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ABSTRACT
In vaccinees who were infected with SARS-CoV in 2003, we observed greater antibody responses against spike and
nucleoprotein of both SARS-CoV-2 and SARS-CoV after a single dosage of inactivated SARS-CoV-2 vaccine. After
receiving the second vaccination, antibodies against RBD of SARS-CoV-2 Wuhan, Beta, Delta, and recently emerged
Omicron are significantly higher in SARS-CoV experienced vaccinees than in SARS-CoV naïve vaccinees. Neutralizing
activities measured by authentic viruses and pseudoviruses of SARS-CoV, SARS-CoV-2 Wuhan, Beta, and Delta are
greater in SARS-CoV experienced vaccinees. In contrast, only weak neutralizing activities against SARS-CoV-2 and
variants were detected in SARS-CoV naïve vaccinees. By 6 months after the second vaccination, neutralizing activities
were maintained at a relatively higher level in SARS-CoV experienced vaccinees but were undetectable in SARS-CoV
naïve vaccinees. These findings suggested a great possibility of developing a universal vaccine by heterologous
vaccination using spike antigens from different SARS-related coronaviruses.
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The 2019 novel coronavirus disease (COVID-19) out-
break triggered a worldwide pandemic and caused a
global health crisis [1–3]. The rapid development
and massive immunization of COVID-19 vaccinees
significantly prevent infection and severe diseases
caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) and its variants [4–6].

The SARS-CoV and SARS-CoV-2 are SARS-related
coronavirus that belong to the subgenus sarbecovirus
of betacoronavirus genus. These two SARS-related
coronaviruses are placed in two antigenetically distinct
phylogenetic clades [1,2]. The spike (S) protein of
SARS-CoV and SARSCoV-2 shares 77.4% amino
acid sequence similarity, with RBD shares 73.1% and
the S2 region sharing the highest similarity at 87.3%.
The nucleoprotein (N) shares even up to 90.9%
amino acid sequence similarity (Figure S1). The
SARS-CoV is responsible for the infection of more
than 8,000 patients and spread to 26 countries on
five continents during the 2002–2003 outbreak [7].

Even at 17 years after infection, serum samples from
SARS-CoV survivors still possessed binding anti-
bodies to S protein of both SARS-CoV and SARS-
CoV-2 and a low level of neutralizing activity against
SARS-CoV, but no SARS-CoV-2 could be detected
[8]. Likewise, convalescent serum samples from SARS-
CoV-2 infected people can neutralize SARS-CoV-2
but not SARS-CoV [8,9]. Nevertheless, a few mono-
clonal antibodies (mAbs) with naturalizing activities
against SARS-CoV and SARS-CoV-2 could be isolated
from SARS-CoV or SARS-CoV-2 convalescents [10–
14]. These mAbs target spike protein’s receptor-bind-
ing domain (RBD) [15]. Recently, several reports
revealed that a single dose of mRNA vaccine in
SARS-CoV-2 convalescent people could induce a
higher antibody response to the level similar to people
who received two doses of mRNA vaccinees [16–18].
In this study, we evaluated the magnitude and breadth
of antibody response after one and two dosages of
inactivated SARS-CoV-2 vaccine in a small cohort of
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people who have history of SARS-CoV infection
during 2003 outbreak (SARS-CoV experienced) and
people who have no history of SARS-CoV infection
(SARS-CoV naïve).

Results

We first used ELISA to measure IgG titres to S, RBD,
and N of SARS-CoV and SARS-CoV-2 (Wuhan
strain). At day 28 (D28) after the first vaccination in
SARS-CoV experienced vaccinees, there was a signifi-
cant induction of IgG titres against not only SARS-
CoV-2 S, RBD, and N but also SARS-CoV S, RBD,
and N. In contrast, there were no induction of IgG
against S, RBD, and N of either SARS-CoV-2 or
SARS-CoV in SARS-CoV naïve vaccinees. At 28
days (D56) after the second vaccination, the IgG
against S, RBD, and N proteins of either SARS-CoV-
2 or SARS-CoV were elevated but were lower in
SARS-CoV naïve vaccinees (Figure 1). The median
(half-maximal effective concentration) EC50 IgG titres

against SARS-CoV-2 S, RBD, and N were 2269.9,
1896.7, and 2679.2 in SARS-CoV experienced vacci-
nees, but only 449.8, 545.8 and 696.6 in SARS-CoV
naïve vaccinees (Table S2). The IgG antibodies against
SARS-CoV RBD and SARS-CoV-2 RBD in SARS-CoV
experienced vaccinees were 8.3-fold and 3.5-fold
higher than that in SARS-CoV naïve vaccinees,
respectively. The IgG antibodies against SARS-CoV
N and SARS-CoV-2 N were 10.1fold and 3.9-fold
higher in SARS-CoV experienced vaccinees than
SARS-CoV naïve vaccinees (Table S2). These results
suggested the recall response of memory B cells to
SARS-CoV upon stimulation of SARS-CoV-2. We
also found that the IgG antibodies against SARS-
CoV-2 S2 were 7.0-fold higher in SARS-CoV experi-
enced vaccinees than in SARS-CoV naïve vaccinees
after the first vaccination. However, the difference nar-
rowed to 2.5-fold higher after the second vaccination
(Table S2, Figure S2A). In addition, we measured
IgG antibodies against RBD-Beta and RBD-Delta var-
iants after the second vaccination (Figure 2(A,B)). The

Figure 1. The N, S and RBD protein-specific IgG antibody response in SARS-CoV experienced and SARS-CoV naïve vaccinees.
Serum samples were collected at 28 days after the first dosage (D28) and 28 days after the second dosage (D56). (A-C) serum
IgG binding antibodies against SARS-CoV-2 S, RBD, and N proteins were measured by ELISA; (D-F) serum IgG binding antibodies
against SARS-CoV S, RBD, and N proteins were measured by ELISA. The half-maximal titre (EC50) was calculated using four-par-
ameter logistic curve fit. Red squares and lines represent SARS-CoV experienced vaccinees. Blue circles and lines represent SARS-
CoV naïve vaccinees. The pink and blue lines represent the median values of the SARS-CoV experienced vaccinees and the SARS-
CoV naïve vaccinees, respectively. The dashed black lines represent the positive cutoff value. Statistical significance was deter-
mined using one-way ANOVA-test. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, **** denotes p < 0.0001, ns,
non-significant.
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IgG antibodies against RBD-Beta and RBD-Delta were
6.5-fold and 5.3-fold higher 28 days after the second
vaccination, and were 6.7-fold and 6.7-fold higher 3
months after the second vaccination in SARS-CoV
experienced vaccinees than SARS-CoV naïve vacci-
nees (Table S3, Figure 2(A,B)). During the preparation
of this manuscript, the emergence of the SARS-CoV-2
Omicron variant raised the concern of immune eva-
sion from established immunity. We compared the
serum IgG that binds to RBD-Omicron 3 months
after the second vaccination. RBD-Omicron IgG titres
in SARS-CoV experienced vaccinees with median
EC50 at 345.6 (268.3 - 662.6) than SARS-CoV naïve
vaccinees with median EC50 at 47.0 (37.6 - 51.2).
Although RBD-Omicron IgG in SARS-CoV experi-
enced vaccinees had a 4.6-fold decrease compared to
RBD-Wuhan IgG, the EC50 of RBD-Omicron IgG
was 7.4-fold higher in SARS-CoV experienced vacci-
nees than SARS-CoV naïve vaccinees who decreased
to near background level (Figure 2(B), Table S3).
These results indicated a significant expansion of B
cells that can produce cross-reactive antibodies against
SARS-CoV and SARS-CoV2 variants by heterologous
vaccination with antigens from SARS-related
coronaviruses.

We next measured virus neutralization by a cyto-
pathic plaque reduction assay using live SARSCoV-2
Wuhan (strain 2020XN4276). Live virus neutraliz-
ation (>1:4) against SARS-CoV-2 Wuhan was detect-
able in SARS-CoV experienced vaccinees after the
first dosage, which further increased after the second
dosage (Figure 2(C)). In contrast, in SARS-CoV
naïve vaccinees, virus neutralization was not detect-
able after one dosage and became detectable after the
second vaccination but was much lower (Figure 2
(C)). Live virus neutralization against authentic SARS-
CoV-2 Wuhan was 2.7-fold higher in SARS-CoV
experienced vaccinees than SARS-CoV naïve vacci-
nees. Compared to virus neutralization against auth-
entic SARS-CoV-2 Wuhan, there was no significant
reduction of neutralizing activity against authentic
SARS-CoV-2 Beta in SARS-CoV experienced vacci-
nees SARS-CoV-1 naïve vaccinees had a significant
reduction of neutralization activity against SARS-
CoV-2 Beta (Figure 2(C), Table S4). Since the auth-
entic SARS-CoV was not available, we used a lenti-
virus based pseudovirus neutralization assay to
determine the neutralizing activity against SARS-
CoV. Neutralizing activity against SARS-CoV was
4.2-fold higher in SARS-CoV experienced vaccinees
(Figure 2(D)). We also used a VSV based pseudovirus
neutralization assay to determine the neutralizing
activity against SARS-CoV-2 Delta for the serum
samples collected on D56. Neutralization against
Delta variant was 4.2-fold higher in SARS-CoV experi-
enced vaccinees than in SARS-CoV naïve vaccinees
(1:96 VS 1:23) (Figure 2(E)).

In addition, we used a surrogate virus neutraliz-
ation test (sVNT) based on chemiluminescent immu-
noassay (CLIA) to evaluate the neutralizing antibodies
that block the binding of SARS-CoV-2 RBD with cel-
lular receptor ACE2. After the first vaccination, sVNT
titre increased to 126.47 AU/ml in SARS-CoV experi-
enced vaccinees but was undetectable in SARS-CoV
naïve vaccinees (Figure 2(F)). sVNT titre was 7.0-
fold higher in SARS-CoV experienced vaccinees after
the second dosage. At 6 months after the second vac-
cination, sVNT titre in SARS-CoV experienced vacci-
nees decreased 3.6-fold from 312.61 AU/ml to
87.30 AU/ml, but was still much higher than that in
SARS-CoV naïve vaccinees, which decreased to
below detection limit (Figure 2(F), Table S5). Interest-
ingly, although the median S-specific IgM level in
SARS-CoV naïve vaccinees was low, the median
Sspecific IgM in SARS-CoV naïve vaccinees appeared
to be higher in SARS-CoV experienced vaccinees after
the first and second dosage (Figure S2C–E, Table S5).

One limitation of this study is that the cohort is
relatively small, because it is difficult to recruit vacci-
nees with a history of SARS-CoV infection. To sup-
port the validity of the study, we also tested another
271 healthy cohort at day 28 after the first dosage of
COVID-19 vaccine and compared with our cohort
in the present study using CLIA to measure sVNT,
RBD-specific IgG, and S-specific IgM (Figure S2B,
S2C, S2E). Although there is a range of distribution
of these antibody levels among 271 donors, the levels
of sVNT, RBD-specific IgG, and S-specific IgM of
SARS-CoV experienced vaccinees are located at the
high end, whereas those of SARS-CoV naïve vaccinees
are located around the average value of all 271 samples
tested, supporting our cohort’s validity. Notably, only
9 out of 271 (3.3%) of these SARS-CoV naïve individ-
uals had RBD-specific IgG reached the median level of
SARS-CoV experienced vaccinees. The median RBD-
specific IgG level was 127.90 AU/ml in SARS-CoV
experienced vaccinees, 18.3-fold higher than SARS-
CoV naïve vaccinees.

Taken together, people with a history of SARS-CoV
infection even after 17 years ago could elicit greater
and broader IgG antibody response against both
SARS-CoV and SARS-CoV-2 variants after vacci-
nation with an inactivated SARS-CoV-2 vaccine.

Discussion

Our study revealed that people with a history of 2003
SARS-CoV infection could elicit greater S-, RBD-, and
N-specific binding IgGs and neutralizing antibodies
against SARS-CoV and SARS-CoV-2 Wuhan and var-
iants after vaccination with an inactivated SARS-CoV-
2 vaccine, even after one dosage. In contrast, SARS-
CoV naïve vaccinees required at least two dosages to
induce antibody responses, and the neutralizing
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antibodies were only against SARS-CoV-2 but not
SARS-CoV.

One important finding of this study was that vacci-
nation with an inactivated SARS-CoV-2 vaccine could
elicit a broad spectrum of neutralizing antibodies

against SARS-CoV, SARS-CoV-2 and variants in
SARS-CoV experienced vaccinees. SARS-CoV and
SARS-CoV-2 share amino acid sequence identity of
77.4% for S protein (Figure S1). In our study, neutra-
lizing antibodies, as reflected by live virus

Figure 2. Neutralizing antibody responses against SARS-CoV-2 and SARS-CoV in SARS-CoV experienced and SARS-CoV naïve vac-
cinees. After the first dosage, serum samples were collected at day 28, day 56, day120, and day210. A second dosage was given at
day 28 after the first dosage. (A) Serum IgG binding antibodies against RBDs of Wuhan, Beta, and Delta on day 56 after the first
dosage. (B) Serum IgG binding antibodies against RBDs of Wuhan, Beta, Delta, and Omicron on day 120 after the first dosage. (C)
Serum neutralizing antibody titres to live SARS-CoV-2. Wuhan and Beta on day 28 after the first dosage(D28) and day 28 after the
second dosage(D56). (D) Serum neutralizing antibody titres to pseudotype SARS-CoV on day 28 after the second dosage(D56). The
half-maximal neutralizing titre (NT50) was measured by a pseudovirus-based neutralizing assay and calculated by Reed Muench.
(E) Serum neutralizing antibody titres to VSVpseudotype SARS-CoV-2 Delta on day 28 after the second dosage(D56). (F) A CLIA-
based surrogate virus neutralization test (sVNT) to measure the RBD-targeted neutralizing antibodies that compete with the bind-
ing hACE2. Red squares and lines represent SARS-CoV experienced vaccinees. Blue circles and lines represent SARS-CoV naïve
vaccinees. The pink and blue lines represent the median values of the SARS-CoV experienced vaccinees and the SARS-CoV
naïve vaccinees, respectively. The dashed black lines represent the positive cutoff value. Statistical significance was determined
using one-way ANOVA-test. * denotes p < 0.05, ** denotes p < 0.01, ***denotes p < 0.001, **** denotes p < 0.0001, ns = non-
significant.
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neutralization showed no significant reduction against
Beta variant compared to SARS-CoV-2 Wuhan in
SARS-CoV experienced vaccinees. The recently
emerged Omicron variant has the most significant
antibody escape to vaccinated and convalescent sera.
We also observed a significant reduction in IgG bind-
ing titre to RBD-Omicron as compared to RBD-
Wuhan. Nevertheless, RBD-specific IgG titre was
7.4-fold higher in SARS-CoV experienced vaccinees,
indicating the presence of broadly reactive antibodies
against Omicron.

Several recent reports demonstrated robust anti-
body responses after one dose of SARS-CoV-2
mRNA vaccine in SARS-CoV-2 convalescent individ-
uals, which reached the level of two dosages in SARS-
CoV-2 seronegative individuals [16–18]. This robust
antibody response after one dosage of mRNA vaccine
can be considered as a homologous boost with the
same spike antigen. Our study is unique that unlike
the short-term homologous boost in SARS-CoV-2
convalescent or vaccinated people, we observed that
even at 17 years after SARS-CoV infection, vacci-
nation with one dosage of inactivated SARS-CoV-2
vaccine could elicit cross-reactive binding antibodies
against S, RBD, and N proteins of both SARS-CoV
and SARS-CoV-2. An earlier report showed that
cross-clade pansarbecovirus RBD-targeted neutraliz-
ing antibodies, measured only by surrogate virus neu-
tralization test (sVNT), were induced in SARS-CoV
experienced vaccinees after two dosages of
BNT162b2 mRNA vaccine [19]. However, there
were no reports regarding the binding antibodies to
S, RBD, and N proteins in that study. BNT162b2
mRNA vaccine contains only S protein but no N
protein, while an inactivated vaccine contains S, N,
and other components of SARS-CoV-2. Furthermore,
the extent of antibodies elicited by SARS-CoV experi-
enced vaccinees after receiving the first dosage of
mRNA vaccine was not reported in that paper. The
duration of antibody titres after the second dosage
was not investigated. The antibody potency against
SARS-CoV-2 and variants remained unknown.
Unlike BNT162b2 mRNA vaccine which delivers
only S antigen, which has about 77% amino acid
sequence identity between SARS-CoV and SARS-
CoV-2, the inactivated SARS-CoV-2 vaccine contains
integrated virus particles and thus includes N protein,
which has over 90% sequence identity between SARS-
CoV and SARS-CoV-2. We found that the increased
magnitude of N-specific IgG was greater than that of
RBD-specific IgG in SARS-CoV experienced vacci-
nees after one dosage. Although the N-specific anti-
bodies do not directly contribute to virus
neutralization, it provides an evidence that the mem-
ory B cells contribute to rapid antibody response due
to previous exposure to antigens with a high degree of
identity.

Intriguingly, we found no significant reduction of
neutralizing activity against Beta variant compared
to SARS-CoV2 Wuhan strain in SARS-CoV experi-
enced vaccinees, whereas neutralizing activity against
the Beta variant was significantly reduced to below
detection level in SARS-CoV naïve vaccinees. It is
important to note that only SARS-CoV experienced
vaccinees, but not SARS-CoV naïve vaccinees, gener-
ated neutralizing antibodies against SARS-CoV after
one dosage, which further increased after the second
dosage. The different patterns following vaccination
in SARS-CoV experienced and SARS-CoV naïve vac-
cinees indicated that the recall response of memory
B cells is a significant source for the rapid elevation
of antibodies. The Omicron variant has around 15
mutations on RBD of spike protein, contributing to
significant immune evasion of vaccine-elicited
humoral immunity. Our data showed that RBD-Omi-
cron IgG titres in SARS-CoV experienced vaccinees
were higher than SARS-CoV naïve vaccinees. This
observation suggested that antibodies generated by
priming immunization with SARS-CoV followed by
SARS-CoV-2 can confer a more significant cross-reac-
tive antibody response to Omicron. Our study demon-
strated that a heterologous immunization can rapidly
elicit recall and expansion of B cells that recognize
antigens with similarities to a previously infected
SARS-related coronavirus.

We and others found that the serum in 2003 SARS-
CoV convalescent individuals had relatively low but
detectable titres against S and N protein of SARS-
CoV even after 17 years [8,9]. One retrospective
study revealed that anti-SARS-CoV IgG antibodies
peaked in 2004 (one year after infection), declined
rapidly from 2004-2006, and persisted for up 12
years [20]. These long-existing antibodies in the circu-
lation may be a concern that vaccinees who had pre-
vious SARS-CoV infection may elicit a biased
antibody response when receiving COVID-19 vaccine
and thus have reduced immunity against SARS-CoV-
2. Notably, all 4 SARS-CoV experienced vaccinees
reported no adverse events after the first or second
vaccination dosage. A higher magnitude and broader
spectrum of antibody response against both SARS-
CoV-2 and SARS-CoV was achieved after the second
dosage. Our study demonstrated a possibility to
develop a heterologous prime-boost vaccine strategy
for a universal vaccine that can protect against a
broad spectrum of SARS-related coronaviruses. A
recent report also showed that in mice, sequential
immunization S/RBD vaccine of SARS-CoV, SARS-
CoV-2, and MERS-CoV led to induction of cross-
reactive antibodies and isolation of monoclonal anti-
bodies with broadly neutralizing activities [21].

An ideal COVID-19 vaccine should elicit potent
and broad-spectrum neutralizing antibodies against
current circulating SARS-CoV-2 and future variants.
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This study suggested that heterologous primeboost
vaccination using different S antigens of SARS-related
coronaviruses provides a strategy for developing a uni-
versal vaccine against sarbecoviruses.

Methods

Study subjects

Four healthy SARS-CoV experienced vaccinees and 4
healthy SARS-CoV naïve vaccinees (Table S1) who
received an inactivated COVID-19 vaccine (BBIBP-
CorV/Sinopharm, Beijing). All these 8 vaccinees are
female healthcare workers in the First Affiliated Hos-
pital of Guangzhou Medical University in Guangzhou,
China. The other 271 healthcare workers were also
recruited for control.

The vaccine was intramuscularly injected on day 0
and a second dosage was given on day 28. Blood
samples were collected on day 0, day 28, day 56, day
120, and day 210 (six months after the second dosage).
The study was approved by the Ethics Committee of
the First Affiliated Hospital of Guangzhou Medical
University (Ethics number 2021-31). Written
informed consents were obtained from all partici-
pants. All donors were in good health condition and
had no reports of serious adverse events related to
the vaccination. The hospital, where the donors
located, regularly conducted SARS-CoV-2 RT-qPCR
test 1–2 times each week for the healthcare workers
and inpatients. No positive cases were reported
throughout the vaccination and sampling period.

Enzyme-linked immunosorbent assay
(ELISA)

The ELISA assay was used to quantify the serum bind-
ing titres to the nucleoprotein (N), spike and RBD
protein of SARS-CoV and SARS-CoV-2, and S2
protein of SARS-CoV-2 (Sinobiological, Beijing,
SARS-CoV N Cat:40143-V08B, SARS-CoV S
Cat:40634-V08B, SARS-CoV RBD Cat:40150-V08B2,
SARS-CoV-2 N Cat:40588-V08B, SARS-CoV-2 S
Cat:40589-V08B1, SARSCoV-2 S2 Cat:40590-V08B,
SARS-CoV-2 RBD proteins of Wuhan strain,
Cat:40592-V08B, Beta strain, Cat: 40592-V08H85-B,
Delta strain, Cat: 40592-V08H115, Omicron strain,
Cat:40592V08H121). The proteins were coated on
96-well plates with 50 ul per well of 1ug/ml protein
solution in PBS overnight at 4°C. Plates were washed
6 times with washing buffer (1x PBS with 0.05%
Tween-20) and incubated with 200 ul blocking
buffer (1x PBS with 2% BSA and 0.05% Tween-20)
for 1 h at room temperature. The inactivated serum
was diluted in PBS starting dilution at 1:30 and incu-
bated for 1 h at room temperature. Plates were washed
6 times with washing buffer and then incubated with

anti-human IgG second antibody conjugated to horse-
radish peroxidase (HRP)

(Sigma) in blocking buffer at 1:5,000 dilution.
Plates were developed by adding the HRP substrate,
TMB (Biohao Biotechnology) for 10 min. The devel-
oping reaction was then stopped by adding 50 ul 1M
H2SO4, and absorbance was measured at 450 nm
with an ELISA microplate reader (BioTek). The half-
maximal effective concentration (EC50) was deter-
mined using four-parameter nonlinear regression
(GraphPad Prism v.8.0).

The chemiluminescent immunoassay (CLIA)-
based binding and surrogate virus

Neutralization test (sVNT)

ACCORDING TO THE MANUFACTURER’S
INSTRUCTIONS, the CLIA assays were performed
on AutoLumo A1000 (Autobio Diagnostics, China).
In brief, for the IgG/IgM antibodies in the serum
samples, the recombinant spike protein coated micro-
particles and diluted serum was incubated, and the
mixture generated a solid phase, and HRP-conjugated
anti-human IgG/IgM was added, and then the chemi-
luminescent substrate was added, and the complex
catalyzes substrate, resulting a chemiluminescent reac-
tion. The resulting chemiluminescent reaction is
measured as Relative Luminescent Units (RLU). The
RLU is proportional to the amount of the according
to IgG/IgM in the serum. For the surrogate virus neu-
tralization test (sVNT), the serum mixed with the
HRP-labeled RBD protein neutralizes the combi-
nation of RBD protein and hACE2 coated on the
microparticles. Then the chemiluminescent substrate
is added, and the complex catalyzes substrate, result-
ing in a chemiluminescent reaction. The resulting che-
miluminescent reaction is measured as Relative
Luminescent Units (RLU). The RLU is inversely pro-
portional to the amount of SARS-coV-2 neutralizing
antibodies of the serum. All the sVNT assays were per-
formed on AutoLumo A1000 following the
instruction.

Authentic SARS-CoV-2 virus neutralization
assay

All microneutralization assays with authentic SARS-
CoV-2 virus were performed in a BSL-3 facility.

Heat-inactivated sera were 4-fold serially diluted
starting at 1:4 with DMEM supplemented with 2%
FBS and 1% penicillin and streptomycin, and mixed
with the equal volumes of 100 half tissue culture infec-
tive doses (100 TCID50) SARS-CoV-2 of 2020XN4276
strain, or a beta lineage GDPCCnCoV84 strain at 37 °
C for 2 h. Afterwards, the sera-virus mixture was
added to Vero-E6 cells in 96well cell culture plates,
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then incubated for an additional 96 h at 37 °C in a 5%
CO2 incubator and then observed the virus-induced
cytopathic effect (CPE) at 40X magnification. All
diluted serum samples were tested in duplicate. The
neutralization antibody titres of all the sera were
defined as the reciprocal of the serum dilution that
neutralizes 50% of virus infection at 4 days post-
infection.

Pseudovirus neutralization assay

The pseudovirus neutralization assay was performed
to evaluate the sera neutralization ability to SARS-
CoV. In brief, 1.5 X 104 HEK293T-hACE2 cells were
seeded into 96-well culture plates and incubated over-
night at 37 °C in 5% CO2 incubator. The sera were
three-fold serially diluted with complete DMEMmed-
ium starting at 1:30 and preincubated with an equal
volume of 650 TCID50 SARS-CoV pseudovirus at 37
°C for 2 h. The mixture was subsequently incubated
with HEK293T-hACE2 cells for 72 h. The cells were
lysed with lysis buffer for luciferase activity. All diluted
serum samples were tested in three repeats. For the
VSV pseudovirus-based neutralization assay, a pseu-
dovirus bearing SARS-CoV-2 delta of S proteins was
incubated with three-fold serially diluted sera with
complete DMEM medium starting at 1:30 for 1 h at
37 °C. The mixture was inoculated in 3 × 104 Huh7
cells (JCRB, Cat#0403) seeded in 96-well solid white
flat-bottom plates, and then incubated for 24 h at
37 °C with 5% CO2. The cells were lysed with lysis
buffer for luciferase activity. Neutralizing activity of
serum is defined as when the luciferase activity was
reduced to 50% of that from the virus-only wells.
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