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Wang et al. report the development,
characterization, and preclinical
evaluation of an inactivated SARS-CoV-2
vaccine candidate for COVID-19 that
safely induces high levels of neutralizing
antibodies in multiple mammalian
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e An inactivated SARS-CoV-2 vaccine candidate, BBIBP-
CorV, is developed

e BBIBP-CorV induces high levels of neutralizing antibodies
titers in animal models

e Two-dose immunization with 2 pg/dose BBIBP-CorV
efficiently protects rhesus macaques

e BBIBP-CorV is efficiently produced, genetically stable, and
seems to be safe in animals
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SUMMARY

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) threatens global public health. The development of a vaccine is urgently needed for the
prevention and control of COVID-19. Here, we report the pilot-scale production of an inactivated SARS-CoV-2
vaccine candidate (BBIBP-CorV) that induces high levels of neutralizing antibodies titers in mice, rats, guinea
pigs, rabbits, and nonhuman primates (cynomolgus monkeys and rhesus macaques) to provide protection
against SARS-CoV-2. Two-dose immunizations using 2 ng/dose of BBIBP-CorV provided highly efficient
protection against SARS-CoV-2 intratracheal challenge in rhesus macaques, without detectable antibody-
dependent enhancement of infection. In addition, BBIBP-CorV exhibits efficient productivity and good
genetic stability for vaccine manufacture. These results support the further evaluation of BBIBP-CorV in a
clinical trial.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has recently
emerged throughout the world, resulting in 5.2 million infections
and over 337 thousand deaths worldwide as of May 2020 ac-
cording to the World Health Organization (WHO) report (https://
covid19.who.int/) (Chan et al., 2020; Chen et al., 2020; Li et al.,
2020; Wang et al., 2020; Zhu et al., 2020). SARS-CoV-2, a mem-
ber of the Betacoronavirus genus, is closely related to severe
acute respiratory syndrome coronavirus (SARS-CoV) and
several bat coronaviruses (Lu et al., 2020; Tan et al., 2020;
Zhou et al., 2020). Compared to SARS-CoV and Middle East res-
piratory coronavirus (MERS-CoV), SARS-CoV-2 appears to un-
dergo more rapid transmission (Chan et al., 2020; Chen et al.,
2020), leading to the urgent demand for a vaccine. To date, three

candidate vaccines (including an inactivated vaccine, an adeno-
virus-vectored vaccine, and a DNA vaccine) were reported to
protect rhesus macaques against SARS-CoV-2 with different ef-
ficacy (Gao et al., 2020; Lurie et al., 2020; van Doremalen et al.,
2020; Yu et al., 2020a). Inactivated vaccines are widely used for
the prevention of emerging infectious diseases (Stern, 2020), and
the relatively high speed of the development of this kind of vac-
cine makes it a promising strategy for COVID-19 vaccine devel-
opment. It is worthy to note that emerging evidence has shown
antibody-dependent enhancement (ADE) in SARS-CoV infection
(Wang et al., 2016; Yang et al., 2005), suggesting that particular
attention should be paid to the safety evaluation in the develop-
ment of the vaccine against coronaviruses. Here, we report the
study of an inactivated SARS-CoV-2 vaccine candidate
(BBIBP-CorV) and show that its potency and safety in preclinical
studies warrants further clinical evaluation.
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RESULTS

Vaccine Design and Production

We isolated three SARS-CoV-2 strains from the bronchoalveolar
lavage samples or throat swabs of three hospitalized patients
from the recent COVID-19 outbreak to develop preclinical
in vitro neutralization and challenge models for an inactivated
SARS-CoV-2 vaccine candidate (Lu et al., 2020; Zhu et al.,
2020). The three strains were 19nCoV-CDC-Tan-HB02 (HB02),
19nCoV-CDC-Tan-Strain03 (CQO01), and 19nCoV-CDC-Tan-
Strain04 (QD01), which are scattered on the phylogenetic tree
constructed from all available sequences, suggesting coverage
of the main SARS-CoV-2 populations (Figure S1). Notably, all
of these strains were isolated from Vero cells, which have been
certified by WHO for vaccine production. Vero cells, but not
other cell lines, were infected via the throat swabs of patients
to prevent possible mutations during viral culture and isolation.

Highly efficient proliferation and high genetic stability are key fea-
tures for the development of an inactivated vaccine. We first found
that the HB02 strain showed the most optimal replication and
generated highest virus yields in Vero cells among three viral strains
(Figure 1A). We therefore chose the HBO2 strain for the further devel-
opment of the inactivated SARS-CoV-2 vaccine (BBIBP-CorV). The
comparisons on the whole-genome sequences of the HB02 strain
and other SARS-CoV-2 strains from domestic and international
sources showed that the HBO2 strain is homologous to other viral
strains and demonstrated that the main protective antigen (the
spike protein) has 100% homology, indicating potential broad pro-
tection against various SARS-CoV-2 strains (Figures S1 and S2).

To obtain a viral stock adapted for high productivity, the HB02
strain was purified and passaged in Vero cells to generate the P1
stock. The P1 stock was adaptively cultured, passaged, and
expanded on Vero cells. The strain after adaptation for seven
generations (BJ-P-0207) was used as the original seed (BJ-P1)
for vaccine production. To evaluate the genetic stability, three
more passages were performed to obtain the P10 stock. We
sequenced the whole genome of the HB02 strain and the P10
stock by deep sequencing analysis, and the results showed
that their sequence homology was more than 99.95%. Further-
more, no amino acid variation was found in the full sequence,
including the position near the furin cleavage site, in the P10
stock. These results suggest the high genetic stability of the
HBO02 strain, which is beneficial for further development.

For highly efficient manufacture, we established a strategy for
the production of a BBIBP-CorV stock based on a novel carrier in
a basket reactor (Figure 1B). Growth kinetic analysis of the P7
stock in Vero cells showed that the stock virus could replicate
efficiently and reached a peak titer over 7.0 log;g CCIDsg by
48-72 h post-infection (hpi) at multiplicities of infection (MOI) of
0.01-0.3 (Figure 1C). To inactivate virus production, B-propiono-
lactone was thoroughly mixed with the harvested viral solution at
aratio of 1:4,000 at 2°C-8°C. The inactivation of three batches of
virus eliminated viral infectivity, validating the good stability, and
repeatability of the inactivation process (Figure 1D). Western blot
analysis showed that the vaccine stock contained viral structural
proteins (protective antigens) (Figure 1E). A negatively stained
electron microscopy image visualized oval viral particles with
spikes with the diameters of approximately 100 nm (Figure 1F).
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Immunogenicity of BBIBP-CorV

To assess the immunogenicity of BBIBP-CorV, BALB/c mice
were injected with different immunization programs and various
doses (2, 4, or 8 ug/dose) of vaccine mixed with aluminum hy-
droxide adjuvant. In the one-dose immunization group, mice
were intraperitoneally administered a high (8 pg/dose), middle
(4 pg/dose), or low (2 png/dose) dose of BBIBP-CorV at day
0 (D0), and the levels of neutralization antibody (NAb) at 7, 14,
21, and 28 days after injection were evaluated. The results
showed that the seroconversion rate in the high-, middle-, and
low-dose groups reached 100% at 7 days after immunization,
and the immunization effect was time dependent (Figure 2A;
Table S1). The NAb levels at 7, 14, and 21 days in the low- and
middle-dose groups show significant variation, whereas no sig-
nificant variation between 21 and 28 days was observed. In the
high-dose group, a significant variation only was observed be-
tween 7 and 14 days (Figure 2A).

In the two-dose immunization group, we tested different im-
munization programs (D0/D7, DO/D14, and D0O/D21 intervals) in
which two immunizations at days 0/7, days 0/14, and days 0/
21, respectively, were administered. The seropositivity of the
high-, medium-, and low-dose groups from all three immuniza-
tion programs reached 100% at 7 days after the second
immunization (Figure 2B; Table S1). The immunogenicity of the
two-dose immunization program was significantly higher than
that of the one-dose immunization program in the high- and mid-
dle-dose groups. Moreover, use of the D0/D21 interval obtained
the highest NADb level at 7 days after the second immunization.

We also tested the immunogenicity of a three-dose immuniza-
tion program, in which the mice were intraperitoneally adminis-
tered a high (8 ug/dose), middle (4 ng/dose), or low (2 pg/dose)
dose of vaccine at days 0, 7, and 14 (Figure 2C). The NAb levels
for all groups were determined at days 7, 14, 21, and 28, and the
seroconversion rate in all three groups reached 100% at day 7 after
the first immunization (Figure 2C; Table S1). The results showed
that the three-dose (D0/D7/D14) immunization program resulted
in higher NAb levels than the one-dose (D0) program in all three
groups at days 28 (Figures 2A and 2C). Moreover, we analyzed
the NAD levels in mice with high, middle, and low doses of vaccine
following the one-dose (D0), two-dose (D0/D21), and three-dose
(D0/D7/D14) immunization programs and checked the NADb levels
at 28 days after the firstimmunization to maintain the same starting
and ending points. The results showed that the immunogenicity of
the three-dose (D0/D7/D14) immunization program was higher
than that of both the one- and two-dose programs (Figure 2D).

We next measured the immunogenicity of BBIBP-CorV in
different animal models: rabbits, guinea pigs, rats, and mice.
The animals were immunized with high (8 pg/dose), middle
(4 pg/dose), or low (2 pg/dose) doses of vaccine by the one-
dose (D0) immunization program, and the NADb levels were deter-
mined at 21 days after immunization. The results demonstrated
that BBIBP-CorV has good immunogenicity, and the serocon-
version rate reached 100% at day 21 afterimmunization in all an-
imal models (Figure 2E; Table S1). In the three-dose (D0/D7/D14)
immunization group, cynomolgus monkeys, rabbits, guinea pigs,
rats, and mice were immunized with high (8 pg/dose), middle
(4 ng/dose), or low (2 ng/dose) doses of vaccine. The serocon-
version rate reached 100% at 21 days after immunization in all
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Figure 1. Characterization of the SARS-CoV-2 Vaccine Candidate BBIBP-CorV

(A) Viral titers of three strains of different generations.
(B) Flowchart of BBIBP-CorV preparation.

(C) Culture conditions. The left panel shows the effect of cell culture time on BBIBP-CorV stock virus titer, the middle panel shows the growth kinetics of the Vero
cells for BBIBP-CorV stock culture, and the right panel shows the effect of inoculation MOI on BBIBP-CorV stock virus titer.

(D) Inactivation kinetics of three batches of virus supernatant.

(E) The protein composition of BBIBP-CorV were evaluated by incubating with antibodies targeting N protein (left panel) and S protein (middle panel) and in-
cubation with convalescent patient sera (right panel). h, harvest; c, concentrated viral solution; p, purified viral solution.

(F) Representative electron micrograph of BBIBP-CorV. Scale bar: 100 nm.

animal models, and the NAb levels at 21 days after the first im-
munization showed that the immunogenicity of the three-dose
(D0/D7/D14) program with high, middle, and low doses was
higher than that of the one-dose (DO) program in rabbit and
guinea pig models (Figures 2E and 2F; Table S1).

Protection in a Nonhuman Primate Animal Model
Recent studies have shown that SARS-CoV-2-infected rhesus
macaques developed pulmonary infiltrates and histological le-

sions (Munster et al., 2020; Shan et al., 2020; Yu et al., 2020b).
We evaluated the immunogenicity and protective efficacy of
BBIBP-CorV in rhesus macaques.

All macaques were immunized twice on days 0 (DO) and 14
(D14). The placebo group was intramuscularly administered
physiological saline, and the two experimental groups were
intramuscularly injected with low-dose (2 ng/dose) or high-
dose (8 ng/dose) BBIBP-CorV (Figure 3A). Before virus challenge
at D24, the geometric mean titer of NAb in the low-dose and
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Figure 2. BBIBP-CorV Immunization Elicits
a Neutralizing Antibody Response in
Different Animals with Different Doses and
Immunization Programs

(A) Mouse neutralization antibody (NAb) levels
with one-dose (D0) immunization. Mice were
injected intraperitoneally with high (8 pg/dose),
middle (4 png/dose), or low (2 pg/dose) doses of
vaccine, and the NAD levels at 7 days, 14 days,
21 days, and 28 days after the first immuniza-
tion were tested by the microtitration method
(n = 10).

(B) NAb levels with different immunization inter-
val programs via two-dose immunization. Mice
were injected intraperitoneally by using two-time
immunization (D0/D7; D0/D14; D0/D21), and the
NAD levels at 7 days after the second immuni-
zation were tested by the microtitration method
(n=10).

(C) Mouse neutralization antibody levels with
three-dose (D0/D7/D14) immunization. Mice were
inoculated intraperitoneally with high (8 ng/dose),
middle (4 ng/dose), or low (2 pg/dose) doses of
vaccine at 0, 7, and 14 days, and NADb levels at 7,
14, 21, and 28 days after the first immunization
were tested by the microtitration method (n = 10).
(D) Mouse NAD levels with different immunization
programs. Mice were injected intraperitoneally
with high (8 ng/dose), middle (4 pg/dose), or low
(2 png/dose) doses of vaccine by using one-dose
(D0), two-dose (D0/D21), and three-dose (D0O/D7/
D14) immunization programs, respectively, and
the NAD levels at 28 days after the first immuni-
zation were checked by the microtitration method
(n=10).

(E) Rabbits (n = 5), guinea pigs (n = 10), rats (n =
10), and mice (n = 10) were immunized with high

B 4pg/idose B 8 g/dose

D0/D14 DO0/D21

three-dose
(D0/D7/D14)

two-dose
(D0/D21)

rats

guinea
pigs

mice

(8 ng/dose), middle (4 ng/dose), or low (2 pg/dose) doses of vaccine by one-dose (D0O) immunization, and the NADb levels at 21 days after the first immunization

were tested by the microtitration method.
(F) Cynomolgus monkeys (n = 10), rabbits (n = 5), guinea pigs (n = 10), rats (n = 1

0), and mice (n = 10) were immunized with high (8 ug/does), middle (4 ug/dose),

and low (2 pg/dose) doses of vaccine by three-dose (D0/D7/D14) immunization, and the NAb levels at 21 days after the first immunization were tested by the

microtitration method.
For (A-F), error bars reflect the geometric SD.

high-dose groups reached 215 and 256, respectively (Figure 3B).
At D24 (10 days after the second immunization), all macaques
were intratracheally challenged with 10° TCIDso of SARS-CoV-2
per monkey under anesthesia. Body temperatures of both the
vaccinated groups and placebo group fluctuated within the
normal range after virus challenge from 0 to 7 days postinocula-
tion (dpi) (Figure 3C; Figure S4A). Moreover, the serum biochem-
ical parameters in rhesus macaques after vaccination and chal-
lenge with living virus remained constant (Figure S3). Because a
recent study showed that SARS-CoV-2 infection does not affect
host blood chemistry (Munster et al., 2020), this result suggests
that inoculation with BBIBP-CorV does not result in side effects
on serum biochemical parameters.

We next determined the viral load in the throat and anal swabs
of macaques by real-time PCR. All placebo macaques showed
and maintained a high viral load during the whole evaluation
period after virus challenge by both throat and anal swabs (Fig-
ures 3D and 3E; Figures S4B and S4C). In contrast, the viral load
in the throat swabs of the low-dose group peaked (5.33 log1o
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copies/mL) at 5 dpi and then decreased to 1.12 loggcopies/
mL at 7 dpi, which was significantly lower than that of the pla-
cebo group. In particular, among the four macaques in the
low-dose group, three showed a nondetectable viral load at 7
dpi. The throat swabs of all four macaques in the high-dose
group were negative for viral load. Moreover, no viral load was
detected in the anal swabs of two (out of four) macaques in the
high-dose group.

At 7 dpi, all animals were euthanized to determine the viral load
in the lung tissue and for pathological examination (Figure 3F and
3G). No macaques in the low-dose and high-dose groups had a
detectable viral load in any lung lobe, which was significantly
different from the results in the placebo group (Figure 3F). In
the placebo group, a high viral load was detected in the left lower
lung, right lower lung, and right accessory lung, and the patho-
logical histology analysis results showed severe interstitial pneu-
monia. To note, only 3 of 7 sections of the lung lobes were de-
tected to have infection in the placebo group, possibly
because the virus infection in the lung lobes is dynamically
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Figure 3. Immunogenicity and Protective Efficacy of BBIBP-CorV in Nonhuman Primates

(A) Experimental strategy.

(B) Macaques were immunized twice with 2 pg/dose (n = 4) or 8 ng/dose (n = 4) of BBIBP-CorV or placebo (n = 2). The NADb titers were measured. Data are
presented as geometric mean with geometric SD.

(C-G) The protective efficacy of BBIBP-CorV against SARS-CoV-2 challenge at 10 days after second immunization was evaluated in macaques. Changes in
clinical signs (temperature, C) were recorded. Viral loads in throat (D) and anal (E) swabs obtained from macaques at 3, 5, and 7 days post inoculation. (F) Viral
loads in all seven lung lobes collected from all macaques at day 7 post inoculation were determined by real-time PCR. All data are presented as mean + SEM from
four independent experiments for the BBIBP-CorV groups and two independent experiments for the placebo group; error bars reflect the SEM. Data points

(legend continued on next page)
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changing. Furthermore, all macaques that received vaccination
showed normal lung with focal mild histopathological changes
in few lobes (Figure 3G), demonstrating the BBIBP-CorV vacci-
nation could efficiently block the infection of SARS-CoV-2 and
COVID-19 disease in monkey. At 7 dpi, the macaques treated
with placebo produced low-level NAb with a titer of 1:16,
whereas the NADb levels of the vaccinated macaques were high-
estat 1:2,048 (average 1:860) in the high-dose group and 1:1,024
in the low-dose group (average 1:512) (Figure 3B). Taken
together, all these results demonstrated that both low-dose
and high-dose BBIBP-CorV conferred highly efficient protection
against SARS-CoV-2 in macaques without observed antibody-
dependent enhancement of infection.

Safety

We first performed a single intramuscular injection experiment in
Sprague-Dawley rats to evaluate the acute toxicity of BBIBP-
CorV. In this study, 20 rats were divided into two groups (n = 10,
5/gender) and intramuscularly injected with 3 x dose (8 ng/
dose, 24 ng/rat) of BBIBP-CorV and physiological saline as the
control. After inoculation, all rats were continuously observed for
14 days and euthanized at day 15 to assess systematic anatomy
and for general observation. No cases of death or impending
death or obvious clinical signs were observed in any of the four
groups over 14 consecutive days after vaccine inoculation. More-
over, there was no significant difference in weight or feeding state
between the experimental groups and control groups (Figure 4A;
Figure S4D). No histopathologic changes were observed after
euthanasia. Notably, the maximum tolerated dose (MTD) used
for a single intramuscular injection in rats was 24 pg/rat, which
is equivalent to 900 times the dose in humans, indicating the po-
tential good safety of BBIBP-CorV in humans.

Systemic anaphylaxis due to BBIBP-CorV was subsequently
evaluated by intramuscular and intravenous injections in guinea
pigs. Thirty-six male guinea pigs were divided into 4 groups (9/
group), a negative control group (physiological saline), a positive
control group (human blood albumin, 20 mg/sensitization,
40 mg/stimulation), a low-dose group (0.1 x dose/sensitization,
0.2 x dose/stimulation), and a high-dose group (1 x dose/sensi-
tization, 2 x dose/stimulation). Sensitization was performed on
D1, D3, and D5. The first stimulation (intravenous excitation via
the foot) for 3 (out of 9) guinea pigs from each group was per-
formed at D19, and secondary stimulation of the remaining ani-
mals of each group (6/9) was performed at D26. The results
showed no abnormal reactions during the sensitization period
by clinical observation and measurement of the body weights
of the guinea pigs (Figure 4B). No allergic reaction symptoms
were found in the negative control group or experimental group
on D19 or D26. The anaphylaxis of the positive control group was
highly positive (1/6 animals were positive, 3/6 animals were
strongly positive, and 2/6 animals were extremely positive). In
sharp contrast, in the low- and high-dose groups, no allergic re-
actions at D19 and D26 were found, and the allergic reactions
were negative.

Cell

The long-term toxicity of BBIBP-CorV was further evaluated in
cynomolgus monkeys. Forty cynomolgus monkeys (20/gender)
were divided into 4 groups (5/gender/group) and intramuscularly
injected with a control solution (physiological saline injection,
group 1) or 2, 4, or 8 ug of BBIBP-CorV (groups 2 to 4) in a volume
of 0.5 mL. The animals were injected once a week for 3 contin-
uous weeks (four times in total). A total of 3/5 animals of each
sex in each group were dissected on D25, and the remaining
2/5 animals of each sex in each group were dissected on D36.
The gross anatomy was evaluated, and histopathologic exami-
nation was administered. No cases of death or impending death
or significant abnormalities in clinical physiological and patho-
logical indicators, lymphocyte subgroup distribution (CD3",
CD3*CD4*, CD3*CD8*, CD20", CD3*CD4*/CD3*CD8"), cyto-
kines (tumor necrosis factor alpha [TNF-a], interferon [IFN]-v,
interleukin [IL]-2, IL-4, IL-5, and IL-6), c-reactive protein, comple-
ment, or body weight were observed in the 2, 4, and 8 pug/dose
groups (Figures 4C—4E; Figure S4E). No abnormalities in the
gross anatomy of the euthanized animals in each dosed group
on D25 and D36 were observed. Granulomatous inflammation
was observed in the 2, 4, and 8 pg/dose groups on D25 and re-
mained at the end of the recovery period (D36), with a slight
improvement compared to that observed on D25. The animals
showed only local irritation characterized by mild to severe gran-
ulomatous inflammation due to injection, but this reaction was
absent at 2 weeks after injection. The no observed adverse effect
level was found to be 8 pg/dose in this trial.

Discussion

The development of vaccines with high immunogenicity and
safety is crucial for control of the global COVID-19 pandemic
and prevention of further iliness and fatalities. Here, we report
development of an inactivated SARS-CoV-2 vaccine candi-
date, BBIBP-CorV, and show that it induced high levels of
neutralizing antibody in six mammalian species, including
rats, mice, guinea pigs, rabbits, cynomolgus monkeys, and rhe-
sus macaques, protecting them against SARS-CoV-2 infection.
Two-dose immunization using 2 ng/dose of BBIBP-CorV
conferred highly efficient protection against SARS-CoV-2 in
rhesus macaques without observable ADE or immunopatho-
logical exacerbation.

Prior to our reporting of this BBIBP-CorV study, three candi-
date vaccines against SARS-CoV-2 were reported, including
an adenovirus-vectored vaccine (ChAdOx1 nCoV-19), a DNA
vaccine, and an inactivated vaccine (PiCoVacc) (Gao et al.,
2020; Lurie et al., 2020; van Doremalen et al., 2020; Yu et al.,
2020a). In the protection studies, ChAdOx1 nCoV-19 and the
DNA vaccine were challenged by both lower and upper respira-
tory tract, whereas PiCoVacc and BBIBP-CorV were intratra-
cheally challenged. Despite the different challenge ways, the
pathological changes in lung tissues were observed in all model
groups, and the viral RNAs were detected in throat or nasal
swabs, indicating that the successful establishment of the ani-
mal model for virus challenge. The recombinant adenovirus-

represent the individual macaques. Asterisks indicate significance: **p < 0.01. Dotted lines indicate the limit of detection. (G) Histopathological changes in lungs of
macaques at day 7 post inoculation. All macaques received vaccination showed normal lung with focal mild interstitial pneumonia in few lobes.

Scale bars are indicated in the panels.
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Figure 4. Safety Evaluation of BBIBP-CorV in Rats, Guinea Pigs, and Nonhuman Primates

(A) Body weight analysis of rats in the experimental group and control group (n = 5). Male and female rat weight mean are used in this plot. Plot with individual data
is presented in Figure S4D.

(B) Body weight analysis of guinea pigs in the experimental groups (0.1 x dose/guinea pig, 1 x dose/guinea pig) and negative control and positive control groups
(n=9).

(legend continued on next page)
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vectored vaccine is easily manipulated for genetic modification
and capable of inducing potent antigen-specific immune re-
sponses; but the neutralizing antibody against the carrier vector
virus is still a challenge (Zhang and Zhou, 2016). The DNA vac-
cineis easy to be produced and is stable for storage with limited
recovery or residual toxicity; however, the concerns on their
immunogenicity and safety still remain (Gary and Weiner,
2020). For ChAdOx1 nCoV-19, 5 of 6 lung lobes in vaccinated
group showed the detectable viral load (van Doremalen et al.,
2020); but for BBIBP-CorV, all macaques in the low- and high-
dose groups did not show a detectable viral load in any lung
lobe at 7 days after inoculation. Nevertheless, both BBIBP-
CorV and ChAdOx1 nCoV-19 conferred effective protection
and prevented all vaccinated macaques from viral interstitial
pneumonia. Compared with the adenovirus-vectored vaccine
and the DNA vaccine, the strategy for inactivated vaccine devel-
opment and production is a conventional and mature technol-
ogy. Inthe development of BBIBP-CorV, the HBO2 strain gener-
ated the highest virus yields in Vero cells among three candidate
viral strains and had no amino acid variations within 10 pas-
sages, suggesting its good genetic stability. Moreover, we es-
tablished a strategy for the production of a BBIBP-CorV stock
based on a novel carrier in a basket reactor to ensure the highly
efficient production. Mostimportantly, two-dose immunizations
using low-dose (2 ng/dose) of BBIBP-CorV provided highly effi-
cient protection against SARS-CoV-2 in rhesus macaques,
which might benefit the further clinical usage of the inactivated
vaccine with less adverse effects. Of note, the protection effects
on the upper respiratory tract are not assessed in this study and
warrant further evaluation.

Inthe absence of an effective antiviral drug against SARS-CoV-2,
vaccines with good potency and safety will be needed to effectively
establish immunity in population. The development of BBIBP-CorV
provides a potential solution to the COVID-19 pandemic, and the
pipeline used for BBIBP-CorV pilot-scale production also sheds
light on rapid vaccine developing against other coronavirus. Based
ontheresult presented here, a Phase | clinical trial of BBIBP-CorVis
currently in progress and a Phase |l clinical trial has recently been
initiated. These clinical trials have been designed using the same
aluminum adjuvant formulation described here, with three different
groups of high, medium, and low dose groups to evaluate the
appropriate dose for further clinical application.
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(C) Cynomolgus monkeys were intramuscularly injected four times on days 1, 8, 15, and 22 with low (2 ng/dose), middle (4 pg/dose), and high (8 pg/dose) doses of
BBIBP-CorV or placebo. Body weight analysis of cynomolgus monkeys (n = 10) in all four groups. Male and female cynomolgus monkey weight mean are used in

this plot. Plot with individual data is presented in Figure S4E.

(D) Hematological analysis of cynomolgus monkey in all four groups (n = 10). The percentages of the lymphocyte subsets CD3*, CD3*CD4* (labeled CD4%),
CD3*CD8" (labeled CD8*), CD20*, and CD3*CD4*/CD3*CD8" (labeled CD4*/CD8*) were monitored at day —1 (1 day before vaccination), day 25 (3 days after the

third vaccination), and day 36 (14 days after the fourth vaccination).

(E) The key cytokines TNF-a, IFN-vy, IL-2, IL-4, IL-5, and IL-6 were examined at days —1, 1 (the day for the first vaccination), 4, 15, 22, 25, and 36, respectively.

For (A-E), values are shown as the mean + SD
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-N protein rabbit monoclonal Ab
Anti-S protein rabbit polyclonal Ab

Human convalescent sera from patients

Goat anti-rabbit IgG H&L (HRP)
Rabbit polyclonal anti-SARS-COV-2
FITC labeled Goat Anti-Rabbit IgG

HRP-labeled goat anti-human IgG (gamma
chain) cross-adsorbed secondary antibody

Sino Biological
Sino Biological

Wuhan Institute of Biological Products
Co., Ltd.

GE Healthcare
NIFDC
ZSGB-BIO
Invitrogen

Cat.# 40143-R019; RRID:AB_2827973

Cat.# 40150-T62-CoV2; RRID:
AB_2313773

Cat.# XG2020021006; RRID: AB_2313773

Cat.# GE NA934; RRID: AB_772206
Cat.# SR20200304; RRID: AB_2313773
Cat.# 201130103; RRID: AB_2313773
Cat.# 62-8420; RRID: AB_88136

Bacterial and Virus Strains

SARS-CoV-2/WH-09/human/2020/CHN

19nCoV-CDC-Tan-HB02 (HB02)

19nCoV-CDC-Tan-Strain03 (CQO01)

19nCoV-CDC-Tan-Strain04 (QD01)

Key Laboratory of Human Disease
Comparative Medicine, Chinese Ministry of
Health, Beijing Key Laboratory for Animal
Models of Emerging and Remerging
Infectious Diseases, Institute of Laboratory
Animal Science, Chinese Academy of
Medical Sciences and Comparative
Medicine Center, Peking Union Medical
College, Beijing, China.

Beijing Institute of Biological Products Co.,
Ltd. (BBIBP)

Chinese Center for Disease Control and
Prevention (IVDC, China CDC)
Chinese Center for Disease Control and
Prevention (IVDC, China CDC)

Cat.# MT093631.2

Batch No. W2020(COVID-19-BJ-P7)01

IVDC-2020(COVID-19-CT03-P5)01

IVDC-2020(COVID-19-CT04-P3)01

Biological Samples

Bovine Serum Albumin

Human Albumin

Typsin

Lanzhou Minhai Biological Engineering
Co., Ltd.

Chengdu Rongsheng Pharmaceutical
Co., Ltd.

GIBCO

Batch No. 20181011

Batch No. 201907A099

Batch No. 2019271

Chemicals, Peptides, and Recombinant Proteins

M199
Sodium Bicarbonate
Sodium Hydroxide

Disodium Hydrogen Phosphate
(Dodecahydrate)

Sodium Chloride
Sodium Dihydrogen Phosphate (Dihydrate)
Aluminum Adjuvant

ToCall (Suzhou) Biotechnology Co.,Ltd
Hebei Huachen Pharmaceutical Co., Ltd.
Hunan Erkang Pharmaceutical Co., Ltd.

Hunan Jiudian Hongyang Pharmaceutical
Co., Ltd.

Jiangsu Qinfen Pharmaceutical Co., Ltd.
Sinopharm Chemical Reagent Co., Ltd.
Brenntag Biosector A/S

Batch No. 190402

Batch No. 180914

Batch No. 100920180501
Batch No. TF22190910

Batch No. 20200115
Batch No. 20180125

CAS No. 21645-51-2
Batch No. 5443

Critical Commercial Assays

PrimerScript RT Reagent Kit
PowerUp SYBG Green Master Mix Kit
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNeasy Mini Kit QIAGEN Cat.# 74104

Deposited Data

All data in this study This paper https://data.mendeley.com/datasets/

pb9w5vrkxy/1

Experimental Models: Cell Lines

Vero Cell Lines WHO (ECACC) Cat.# 88020401

Experimental Models: Organisms/Strains

Rhesus macaques Institute of Laboratory Animal SCXK (Beijing) 2019-0014
Science, CAMS

Balb /C Mouse Beijing Vital River Laboratory Animal SCXK (Beijing) 2019-0010
Technology Co., Ltd

Guinea pig Beijing Vital River Laboratory Animal SCXK (Beijing) 2016-0011
Technology Co., Ltd

Wistar Rat SPF (Beijing) Biotechnology Co., Ltd. SCXK (Beijing) 2019-0010

Rabbit Beijing Vital River Laboratory Animal SCXK (Beijing) 2016-0012
Technology Co., Ltd.

cynomolgus monkeys Guangxi Grandforest Scientific Primate SCXK (Guangxi) 2016-0003
Company

Sprague-Dawley Rat Beijing Vital River Laboratory Animal SCXK (Beijing) 2016-0006

Technology Co., Ltd.

Oligonucleotides

RT-PCR Forward Primer: This paper N/A
TCGTTTCGGAAGAGACAGGT
RT-PCR Reverse Primer: This paper N/A
GCGCAGTAAGGATGGCTAGT

Software and Algorithms
7500 Software v2.0.5 Applied Biosystems N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests should be directed to and will be fulfilled by the Lead Contact, Zhiyong Lou (louzy@mail.tsinghua.
edu.cn).

Materials Availability
The materials used in this study are available upon request.

Data and Code Availability
All data in this study have been deposited to Mendeley Data: http://dx.doi.org/10.17632/pb9w5vrkxy.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statements

All animals involved in this study were housed and cared for in an Association for the Assessment and Accreditation of Laboratory
Animal Care (AAALAC)-accredited facility. All experimental procedures with mice, rats, rabbits, guinea pigs, and nonhuman primates
were conducted according to Chinese animal use guidelines and were approved by the Institutional Animal Care and Use Committee
(IACUC). Rhesus macaque studies were performed in an animal biosafety level 3 (ABSL-3) laboratory and approved by the IACUC of
the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences with approval number GH20008. All nonhuman
primate animals were anesthetized with ketamine hydrochloride (10 mg/kg).
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Animal models

Balb /C female mice (12-14 g), female guinea pigs (200-300 g), male chinchilla rabbits (1.5-2.0 kg), were obtained from Beijing Vital
River Laboratory Animal Technology Co., Ltd. Female Wistar rats (175-200 g) were obtained from (Beijing) Biotechnology Co., Ltd.
Male cynomolgus monkey (2.8-3-year-old, 2.15-2.97 kg) and female cynomolgus monkey (2.7-3.9-year-old, 1.99- 2.46 kg) were
obtained from Guangxi Grandforest Scientific Primate Company. The rhesus macaques: 2.5-3.8 kg, 3-4-year-old. All animals partic-
ipate in this research are in good health and are not involved in other experimental procedure. All animals were allowed free access to
water and diet and provided with a 12 h light/dark cycle (temperature: 18-28°C, humidity: 40%-70%). The mice, guinea pigs, rabbits
and rats were bred and maintained in specific pathogen free (SPF) environment at the Laboratory Animal Center of Beijing institute of
biological products Co., LTD. All rhesus macaques and cynomolgus monkey were housed and cared in Association for the Assess-
ment and Accreditation of Laboratory Animal Care (AAALAC) accredited facility. All cynomolgus monkey experiments were approved
by the institutional animal ethics committee (IACUC) prior to operation.

METHOD DETAILS

Virus titration and vaccine preparation

The SARS-CoV-2 virus titer was determined by a microdose cytopathogenic efficiency (CPE) assay. Serial 10-fold dilutions of virus-
containing samples were mixed with 3~5 x 10* Vero cells and then plated in 96-well culture plates. After 4 days of culture in a 5%
CO, incubator at 37°C, cells were checked for the presence of a CPE under a microscope. The virus titer was calculated by the
method of Karber (Ramakrishnan, 2016). SARS-CoV-2 isolated from a SARS-CoV-2-infected patient for candidate vaccine prepa-
ration was provided by the Chinese Center for Disease Control and Prevention. Viruses were cultured in a 10 L basket bioreactor
at the temperature of 36 + 1°C. The virus solution was harvested 48-72 h after inoculation and then was inactivated with B-propio-
lactone at a ratio of 1:4000 at 2-8°C for 20-24 h, followed by chromatography purification. The final bulk was prepared by adding
0.45 mg/mL aluminum hydroxide as the adjuvant and dilution buffer containing phosphate.

Validation of the inactivation

Effective inactivation of the virus was validated in a sample from each batch of BBIBP-CorV. Ten milliliters of inactivated SARS-CoV-2
was used to inoculate Vero monolayers in 75 cm? flasks, and negative control cells were prepared; the cells were then cultured at 36 +
1°C for 4 days. This was the first passage. Then 20 mL of supernatants from cells in the flask was inoculated onto two additional Vero
monolayers in 75 cm? flasks (10 mL each) and incubated at 36 + 1°C for 4 days. This was the second passage. Then, 10 mL of su-
pernatants from cells in the flask was inoculated onto further Vero monolayers in 75 cm? flasks and incubated at 36 + 1°C for 4 days.
This was the third passage. No CPE was observed for three passages.

After consecutively blind passaged for three generations, the supernatant and cells were re-verified by immunofluorescence. The
supernatant was inoculated onto Vero cells and cultured in a 37°C incubator. The cells were cultured in a 12-well plate after digestion
with trypsin; culture for 48 h then washed three times with potassium-free PBS. The cells were fixed with 4% paraformaldehyde, and
primary antibody (rabbit anti-SARS-CoV-2, dilution 1:100) was added overnight at 4°C, then wash three times with PBS. The second-
ary antibody (FITC-labeled anti-rabbit IgG, dilution 1:100) was added for 40 min at 37°C, then wash three times with PBS. DAPI dye
for nuclear staining was add to each sample for 5 min and washed with PBS. Cells were mounted with PBS-glycerol (1:1) solution and
examined with a fluorescence microscope.

RT-PCR

Total RNA was extracted from organs with an RNeasy Mini Kit (QIAGEN, USA) and PrimerScript RT Reagent Kit (TaKaRa, Japan). The
forward and reverse primers targeting the SARS-CoV-2 nucleocapsid protein (N) gene for RT-PCR were 5'-GGGGAACTTCTCCTGC
TAGAAT-3' and 5-CAGACATTTTGCTCTCAAGCTG-3', respectively. RT-PCR was performed under the following reaction condi-
tions: 42°C for 5 min, 95°C for 10 s, and 40 cycles of 95°C for 10 s and 60°C for 30 s.

Vaccine immunogenicity analysis and neutralization assay
Cynomolgus monkeys, rabbits, guinea pigs, rats and mice were randomly divided into three groups (5 rabbits in each group, and for
other species, 10 animals in each group) and immunized intraperitoneally and intramuscularly with the trial vaccine at three doses
(2 png/inoculation, 4 pg/inoculation, 8 pg/inoculation). Blood was collected from each model animal before immunization, and the
serum was isolated the next day as a control. Each animal was inoculated with 0.5 mL of the test sample (equivalent to 1 human dose).
The serum of the animal to be tested was diluted 1:4 in advance and inactivated in a 56°C water bath for 30 min. Serum was suc-
cessively diluted 1:4 to the required concentration by a 2-fold series, and an equal volume of challenge virus solution containing 100
CCIDsq virus was added. After neutralization in a 37°C incubator for 2 h, a 1.0~2.5 x 10%/mL cell suspension was added to the wells
(0.1 mL/well) and cultured in a CO, incubator at 37°C for 4 days. The Karber method (Ramakrishnan, 2016) by observing the CPE was
used to calculate the neutralization endpoint (convert the serum dilution to logarithm), which means that the highest dilution of serum
that can protect 50% of cells from infection by challenge with 100 CCIDsg virus is the antibody potency of the serum. A neutralization
antibody potency < 1:4 is negative, while that > 1:4 is positive.
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Safety evaluation

Twenty rats (10/gender) were divided into 4 groups (5/gender/group) and intramuscularly injected with 24 pg/rat of BBIBP-CorV or
sodium chloride as a control. Thirty-six male guinea pigs were evenly divided into 4 groups: 1/4 were injected with sodium chloride as
a negative control, and 1/4 were injected with human blood albumin as a positive control. The other two groups were injected with
different doses and used as the low- and high-dose groups. Sensitization was carried out on D1, D3, and D5 by intramuscular injec-
tion. Three guinea pigs from each group were selected for intravenous excitation via the foot, with secondary excitation of the
remainder of the guinea pigs in each group performed at D26. Forty cynomolgus monkeys (20/gender) were divided into 4 groups
(5/gender/group) and intramuscularly injected with a control solution (sodium chloride injection, group 1) or 2, 4 or 8 ug of BBIBP-
CorV (groups 2 to 4) in a volume of 0.5 ml. The animals were injected once a week for 3 continuous weeks (4 times in total). Three
of the five animals of each sex in each group were dissected on D25, and the remaining 2/5 animals of each sex in each group
were dissected on D36. Collection of data on safety-related parameters (body weight and body temperature) and clinical observation
were carried out during and after immunization. Analysis of lymphocyte subset percentages (CD3*, CD3*CD4*, CD3*CD8*, CD20*,
CD3*CD4*/CD3*CD8") and key cytokines (TNF-a., IFN-vy, IL-2, IL-4, IL-5 and IL-6) and biochemical blood tests of the collected blood
samples were also carried out. Sixty percent of the monkeys were euthanized at day 25 postimmunization, and the remaining 40%
were euthanized at day 36.

Challenge assay in rhesus macaques

Rhesus macaques (3-4 years old) were divided into three groups: 2 in the placebo group, the animals in which were intramuscularly
injected with physiological saline; 4 in the low-dose vaccine group, the animals in which were intramuscularly injected with 2 pg/dose
vaccine; and 4 in the high-dose vaccine group, the animals in which were intramuscularly injected with 8 pg/dose vaccine. All ma-
caques were immunized at days 0 and 14. A challenge study was conducted 10 days after the second immunization by direct inoc-
ulation of 10° TCIDs, of SARS-CoV-2 virus through the intratracheal route under anesthesia. The general symptoms of the animals
were observed and recorded every day during the experiment, along with the animal’s body temperature before and after challenge.
Peripheral blood was collected on days 0, 7, 14 and 21 before immunization; and day 7 postinoculation (dpi), and a neutralizing anti-
body test and routine blood biochemical test were conducted. Throat and anal swabs were collected 3, 5, and 7 days after challenge
and used to determine the viral load. Seven days after challenge, all animals were euthanized, the viral load in the lung tissue was
detected, and a pathological examination was conducted.

Phylogenic tree analysis

High-quality genome sequences for SAR-CoV-2 were retrieved from GISAID (https://www.gisaid.org/) on Apr 24", 2020. After dupli-
cate genomes were removed, 6,659 sequences were clustered into different groups based on the combination of sampling country
and date. Arepresentative strain was selected from each group for phylogenetic analysis. For the 266 strains that were retained, mul-
tiple sequence alignment and phylogenetic reconstruction were performed by using MAFFT (Katoh et al., 2002) and FastTree (Price
et al., 2010), respectively. The inferred maximum likelihood tree was plotted by ggtree (Yu et al., 2017).

Western blotting

Samples containing 30 pg of protein (harvest, concentrated viral solution, purified viral solution) were mixed with loading buffer and
then boiled at 100°C for 10 min. The proteins were separated by 12% sodium dodecyl! sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane (300 mA, 55 min). The membrane was sealed in phos-
phate-buffered saline with Tween-20 (PBST) with 5% skim milk at 37°C for 2 h and subsequently incubated overnight with the primary
antibodies anti-N protein rabbit monoclonal Ab (Sino Biological) (1:1000 dilution) and anti-S protein rabbit polyclonal Ab (Sino Bio-
logical) (1:1000 dilution) and human convalescent sera from patients (1:500 dilution) at 4°C. The membrane was incubated for 1 h at
room temperature with the secondary antibodies goat anti-rabbit IgG H&L (HRP) (GE NA934, 1:4000) and HRP-labeled goat anti-hu-
man IgG (gamma chain) cross-adsorbed secondary antibody (Invitrogen, 62-8420) (1:1000). Protein bands were visualized using
enhanced chemiluminescence (Azure biomolecular imager, USA).

EM sample preparation

Samples were applied to carbon-coated copper grids previously glow-discharged at low air pressure, stained with 2% uranyl ace-
tate, and visualized in a Tecnai T12 electron microscope (FEI) equipped with an LaB6 filament operated at an acceleration voltage of
120 kV. Images were recorded on imaging plates at a magnification of 23,000 x and a defocus of approximately —1.5 um by using
low-dose procedures.

Serum biochemical evaluation

Blood was collected, and serum biochemical parameters were monitored at different time points. Abbreviations are as following: Glu
(glucose), T-Bil (total bilirubin), ALT (alanine aminotransferase), AST (aspartate aminotransferase), ALP (alkaline phosphatase), y-GT
(y-glutamyl transpeptidase), TP (total protein), Alb (albumin), TG (triglycerides), TC (total cholesterol), CREA (creatinine), UA (uric
acid), UREA (blood urea), CK (creatine kinase) and LDH (lactate dehydrogenase). Samples were analyzed with the Mindray’s
biochemical reagent kits in a biochemical automatic analyzer (Mindray, BS-360S, Shenzhen, China).
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Replications and sample-size

All experiments in this study were performed with replications numbers indicated in Method Details or Figure Legends. All experi-
ments were randomized and no data was excluded from data analysis. The sample size and statistical method were indicated in
Method Details or Figure Legends.

QUANTIFICATION AND STATISTICAL ANALYSIS

RT-PCR

For quantification of viral loads by RT-PCR (Figures 3d-3f), A standard curve of CT values to the copy number of viral RNA is gener-
ated with serial 10-fold dilutions of recombinant plasmid with a known copy number dilutions of PCR target fragments from 10°to 10°
copies per microliter. The viral loads of each sample were converted with Ct value and the standard curve. Statistical analysis was
performed by Applied Biosystems 7500 Software v2.0.5.

Flow cytometry

For quantification of lymphocyte percentage by flow cytometry (Figures 4d-4e), values represent the positive cell population percent-
age. Statistical analyses were performed using a double-tailed analysis with the inspection level at 5% or p < 0.05. The mean number
and standard deviations of all data results are calculated in the Provantis system (SAS 9.2 statistic software).

Serum biochemical evaluation

The data were analyzed with SPSS (version 17.0) software. Student’s t test was used to determine the statistical significance of the
differences. See Method Details section “Serum biochemical evaluation” for more details.
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Figure S1. SARS-CoV-2 Maximum Likelihood Phylogenetic Tree Related to Figure 1
The SARS-CoV-2 isolates used in this study are indicated with black arrows and labeled. Viral strains were isolated from infected patients who traveled from the
indicated continent/area.
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Figure S2. Neutralization of SARS-CoV-2 Strains HB02, CQ01, and QD01 by the Sera of Mice Vaccinated with BBIBP-CorV, Related to Figure 1
Mice were intraperitoneally injected with 8 pg/does of BBIBP-CorV at one time, and the ability of their sera to neutralize three SARS-CoV-2 strains was tested (n =
5) day 14 day after inoculation.
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Figure S3. Serum Biochemical Parameters in Rhesus Macaques after Vaccination and Challenge with Living Virus, Related to Figure 3
Rhesus macaques were intramuscularly immunized twice on days 0 and 14, and live virus challenge was conducted on day 24 (the dotted line). Blood was
collected, and serum biochemical parameters were monitored at different time points. Glu (glucose), T-Bil (total bilirubin), ALT (alanine aminotransferase), AST
(aspartate aminotransferase), ALP (alkaline phosphatase), y-GT (y-glutamyl transpeptidase), TP (total protein), Alb (albumin), TG (triglycerides), TC (total
cholesterol), CREA (creatinine), UA (uric acid), UREA (blood urea), CK (creatine kinase), LDH (lactate dehydrogenase). The data are presented as the mean + SD.
*p < 0.05 and ***p < 0.001 versus the placebo group (n = 2 in the placebo group, n = 4 in the 2 pg/dose and 8 nug/dose groups). The dotted line on the y axis
indicates the normal upper and lower lines of the data.
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Figure S4. Individual Data for Temperature, Viral Load, and Body Weight of Animals in Efficacy and Safety Evaluation, Related to Figures
3C-3E

Individual (A) temperature, viral load in (B) throat and (C) anal swab data in nonhuman primate efficacy evaluation. Individual body weight of (D) rats (n = 5) and (E)
cynomolgus monkeys (n = 10) in safety evaluation (Related to Figures 4A and 4C).
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