable to produce progeny
viruses, the infected cell number would be a better
indicator for infection efficiency. Therefore, the
infection efficiency could be quantitatively evaluated
at 12–24 h by counting the number of GFP-positive
cells.

Optimization and validation of the
neutralization assay

To optimize the number of cells seeded, a range of 6.25
× 103–2.00 × 105 cells/well were seeded and infected
with an inoculant dose of 0.05 MOI. The ID50 values
were calculated with nonlinear regression, i.e. log
(inhibitor) vs. response (four parameters), and the
goodness of fit test showed that R2 was greater than
0.98, revealing an excellent fitting of the four-par-
ameter inhibition curves. The ID50 values were similar,
with cell numbers ranging from 6.25 × 103 to 5.00 × 104

cells/well (Figure 5A). When the number of cells
seeded was more than 5.00 × 104 cells/well, the ID50
values tended to decrease. Given these results, 5.00 ×
104 cells/well was selected for subsequent experiments.

Furthermore, the optimal inoculant dose of pseudo-
virus was tested with a range from 0.00625 to 0.2 MOI.

Figure 2. Comparison of the infection efficiency of pseudo-
typed viruses in various cell lines. VSVdG viruses bearing the
spike protein of SARS-CoV-2 or the G protein of VSV were har-
vested, and the infectivity of these recombinant viruses were
tested in different cell lines, including Vero-E6, BHK21, 293 T
and BHK21-hACE2 cells. The fluorescence was detected (A),
and the numbers of GFP-positive cells (B) were counted with
Opera Phenix 12 h post infection.
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Typical four-parameter inhibition curves were
observed, and the R2 values were greater than 0.98 in
all groups, revealing an excellent fitting of nonlinear
regression curves. The ID50 values were similar with
inoculant doses ranging from 0.0125 to 0.05 MOI
(Figure 5B), and when the MOI was more than 0.05,
the ID50 values tended to decrease. According to
these results, 0.05 MOI was used as the optimal inocu-
lant dose.

To determine the cutoff value of the assay, a negative
sample panel including 59 human sera and 58 mouse
sera were used, with an initial dilution of 1:10 followed
by a 3-fold serial dilution, and then the 50% inhibitory
dilution (ID50) was calculated. The background (mean
± SD) of negative serum samples from humans and
mice were 1.97 ± 1.96 and 9.86 ± 5.91, respectively
(Figure 6A). The lower limit of detection (LLOD)
was calculated by the mean+1.96 SD, and the LLOD
was 5.82 for human serum samples and 21.45 for
mouse serum samples. The cutoff values were set as
10 and 30 for human and mouse serum samples,
respectively.

To test the reproducibility of this neutralization
assay, one COVID-19 convalescent patient serum
sample was tested 14 times on individual plates
in three independent experiments, and the average
intra-assay and inter-assay coefficient of variation
(CV) were 7.2% and 9.2%, respectively (Figure 6B),

which was acceptable for a cell-based assay
(CV≤25%).

To validate the correlation of neutralizing antibody
titers measured by our VSVdG-SARS-CoV-2-Sdel18
pseudovirus assay and wild type SARS-CoV-2 assay,
a total of 12 serum samples from COVID-19 convales-
cent patients were used for quantitative measurement.
Viral infection was determined by counting GFP-posi-
tive cells (pseudovirus) or examining CPE (authentic
virus). For the pseudovirus-based neutralization
assay, ID50 was calculated with the quantitative
reduction of the number of GFP-positive cells. For
the wild type SARS-CoV-2 neutralization assay, the
neutralizing antibody titers were determined by micro-
scopic examination for CPE and the highest dilution of
serum that showed complete inhibition (ID100) of CPE
was used to indicate the neutralizing antibody titer in
serum. The results showed that the neutralizing titers
measured by the two assays were highly correlated,
with an R squared value of 0.8396 (P<0.0001) (Figure
6C). The geometric mean neutralizing titers (GMT)
measured by the pseudovirus assay and wild type
SARS-Cov-2 assay were 2961 and 923, respectively
(Supplementary Table 1). It should be noted that the
neutralization titers measured by assays from different
laboratories are different, and the same serum plate
needs to be used for calibration before they can be
compared with each other.

Figure 3. Comparison of the packaging efficiency of VSVdG-SARS-CoV-2-Sdel18 in various cell lines. Vero-E6, BHK21 and 293 T cells
were used to package the VSVdG-SARS-CoV-2-Sdel18 virus. (A) The left picture shows the cells used to package recombinant virus,
recorded 48 h post infection with VSVdG-EGFP-G. The right figures show the infectivity of virus produced by three cell lines. The
harvested virus was diluted and tested in BHK21-hACE2 cells. The fluorescence was detected (A), and the numbers of GFP-positive
cells (B) were counted with Opera Phenix 12 h post infection.
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Figure 4. Time course of EGFP expression after VSVdG-SARS-CoV-2-Sdel18 infection. BHK21-hACE2 cells were infected with VSVdG-
SARS-CoV-2-Sdel18 virus (MOI=0.05). The fluorescence was detected (A), and the numbers of GFP-positive cells (B) were counted
with Opera Phenix at different time points post infection.

Figure 5. Optimization in the number of seeded cells and inoculant dose of pseudovirus (A) To optimize the seeding cell number, a
range of 6.25 × 103–2.00 × 105 cells/well were seeded and infected with the inoculant dose of 0.05 MOI, the ID50 values were cal-
culated with non-linear regression, i.e. log(inhibitor) vs. response (four parameters). (B) The optimal inoculant dose of pseudovirus
was tested with a range from 0.00625 to 0.2 MOI.
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VSVdG-SARS-CoV-2-Sdel18-based system for the
screening of neutralizing mAbs

Thirty-five strains of mouse monoclonal antibody
hybridoma cultured supernatants were detected, and
7 of them showed significant neutralizing activity
(Figure 7A, B). The IC50 of the 7 selected neutralizing
antibodies for antiviral activity were also measured
(Figure 7C). The results suggested that this system
can be used for high-throughput screening of neutraliz-
ing antibodies.

Discussion

The COVID-19 epidemic is spreading rapidly around
the world, and there is an urgent need for vaccines or
therapeutic drugs. The isolation and culture of SARS-
CoV-2 have to be handled in biosafety level-3 (BSL-
3) facilities, which limits the research and development

of drugs. A safer and more efficient assay for drug
evaluation would accelerate the development of drugs.

The pseudovirus system provides a convenient tool
for the study of RG-3 viruses, making the evaluation of
viral inhibitors, neutralizing antibodies and immunized
serum much easier. Retrovirus and VSV are both com-
monly used pseudovirus systems, but the pseudotype
viral titer obtained with the VSVdG system is generally
higher than that of the retrovirus system [10]. Further-
more, the infection of target cells with pseudotyped
VSV can be detected as early as 4 h post infection. In
this research, pseudotyped VSV carrying the spike
protein of SARS-CoV-2 and a reporter gene can be
detected as early as 8 h post infection through green
fluorescence. This time is much shorter than the time
to detect wild type SARS-CoV-2. The experimental
results can be obtained by automatically counting the
number of EGFP-positive cells at 12 h after infection,
making the assay convenient and high-throughput.

Figure 6. Validation of the VSVdG-SARS-CoV-2-Sdel18 pseudovirus assay. (A) Specificity of the pseudovirus assay. A negative
sample panel including 59 human sera and 58 mouse sera were used to determine the specificity of this assay. (B) Reproducibility
of the pseudovirus assay. One COVID-19 convalescent patient serum sample was tested 14 times on individual plates in three inde-
pendent experiments. The virus titer of VSVdG-SARS-CoV-2-Sdel18 pseudovirus was consistent in these assays (MOI=0.05). (C) The
correlation of neutralizing titer measured by the VSVdG-SARS-CoV-2-Sdel18 pseudovirus assay (ID50, log10) and the wild type
SARS-CoV-2 neutralization assay (ID100, log10).

Figure 7. VSVdG-SARS-CoV-2-Sdel18-based neutralization assay for screening neutralizing mAbs. (A) Measurement of the neutraliz-
ing activity of 35 strains of antibodies. The cultured supernatant of 35 monoclonal hybridoma cells were incubated with VSVdG-
SARS-CoV-2-Sdel18 virus (MOI=0.05), and then the mixture was added to BHK21-hACE2 cells. The fluorescence was detected with
Opera Phenix 12 h post infection. (B) The numbers of GFP-positive cells were counted to calculate the inhibition rate. (C) The IC50
values of the 7 selected neutralizing antibodies for antiviral activity were also analyzed. The 7 selected neutralizing antibodies were
purified and diluted to different concentrations, incubated with VSVdG-SARS-CoV-2-Sdel18 virus (MOI=0.05) for an hour and added
to BHK21-hACE2 cells. The numbers of GFP-positive cells were counted with Opera Phenix 12 h post infection to calculate the inhi-
bition ratio. The IC50 was analyzed by nonlinear regression (four-parameter).
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Jianhui Nie et al. constructed a pseudotyped VSV
bearing the full-length SARS-CoV-2 S protein [12].
Notably, our comparative experiments showed that
truncating the 18 amino acids of the C-terminal cyto-
plasmic tail of the SARS-CoV-2 S protein could signifi-
cantly improve the infection efficiency of this system
(Supplementary figure 3). This finding is similar to
that of a recently published replication-competent
rVSV-SARS-CoV-2-S study, which found that rVSV-
SARS-CoV-2-S replicated poorly initially, and acceler-
ated growth was observed after 5 passages, which
coincided with the emergence of mutants with 21- or
24-amino acid truncations of the cytoplasmic tail of
the S protein [16]. The C termini of the SARS-CoV-2
S protein and the SARS-CoV S protein are very similar,
and both carry signals for endoplasmic reticulum posi-
tioning. The truncation of 18–19 amino acids has been
found to increase infection efficiency [6,11,14].

The infection model consisting of BHK21-hACE2
cells and VSVdG-SARS-CoV-2-Sdel18 can mimic the
entry of wild type SARS-CoV-2. The serum neutraliz-
ing titer of COVID-19 convalescent patients measured
by the VSV-SARS-CoV-2-Sdel18 pseudovirus assay
has a good correlation with that measured by the
wild type SARS-CoV-2 assay. The pseudovirus assay
is safer and more time saving than the wild type
SARS-CoV-2 assay.

This pseudotype infection assay could be applied to
the screening of compounds that could inhibit infec-
tion by SARS-CoV-2 and neutralizing antibodies.
More importantly, this method can be used to measure
the neutralization titer of serum from vaccinated ani-
mals or humans, which is fast and convenient. Taken
together, this neutralization assay based on single-
cycle infectious VSV-SARS-CoV-2 Sdel18 pseudovirus
and BHK21-hACE2 cells could greatly benefit the
development of vaccines and drugs against COVID-19.
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