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Summary 30 

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute 31 

respiratory syndrome coronavirus 2 (SARS-CoV-2) threatens global public health. 32 

The development of a vaccine is urgently needed for the prevention and control of 33 

COVID-19. Here, we report the pilot-scale production of an inactivated SARS-CoV-2 34 

vaccine candidate (BBIBP-CorV) that induces high levels of neutralizing antibodies 35 

titers in mice, rats, guinea pigs, rabbits and nonhuman primates (cynomolgus 36 

monkeys and rhesus macaques) to provide protection against SARS-CoV-2. Two-37 

dose immunizations using 2 µg/dose of BBIBP-CorV provided highly efficient 38 

protection against SARS-CoV-2 intratracheal challenge in rhesus macaques, without 39 

detectable antibody-dependent enhancement of infection. In addition, BBIBP-CorV 40 

exhibits efficient productivity and good genetic stability for vaccine manufacture. 41 

These results support the further evaluation of BBIBP-CorV in a clinical trial. 42 

 43 
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Introduction 48 

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory 49 

syndrome coronavirus 2 (SARS-CoV-2), has recently emerged throughout the world, 50 

resulting in 5.2 million infections and over 337 thousand deaths worldwide as of May 51 

2020 according to the World Health Organization (WHO) report 52 

(https://covid19.who.int/) (Chan et al., 2020; Chen et al., 2020; Li et al., 2020; Wang 53 

et al., 2020; Zhu et al., 2020). SARS-CoV-2, a member of the Betacoronavirus 54 

genus, is closely related to severe acute respiratory syndrome coronavirus (SARS-55 

CoV) and several bat coronaviruses (Lu et al., 2020; Tan et al., 2020; Zhou et al., 56 

2020). Compared to SARS-CoV and MERS-CoV, SARS-CoV-2 appears to undergo 57 

more rapid transmission (Chan et al., 2020; Chen et al., 2020), leading to the urgent 58 

demand for a vaccine. To date, three candidate vaccines (including an inactivated 59 

vaccine, an adenovirus-vectored vaccine and a DNA vaccine) were reported to 60 

protect rhesus macaques against SARS-CoV-2 with different efficacy (Gao et al., 61 

2020; Lurie et al., 2020; van Doremalen et al., 2020; Yu et al., 2020a). Inactivated 62 

vaccines are widely used for the prevention of emerging infectious diseases (Stern, 63 

2020), and the relatively high speed of the development of this kind of vaccine 64 

makes it a promising strategy for COVID-19 vaccine development. It is worthy to 65 

note that emerging evidences have shown antibody-dependent enhancement (ADE) 66 

in SARS-CoV infection (Wang et al., 2016; Yang et al., 2005), suggesting that 67 
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particular attention should be paid to the safety evaluation in the development of the 68 

vaccine against coronaviruses. Here, we report the study of an inactivated SARS-69 

CoV-2 vaccine candidate (BBIBP-CorV) and show that its potency and safety in 70 

preclinical studies warrants further clinical evaluation. 71 

 72 

Results 73 

Vaccine design and production 74 

We isolated three SARS-CoV-2 strains from the broncho-alveolar lavage 75 

samples or throat swabs of 3 hospitalized patients from the recent COVID-19 76 

outbreak to develop preclinical in vitro neutralization and challenge models for an 77 

inactivated SARS-CoV-2 vaccine candidate (Lu et al., 2020; Zhu et al., 2020). The 3 78 

strains were 19nCoV-CDC-Tan-HB02 (HB02), 19nCoV-CDC-Tan-Strain03 (CQ01) 79 

and 19nCoV-CDC-Tan-Strain04 (QD01), which are scattered on the phylogenetic 80 

tree constructed from all available sequences, suggesting coverage of the main 81 

SARS-CoV-2 populations (Supplementary Figure 1). Notably, all of these strains 82 

were isolated from Vero cells, which have been certified by WHO for vaccine 83 

production. Vero cells were infected via the throat swabs of patients, but not other 84 

cell lines, to prevent possible mutations during viral culture and isolation. 85 

Highly efficient proliferation and high genetic stability are key features for the 86 

development of an inactivated vaccine. We first found that the HB02 strain showed 87 
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the most optimal replication and generated highest virus yields in Vero cells among 88 

three viral strains (Figure 1a). We therefore chose the HB02 strain for the further 89 

development of the inactivated SARS-CoV-2 vaccine (BBIBP-CorV). The 90 

comparisons on the whole-genome sequences of the HB02 strain and other SARS-91 

CoV-2 strains from domestic and international sources showed that the HB02 strain 92 

is homologous to other viral strains, and demonstrated that the main protective 93 

antigen (the spike protein) has 100% homology, indicating potential broad protection 94 

against various SARS-CoV-2 strains (Supplementary Figures 1 and 2). 95 

To obtain a viral stock adapted for high productivity, the HB02 strain was purified 96 

and passaged in Vero cells to generate the P1 stock. The P1 stock was adaptively 97 

cultured, passaged and expanded on Vero cells. The strain after adaptation for 7 98 

generations (BJ-P-0207) was used as the original seed (BJ-P1) for vaccine 99 

production. To evaluate the genetic stability, 3 more passages were performed to 100 

obtain the P10 stock. We sequenced the whole genome of the HB02 strain and the 101 

P10 stock by deep sequencing analysis, and the results showed that their sequence 102 

homology was more than 99.95%. Furthermore, no amino acid variation was found 103 

in the full sequence, including the position near the furin cleavage site, in the P10 104 

stock. These results suggest the high genetic stability of the HB02 strain, which is 105 

beneficial for further development. 106 

For highly efficient manufacture, we established a strategy for the production of a 107 

BBIBP-CorV stock based on a novel carrier in a basket reactor (Figure 1b). Growth 108 
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kinetic analysis of the P7 stock in Vero cells showed that the stock virus could 109 

replicate efficiently and reached a peak titer over 7.0 log10 CCID50 by 48-72 hours 110 

post-infection (hpi) at multiplicities of infection (MOI) of 0.01-0.3 (Figure 1c). To 111 

inactivate virus production, β-propionolactone was thoroughly mixed with the 112 

harvested viral solution at a ratio of 1:4000 at 2-8 °C. The inactivation of 3 batches of 113 

virus eliminated viral infectivity, validating the good stability and repeatability of the 114 

inactivation process (Figure 1d). Western-blotting analysis showed that the vaccine 115 

stock contained viral structural proteins (protective antigens) (Figure 1e). A 116 

negatively stained electron microscopy image visualized oval viral particles with 117 

spikes with the diameters of approximately 100 nm (Figure 1f). 118 

 119 

Immunogenicity of BBIBP-CorV 120 

To assess the immunogenicity of BBIBP-CorV, BALB/c mice were injected with 121 

different immunization programs and various doses (2, 4 or 8 µg/dose) of vaccine 122 

mixed with aluminium hydroxide adjuvant. In the one-dose immunization group, mice 123 

were intraperitoneally administered a high (8 µg/dose), middle (4 µg/dose) or low (2 124 

µg/dose) dose of BBIBP-CorV at day 0 (D0), and the levels of neutralization antibody 125 

(NAb) at 7, 14, 21 and 28 days after injection were evaluated. The results showed 126 

that the seroconversion rate in the high-, middle-, and low-dose groups reached 127 

100% at 7 days after immunization, and the immunization effect was time-dependent 128 

(Figure 2a, Supplementary Table 1). The NAb levels at 7,14 and 21 days in the low- 129 
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and middle-dose groups show significant variation, while no significant variation 130 

between 21 and 28 days was observed. In the high-dose group, a significant 131 

variation only was observed between 7 and 14 days (Figure 2a). 132 

In the two-dose immunization group, we tested different immunization programs 133 

(D0/D7, D0/D14 and D0/D21 intervals) in which two immunizations at days 0/7, days 134 

0/14, and days 0/21, respectively, were administered. The seropositivity of the high-, 135 

medium-, and low-dose groups from all three immunization programs reached 100% 136 

at 7 days after the second immunization (Figure 2b, Supplementary Table 1). The 137 

immunogenicity of the two-dose immunization program was significantly higher than 138 

that of the one-dose immunization program in the high- and middle-dose groups. 139 

Moreover, use of the D0/D21 interval obtained the highest NAb level at 7 days after 140 

the second immunization. 141 

We also tested the immunogenicity of a three-dose immunization program, in 142 

which the mice were intraperitoneally administered a high (8 µg/dose), middle (4 143 

µg/dose) or low (2 µg/dose) dose of vaccine at days 0, 7 and 14 (Figure 2c). The 144 

NAb levels for all groups were determined at days 7, 14, 21 and 28, and the 145 

seroconversion rate in all three groups reached 100% at day 7 after the first 146 

immunization (Figure 2c, Supplementary table 1). The results showed that the three-147 

dose (D0/D7/D14) immunization program resulted in higher NAb levels than the one-148 

dose (D0) program in all three groups at days 28 (Figure 2a and 2c). Moreover, we 149 

analyzed the NAb levels in mice with high, middle and low doses of vaccine following 150 
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the one-dose (D0), two-dose (D0/D21) and three-dose (D0/D7/D14) immunization 151 

programs, and checked the NAb levels at 28 days after the first immunization to 152 

maintain the same starting and ending points. The results showed that the 153 

immunogenicity of the three-dose (D0/D7/D14) immunization program was higher 154 

than that of both the one- and two-dose programs (Figure 2d). 155 

We next measured the immunogenicity of BBIBP-CorV in different animal 156 

models: rabbits, guinea pigs, rats and mice. The animals were immunized with high 157 

(8 µg/dose), middle (4 µg/dose) or low (2 µg/dose) doses of vaccine by the one-dose 158 

(D0) immunization program, and the NAb levels were determined at 21 days after 159 

immunization. The results demonstrated that BBIBP-CorV has good immunogenicity, 160 

and the seroconversion rate reached 100% at day 21 after immunization in all animal 161 

models (Figure 2e, Supplementary Table 1). In the three-dose (D0/D7/D14) 162 

immunization group, cynomolgus monkeys, rabbits, guinea pigs, rats and mice were 163 

immunized with high (8 µg/dose), middle (4 µg/dose) or low (2 µg/dose) doses of 164 

vaccine. The seroconversion rate reached 100% at 21 days after immunization in all 165 

animal models, and the NAb levels at 21 days after the first immunization showed 166 

that the immunogenicity of the three-dose (D0/D7/D14) program with high, middle 167 

and low doses was higher than that of the one-dose (D0) program in rabbit and 168 

guinea pig models (Figure 2e and 2f, Supplementary Table 1). 169 

 170 
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Protection in a nonhuman primate animal model 171 

Recent studies have shown that SARS-CoV-2-infected rhesus macaques 172 

developed pulmonary infiltrates and histological lesions (Munster et al., 2020; Shan 173 

et al., 2020; Yu et al., 2020b). We evaluated the immunogenicity and protective 174 

efficacy of BBIBP-CorV in rhesus macaques. 175 

All macaques were immunized twice on days 0 (D0) and 14 (D14). The placebo 176 

group was intramuscularly administered physiological saline, and the two 177 

experimental groups were intramuscularly injected with low-dose (2 µg/dose) or high-178 

dose (8 µg/dose) BBIBP-CorV (Figure 3a). Before virus challenge at D24, the GMT 179 

of NAb in the low-dose and high-dose groups reached 215 and 256, respectively 180 

(Figure 3b). At D24 (ten days after the second immunization), all macaques were 181 

intratracheally challenged with l06 TCID50 of SARS-CoV-2 per monkey under 182 

anesthesia. Body temperatures of both the vaccinated groups and placebo group 183 

fluctuated within the normal range after virus challenge from 0 to 7 dpi (Figure 3c, 184 

Supplementary Figure 4a). Moreover, the serum biochemical parameters in rhesus 185 

macaques after vaccination and challenge with living virus remained constant 186 

(Supplementary Figure 3). Because a recent study showed that SARS-CoV-2 187 

infection does not affect host blood chemistry (Munster et al., 2020), this result 188 

suggests that inoculation with BBIBP-CorV does not result in side effects on serum 189 

biochemical parameters. 190 

We next determined the viral load in the throat and anal swabs of macaques by 191 
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RT-PCR. All placebo macaques showed and maintained a high viral load during the 192 

whole evaluation period after virus challenge by both throat and anal swabs (Figure 193 

3d and 3e, Supplementary Figure 4b and 4c). In contrast, the viral load in the throat 194 

swabs of the low-dose group peaked (5.33 log10copies/ml) at 5 dpi and then 195 

decreased to 1.12 log10copies/ml at 7 dpi, which was significantly lower than that of 196 

the placebo group. In particular, among the 4 macaques in the low-dose group, 3 197 

showed a nondetectable viral load at 7 dpi. The throat swabs of all 4 macaques in 198 

the high-dose group were negative for viral load. Moreover, no viral load was 199 

detected in the anal swabs of 2 (out of 4) macaques in the high-dose group. 200 

At 7 dpi, all animals were euthanized to determine the viral load in the lung 201 

tissue and for pathological examination (Figure 3f and 3g). No macaques in the low-202 

dose and high-dose groups had a detectable viral load in any lung lobe, which was 203 

significantly different from the results in the placebo group (Figure 3f). In the placebo 204 

group, a high viral load was detected in the left lower lung, right lower lung and right 205 

accessory lung, and the pathological histology analysis results showed severe 206 

interstitial pneumonia. To note, only 3 of 7 sections of the lung lobes were detected 207 

to have infection in the placebo group, possibly because the virus infection in the 208 

lung lobes is dynamically changing. Furthermore, all macaques that received 209 

vaccination showed normal lung with focal mild histopathological changes in few 210 

lobes (Figure 3g), demonstrating the BBIBP-CorV vaccination could efficiently block 211 

the infection of SARS-CoV-2 and COVID-19 disease in monkey. At 7 dpi, the 212 
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macaques treated with placebo produced low-level NAb with a titer of 1:16, while the 213 

NAb levels of the vaccinated macaques were highest at 1:2048 (average 1:860) in 214 

the high-dose group and 1:1024 in the low-dose group (average 1:512) (Figure 3b). 215 

Taken together, all these results demonstrated that both low-dose and high-dose 216 

BBIBP-CorV conferred highly efficient protection against SARS-CoV-2 in macaques 217 

without observed antibody-dependent enhancement of infection.  218 

 219 

Safety 220 

We first performed a single intramuscular injection experiment in Sprague-221 

Dawley rats to evaluate the acute toxicity of BBIBP-CorV. In this study, 20 rats were 222 

divided into 2 groups (n = 10, 5/gender) and intramuscularly injected with 3×dose (8 223 

µg/dose, 24 µg/rat) of BBIBP-CorV and physiological saline as the control. After 224 

inoculation, all rats were continuously observed for 14 days and euthanized at day 225 

15 to assess systematic anatomy and for general observation. No cases of death or 226 

impending death or obvious clinical signs were observed in any of the four groups 227 

over 14 consecutive days after vaccine inoculation. Moreover, there was no 228 

significant difference in weight or feeding state between the experimental groups and 229 

control groups (Figure 4a, Supplementary Figure 4d). No histopathologic changes 230 

were observed after euthanasia. Notably, the maximum tolerated dose (MTD) used 231 

for a single intramuscular injection in rats was 24 µg/rat, which is equivalent to 900 232 

times the dose in humans, indicating the potential good safety of BBIBP-CorV in 233 
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humans. 234 

Systemic anaphylaxis due to BBIBP-CorV was subsequently evaluated by 235 

intramuscular and intravenous injections in guinea pigs. Thirty-six male guinea pigs 236 

were divided into 4 groups (9/group), a negative control group (physiological saline), 237 

a positive control group (human blood albumin, 20 mg/sensitization, 40 238 

mg/stimulation), a low-dose group (0.1×dose/sensitization, 0.2×dose/stimulation) and 239 

a high-dose group (1×dose/sensitization, 2×dose/stimulation). Sensitization was 240 

performed on D1, D3 and D5. The first stimulation (intravenous excitation via the 241 

foot) for 3 (out of 9) guinea pigs from each group was performed at D19, and 242 

secondary stimulation of the remaining animals of each group (6/9) was performed at 243 

D26. The results showed no abnormal reactions during the sensitization period by 244 

clinical observation and measurement of the body weights of the guinea pigs (Figure 245 

4b). No allergic reaction symptoms were found in the negative control group or 246 

experimental group on D19 or D26. The anaphylaxis of the positive control group 247 

was highly positive (1/6 animals were positive, 3/6 animals were strongly positive, 248 

and 2/6 animals were extremely positive). In sharp contrast, in the low- and high-249 

dose groups, no allergic reactions at D19 and D26 were found, and the allergic 250 

reactions were negative. 251 

The long-term toxicity of BBIBP-CorV was further evaluated in cynomolgus 252 

monkeys. Forty cynomolgus monkeys (20/gender) were divided into 4 groups 253 

(5/gender/group) and intramuscularly injected with a control solution (physiological 254 
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saline injection, group 1) or 2, 4 or 8 µg of BBIBP-CorV (groups 2 to 4) in a volume of 255 

0.5 ml. The animals were injected once a week for 3 continuous weeks (4 times in 256 

total). A total of 3/5 animals of each sex in each group were dissected on D25, and 257 

the remaining 2/5 animals of each sex in each group were dissected on D36. The 258 

gross anatomy was evaluated, and histopathologic examination was administered. 259 

No cases of death or impending death or significant abnormalities in clinical 260 

physiological and pathological indicators, lymphocyte subgroup distribution (CD3+, 261 

CD3+CD4+, CD3+CD8+, CD20+, CD3+CD4+/CD3+CD8+), cytokines (TNF-α, IFN-γ, IL-262 

2, IL-4, IL-5 and IL-6), c-reactive protein, complement, or body weight were observed 263 

in the 2, 4 and 8 µg/dose groups (Figure 4c-4e, Supplementary Figure 4e). No 264 

abnormalities in the gross anatomy of the euthanized animals in each dosed group 265 

on D25 and D36 were observed. Granulomatous inflammation was observed in the 266 

2, 4 and 8 µg/dose groups on D25 and remained at the end of the recovery period 267 

(D36), with a slight improvement compared to that observed on D25. The animals 268 

showed only local irritation characterized by mild to severe granulomatous 269 

inflammation due to injection, but this reaction was absent at two weeks after 270 

injection. The no observed adverse effect level (NOAEL) was found to be 8 µg/dose 271 

in this trial. 272 

 273 
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Discussion 274 

The development of vaccines with high immunogenicity and safety is crucial for 275 

control of the global COVID-19 pandemic and prevention of further illness and 276 

fatalities. Here, we report development of an inactivated SARS-CoV-2 vaccine 277 

candidate, BBIBP-CorV, and show that it induced high levels of neutralizing antibody 278 

in six mammalian species, including rats, mice, guinea pigs, rabbits, cynomolgus 279 

monkeys and rhesus macaques, protecting them against SARS-CoV-2 infection. 280 

Two-dose immunization using 2 µg/dose of BBIBP-CorV conferred highly efficient 281 

protection against SARS-CoV-2 in rhesus macaques without observable antibody-282 

dependent infection enhancement (ADE) or immunopathological exacerbation.  283 

Prior to our reporting of this BBIBP-CorV study, three candidate vaccines against 284 

SARS-CoV-2 have been reported, including an adenovirus-vectored vaccine 285 

(ChAdOx1 nCoV-19), a DNA vaccine, and an inactivated vaccine (PiCoVacc) (Gao et 286 

al., 2020; Lurie et al., 2020; van Doremalen et al., 2020; Yu et al., 2020a). In the 287 

protection studies, ChAdOx1 nCoV-19 and the DNA vaccine were challenged by 288 

both lower and upper respiratory tract, while PiCoVacc and BBIBP-CorV were 289 

intratracheally challenged. Despite the different challenge ways, the pathological 290 

changes in lung tissues were observed in all model groups, and the viral RNAs were 291 

detected in throat or nasal swabs, indicating that the successful establishment of the 292 

animal model for virus challenge. The recombinant adenovirus-vectored vaccine is 293 

easy to be manipulated for genetic modification and capable of inducing potent 294 
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antigen-specific immune responses; but the neutralizing antibody against the carrier 295 

vector virus is still a challenge (Zhang and Zhou, 2016). The DNA vaccine is easy to 296 

be produced and is stable for storage with limited recovery or residual toxicity; 297 

however, the concerns on their immunogenicity and safety still remain (Gary and 298 

Weiner, 2020). For ChAdOx1 nCoV-19, 5 of 6 lung lobes in vaccinated group 299 

showed the detectable viral load (van Doremalen et al., 2020); but for BBIBP-CorV, 300 

all macaques in the low- and high-dose groups did not show a detectable viral load 301 

in any lung lobe at 7 days after inoculation. Nevertheless, both BBIBP-CorV and 302 

ChAdOx1 nCoV-19 conferred effective protection and prevented all vaccinated 303 

macaques from viral interstitial pneumonia. Compared with the adenovirus-vectored 304 

vaccine and the DNA vaccine, the strategy for inactivated vaccine development and 305 

production is a conventional and mature technology. In the development of BBIBP-306 

CorV, the HB02 strain generated the highest virus yields in Vero cells among three 307 

candidate viral strains and had no amino acid variations within 10 passages, 308 

suggesting its good genetic stability. Moreover, we established a strategy for the 309 

production of a BBIBP-CorV stock based on a novel carrier in a basket reactor to 310 

ensure the highly efficient production. Most importantly, two-dose immunizations 311 

using low-dose (2 µg/dose) of BBIBP-CorV provided highly efficient protection 312 

against SARS-CoV-2 in rhesus macaques, which might benefit the further clinical 313 

usage of the inactivated vaccine with less adverse effects. Of note, the protection 314 

effects on the upper respiratory tract are not assessed in this study and warrant 315 



SARS-CoV-2 vaccine – 2020.05.30 

16 

further evaluation. 316 

In the absence of an effective antiviral drug against SARS-CoV-2, vaccines with 317 

good potency and safety will be needed to effectively establish immunity in 318 

population. The development of BBIBP-CorV provides a potential solution to the 319 

COVID-19 pandemic and the pipeline used for BBIBP-CorV pilot-scale production 320 

also sheds light on rapid vaccine developing against other coronavirus. Based on the 321 

result presented here, a Phase I clinical trial of BBIBP-CroV is currently in progress 322 

and a Phase II clinical trial has recently been initiated. These clinical trials have been 323 

designed using the same aluminum adjuvant formulation described here, with three 324 

different groups of high, medium, and low dose groups to evaluate the appropriate 325 

dose for further clinical application.  326 
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 349 

Main Figure Titles and Legends 350 

Figure 1. Characterization of the SARS-CoV-2 vaccine candidate BBIBP-CorV. 351 

(a) Viral titers of 3 strains of different generations. (b) Flowchart of BBIBP-CorV 352 

preparation. (c) Culture conditions. The left panel shows the effect of cell culture time 353 

on BBIBP-CorV stock virus titer, the middle panel shows the growth kinetics of the 354 

Vero cells for BBIBP-CorV stock culture, and the right panel shows the effect of 355 
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inoculation MOI on BBIBP-CorV stock virus titer. (d) Inactivation kinetics of three 356 

batches of virus supernatant. (e) The protein composition of BBIBP-CorV were 357 

evaluated by incubating with antibodies targeting N protein (left panel) and S protein 358 

(middle panel) and incubation with convalescent patient sera (right panel). h, 359 

harvest; c, concentrated viral solution; p, purified viral solution. (f) Representative 360 

electron micrograph of BBIBP-CorV. Scale bar is 100 nm. 361 

 362 

Figure 2. BBIBP-CorV immunization elicits a neutralizing antibody response in 363 

different animals with different doses and immunization programs. (a) Mouse 364 

neutralization antibody (NAb) levels with one-dose (D0) immunization. Mice were 365 

injected intraperitoneally with high (8 µg/dose), middle (4 µg/dose) or low (2 µg/dose) 366 

doses of vaccine, and the NAb levels at 7 days, 14 days, 21 days and 28 days after 367 

the first immunization were tested by the microtitration method (n = 10). (b) Mouse 368 

neutralization antibody levels with different immunization interval programs via two-369 

dose immunization. Mice were injected intraperitoneally by using two- time 370 

immunization (D0/D7; D0/D14; D0/D21) and the NAb levels at 7 days after the 371 

second immunization were tested by the microtitration method (n = 10). (c) Mouse 372 

neutralization antibody levels with three-dose (D0/D7/D14) immunization. Mice were 373 

inoculated intraperitoneally with high (8 µg/dose), middle (4 µg/dose) or low (2 374 

µg/dose) doses of vaccine at 0, 7 and 14 days, and NAb levels at 7, 14, 21 and 28 375 

days after the first immunization were tested by the microtitration method (n = 10). 376 

(d) Mouse NAb levels with different immunization programs. Mice were injected 377 

intraperitoneally with high (8 µg/dose), middle (4 µg/dose) or low (2 µg/dose) doses 378 

of vaccine by using one-dose (D0), two-dose (D0/D21) and three-dose (D0/D7/D14) 379 

immunization programs, respectively, and the NAb levels at 28 days after the first 380 

immunization were checked by the microtitration method (n = 10). (e) Rabbits (n = 381 

5), guinea pigs (n = 10), rats (n = 10) and mice (n =10) were immunized with high (8 382 

µg/dose), middle (4 µg/dose) or low (2 µg/dose) doses of vaccine by one-dose (D0) 383 
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immunization, and the NAb levels at 21 days after the first immunization were tested 384 

by the microtitration method. (f) Cynomolgus monkeys (n = 10), rabbits (n = 5), 385 

guinea pigs (n = 10), rats (n = 10) and mice (n = 10) were immunized with high (8 386 

µg/does), middle (4 µg/dose) and low (2 µg/dose) doses of vaccine by three-dose 387 

(D0/D7/D14) immunization, and the NAb levels at 21 days after the first 388 

immunization were tested by the microtitration method. For all panels, error bars 389 

reflect the geometric SD. 390 

 391 

Figure 3. Immunogenicity and protective efficacy of BBIBP-CorV in nonhuman 392 

primates. (a) Experimental strategy. (b) Macaques were immunized twice with 2 393 

µg/dose (n = 4) or 8 µg/dose (n = 4) of BBIBP-CorV or placebo (n = 2). The NAb 394 

titers were measured. Data are presented as geometric mean with geometric SD. (c-395 

g) The protective efficacy of BBIBP-CorV against SARS-CoV-2 challenge at 10 day 396 

after second immunization was evaluated in macaques. Changes in clinical signs 397 

(temperature (c)) were recorded. Viral loads in throat (d) and anal (e) swabs 398 

obtained from macaques at 3, 5 and 7 day post inoculation. (f) Viral loads in all 399 

seven lung lobes collected from all macaques at day 7 post inoculation were 400 

determined by RT-PCR. All data are presented as mean ± SEM from four 401 

independent experiments for the BBIBP-CorV groups and two independent 402 

experiments for the placebo group; error bars reflect the SEM. Data points represent 403 

the individual macaques. Asterisks indicate significance: ** p< 0.01. Dotted lines 404 

indicate the limit of detection. (g) Histopathological changes in lungs of macaques at 405 

day 7 post inoculation. All macaques received vaccination showed normal lung with 406 

focal mild interstitial pneumonia in few lobes. Scale bars are indicated in the panels.  407 

 408 

Figure 4. Safety evaluation of BBIBP-CorV in rats, guinea pigs and nonhuman 409 

primates. (a) Body weight analysis of rats in the experimental group and control 410 

group (n = 5). Male and female rat weight mean are used in this plot. Plot with 411 
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individual data is presented in Supplementary Figure 4d.  (b) Body weight analysis of 412 

guinea pigs in the experimental groups (0.1×dose/guinea pig, 1×dose/guinea pig) 413 

and negative control and positive control groups (n = 9). (c) Cynomolgus monkeys 414 

were intramuscularly injected four times on days 1, 8, 15 and 22 with low (2 415 

µg/dose), middle (4 µg/dose) and high (8 µg/dose) doses of BBIBP-CorV or placebo. 416 

Body weight analysis of cynomolgus monkeys (n = 10) in all four groups. Male and 417 

female cynomolgus monkey weight mean are used in this plot. Plot with individual 418 

data is presented in Supplementary Figure 4e. (d) Hematological analysis of 419 

cynomolgus monkey in all four groups (n = 10). The percentages of the lymphocyte 420 

subsets CD3+, CD3+CD4+ (labeled CD4+), CD3+CD8+ (labeled CD8+), CD20+, and 421 

CD3+CD4+/CD3+CD8+ (labeled CD4+/CD8+) were monitored at day -1 (1 day before 422 

vaccination), day 25 (3 days after the third vaccination) and day 36 (14 days after the 423 

fourth vaccination). (e) The key cytokines TNF-α, IFN-γ, IL-2, IL-4, IL-5 and IL-6 were 424 

examined at days -1, 1 (the day for the first vaccination), 4, 15, 22, 25 and 36, 425 

respectively. For all panels, values are shown as the mean ± s.d. 426 
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Supplementary Figure Titles and Legends 427 

Supplementary Figure 1. SARS-CoV-2 maximum likelihood phylogenetic tree. 428 

Related to Figure 1. The SARS-CoV-2 isolates used in this study are indicated with 429 

black arrows and labeled. Viral strains were isolated from infected patients who 430 

traveled from the indicated continent/area. 431 

 432 

Supplementary Figure 2. Neutralization of SARS-CoV-2 strains HB02, CQ01 433 

and QD01 by the sera of mice vaccinated with BBIBP-CorV. Related to Figure 1. 434 

Mice were intraperitoneally injected with 8 µg/does of BBIBP-CorV at one time, and 435 

the ability of their sera to neutralize three SARS-CoV-2 strains was tested (n = 5) day 436 

14 day after inoculation. 437 

 438 

Supplementary Figure 3. Serum biochemical parameters in rhesus macaques 439 

after vaccination and challenge with living virus. Related to Figure 3. Rhesus 440 

macaques were intramuscularly immunized twice on days 0 and 14, and live virus 441 

challenge was conducted on day 24 (the dotted line). Blood was collected, and 442 

serum biochemical parameters were monitored at different time points. Glu 443 

(glucose), T-Bil (total bilirubin), ALT (alanine aminotransferase), AST (aspartate 444 

aminotransferase), ALP (alkaline phosphatase), γ-GT (γ-glutamyl transpeptidase), 445 

TP (total protein), Alb (albumin), TG (triglycerides), TC (total cholesterol), CREA 446 

(creatinine), UA (uric acid), UREA (blood urea), CK (creatine kinase), LDH (lactate 447 

dehydrogenase). The data are presented as the mean ± SD. * p< 0.05 and *** p< 448 

0.001 versus the placebo group (n = 2 in the placebo group, n = 4 in the 2 µg/dose 449 

and 8 µg/dose groups). The dotted line on the Y axis indicates the normal upper and 450 

lower lines of the data.   451 

 452 

Supplementary Figure 4. Individual (a) temperature, viral load in (b) throat and 453 
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(c) anal swab data in nonhuman primate efficacy evaluation. (Related to Figure 454 

3c, 3d and 3e).  Individual body weight of (d) rats (n = 5) and (e) cynomolgus 455 

monkeys (n = 10) in safety evaluation (Related to Figure 4a and 4c). 456 

 457 

 458 
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STAR Methods 459 

RESOURCE AVAILABILITY 460 

Lead Contact 461 

Further information and requests should be directed to and will be fulfilled by the 462 

Lead Contact, Zhiyong Lou (louzy@mail.tsinghua.edu.cn). 463 

 464 

Materials Availability 465 

The materials used in this study are available upon request.  466 

 467 

Data and Code Availability 468 

All data in this study have been deposited in 469 

https://data.mendeley.com/datasets/pb9w5vrkxy/draft?a=800e3789-b9d2-496d-470 

961e-7d88fd55fd3c. 471 

 472 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 473 

Ethics statements 474 

All animals involved in this study were housed and cared for in an Association for 475 

the Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited 476 

facility. All experimental procedures with mice, rats, rabbits, guinea pigs, and 477 

nonhuman primates were conducted according to Chinese animal use guidelines 478 
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and were approved by the Institutional Animal Care and Use Committee (IACUC). 479 

Rhesus macaque studies were performed in an animal biosafety level 3 (ABSL-3) 480 

laboratory and approved by the IACUC of the Institute of Laboratory Animal Science, 481 

Chinese Academy of Medical Sciences with approval number GH20008. All 482 

nonhuman primate animals were anesthetized with ketamine hydrochloride (10 483 

mg/kg).  484 

 485 

Animal models 486 

Balb /C female mice (12-14 g), female guinea pigs (200-300 g), male chinchilla 487 

rabbits (1.5-2.0 kg), were obtained from Beijing Vital River Laboratory Animal 488 

Technology Co., Ltd. Female Wistar rats (175-200 g) were obtained from (Beijing) 489 

Biotechnology Co., Ltd. Male cynomolgus monkey (2.8-3-year-old, 2.15-2.97 kg) and 490 

female cynomolgus monkey (2.7-3.9-year-old, 1.99- 2.46 kg) were obtained from 491 

Guangxi Grandforest Scientific Primate Company. The rhesus macaques: 2.5-3.8 kg, 492 

3-4-year-old.  All animals participate in this research are in good health and are not 493 

involved in other experimental procedure. All animals were allowed free access to 494 

water and diet and provided with a 12 h light/dark cycle (temperature: 18-28°C, 495 

humidity: 40%-70%). The mice, guinea pigs, rabbits and rats were bred and 496 

maintained in specific pathogen free (SPF) environment at the Laboratory Animal 497 

Center of Beijing institute of biological products Co., LTD. All rhesus macaques and 498 

cynomolgus monkey were housed and cared in Association for the Assessment and 499 
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Accreditation of Laboratory Animal Care (AAALAC) accredited facility. All 500 

cynomolgus monkey experiments were approved by the institutional animal ethics 501 

committee (IACUC) prior to operation. 502 

 503 

METHOD DETAILS 504 

Virus titration and vaccine preparation 505 

The SARS-CoV-2 virus titer was determined by a microdose cytopathogenic 506 

efficiency (CPE) assay. Serial 10-fold dilutions of virus-containing samples were 507 

mixed with 3~5×104 Vero cells and then plated in 96-well culture plates. After 4 days 508 

of culture in a 5% CO2 incubator at 37 °C, cells were checked for the presence of a 509 

CPE under a microscope. The virus titer was calculated by the method of Karber 510 

(Ramakrishnan, 2016). SARS-CoV-2 isolated from a SARS-CoV-2-infected patient 511 

for candidate vaccine preparation was provided by the Chinese Center for Disease 512 

Control and Prevention. Viruses were cultured in a 10 L basket bioreactor at the 513 

temperature of 36±1 °C. The virus solution was harvested 48-72 hours after 514 

inoculation and then was inactivated with β-propiolactone at a ratio of 1:4000 at 2-515 

8 °C for 20-24 hours, followed by chromatography purification. The final bulk was 516 

prepared by adding 0.45 mg/ml aluminum hydroxide as the adjuvant and dilution 517 

buffer containing phosphate. 518 

 519 
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Validation of the inactivation 520 

 Effective inactivation of the virus was validated in a sample from each batch of 521 

BBIBP-CorV. Ten milliliters of inactivated SARS-CoV-2 was used to inoculate Vero 522 

monolayers in 75 cm2 flasks, and negative control cells were prepared; the cells 523 

were then cultured at 36±1 °C for 4 days. This was the first passage. Then 20 ml of 524 

supernatants from cells in the flask was inoculated onto two additional Vero 525 

monolayers in 75 cm2 flasks (10 ml each) and incubated at 36±1 °C for 4 days. This 526 

was the second passage. Then, 10 ml of supernatants from cells in the flask was 527 

inoculated onto further Vero monolayers in 75 cm2 flasks and incubated at 36±1 °C 528 

for 4 days. This was the third passage. No CPE was observed for three passages.  529 

After consecutively blind passaged for three generations, the supernatant and 530 

cells were re-verified by immunofluorescence. The supernatant was inoculated onto 531 

Vero cells and cultured in a 37 °C incubator. The cells were cultured in a 12-well 532 

plate after digestion with trypsin; culture for 48 h then washed three times with 533 

potassium-free PBS. The cells were fixed with 4% paraformaldehyde, and primary 534 

antibody (rabbit anti-SARS-CoV-2, dilution 1:100) was added overnight at 4 °C, then 535 

wash three times with PBS. The secondary antibody (FITC-labeled anti-rabbit IgG, 536 

dilution 1:100) was added for 40 minutes at 37 °C, then wash three times with PBS. 537 

DAPI dye for nuclear staining was add to each sample for 5 minutes and washed 538 

with PBS. Cells were mounted with PBS-glycerol (1:1) solution and examined with a 539 

fluorescence microscope. 540 
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 541 

RT-PCR 542 

Total RNA was extracted from organs with an RNeasy Mini Kit (Qiagen, USA) 543 

and PrimerScript RT Reagent Kit (TaKaRa, Japan). The forward and reverse primers 544 

targeting the SARS-CoV-2 nucleocapsid protein (N) gene for RT-PCR were 5’-545 

GGGGAACTTCTCCTGCTAGAAT-3’ and 5’-CAGACATTTTGCTCTCAAGCTG-3’, 546 

respectively. RT-PCR was performed under the following reaction conditions: 42 °C 547 

for 5 min, 95 °C for 10 s, and 40 cycles of 95 °C for 10 s and 60 °C for 30 s. 548 

 549 

Vaccine immunogenicity analysis and neutralization assay 550 

Cynomolgus monkeys, rabbits, guinea pigs, rats and mice were randomly 551 

divided into three groups (5 rabbits in each group, and for other species, 10 animals 552 

in each group) and immunized intraperitoneally and intramuscularly with the trial 553 

vaccine at three doses (2 µg/inoculation, 4 µg/inoculation, 8 µg/inoculation). Blood 554 

was collected from each model animal before immunization, and the serum was 555 

isolated the next day as a control. Each animal was inoculated with 0.5 mL of the test 556 

sample (equivalent to 1 human dose).  557 

The serum of the animal to be tested was diluted 1:4 in advance and inactivated 558 

in a 56 °C water bath for 30 minutes. Serum was successively diluted 1:4 to the 559 

required concentration by a 2-fold series, and an equal volume of challenge virus 560 

solution containing 100 CCID50 virus was added. After neutralization in a 37 °C 561 
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incubator for 2 h, a 1.0~2.5×105/ml cell suspension was added to the wells (0.1 562 

ml/well) and cultured in a CO2 incubator at 37 °C for 4 days. The Karber method 563 

(Ramakrishnan, 2016) by observing the CPE was used to calculate the neutralization 564 

endpoint (convert the serum dilution to logarithm), which means that the highest 565 

dilution of serum that can protect 50% of cells from infection by challenge with 100 566 

CCID50 virus is the antibody potency of the serum. A neutralization antibody potency 567 

<1:4 is negative, while that ≥ 1:4 is positive. 568 

 569 

Safety evaluation 570 

Twenty rats (10/gender) were divided into 4 groups (5/gender/group) and 571 

intramuscularly injected with 24 µg/rat of BBIBP-CorV or sodium chloride as a 572 

control. Thirty-six male guinea pigs were evenly divided into 4 groups: 1/4 were 573 

injected with sodium chloride as a negative control, and 1/4 were injected with 574 

human blood albumin as a positive control. The other two groups were injected with 575 

different doses and used as the low- and high-dose groups. Sensitization was 576 

carried out on D1, D3, and D5 by intramuscular injection. Three guinea pigs from 577 

each group were selected for intravenous excitation via the foot, with secondary 578 

excitation of the remainder of the guinea pigs in each group performed at D26. Forty 579 

cynomolgus monkeys (20/gender) were divided into 4 groups (5/gender/group) and 580 

intramuscularly injected with a control solution (sodium chloride injection, group 1) or 581 

2, 4 or 8 µg of BBIBP-CorV (groups 2 to 4) in a volume of 0.5 ml. The animals were 582 
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injected once a week for 3 continuous weeks (4 times in total). Three of the five 583 

animals of each sex in each group were dissected on D25, and the remaining 2/5 584 

animals of each sex in each group were dissected on D36. Collection of data on 585 

safety-related parameters (body weight and body temperature) and clinical 586 

observation were carried out during and after immunization. Analysis of lymphocyte 587 

subset percentages (CD3+, CD3+CD4+, CD3+CD8+, CD20+, CD3+CD4+/CD3+CD8+) 588 

and key cytokines (TNF-α, IFN-γ, IL-2, IL-4, IL-5 and IL-6) and biochemical blood 589 

tests of the collected blood samples were also carried out. Sixty percent of the 590 

monkeys were euthanized at day 25 postimmunization, and the remaining 40% were 591 

euthanized at day 36. 592 

 593 

Challenge assay in rhesus macaques 594 

Rhesus macaques (3-4 years old) were divided into three groups: 2 in the 595 

placebo group, the animals in which were intramuscularly injected with physiological 596 

saline; 4 in the low-dose vaccine group, the animals in which were intramuscularly 597 

injected with 2 µg/dose vaccine; and 4 in the high-dose vaccine group, the animals in 598 

which were intramuscularly injected with 8 µg/dose vaccine. All macaques were 599 

immunized at days 0 and 14. A challenge study was conducted 10 days after the 600 

second immunization by direct inoculation of l06 TCID50 of SARS-CoV-2 virus 601 

through the intratracheal route under anesthesia. The general symptoms of the 602 

animals were observed and recorded every day during the experiment, along with 603 
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the animal's body temperature before and after challenge. Peripheral blood was 604 

collected on days 0, 7, 14 and 21 before immunization; and day 7 postinoculation 605 

(dpi), and a neutralizing antibody test and routine blood biochemical test were 606 

conducted. Throat and anal swabs were collected 3, 5, and 7 days after challenge 607 

and used to determine the viral load. Seven days after challenge, all animals were 608 

euthanized, the viral load in the lung tissue was detected, and a pathological 609 

examination was conducted. 610 

 611 

Phylogenic tree analysis 612 

High-quality genome sequences for SAR-CoV-2 were retrieved from GISAID 613 

(https://www.gisaid.org/) on Apr 24th, 2020. After duplicate genomes were removed, 614 

6,659 sequences were clustered into different groups based on the combination of 615 

sampling country and date. A representative strain was selected from each group for 616 

phylogenetic analysis. For the 266 strains that were retained, multiple sequence 617 

alignment and phylogenetic reconstruction were performed by using MAFFT (Katoh 618 

et al., 2002) and FastTree (Price et al., 2010), respectively. The inferred maximum 619 

likelihood tree was plotted by ggtree (Yu et al., 2017). 620 

 621 

Western blotting 622 

Samples containing 30 µg of protein (harvest, concentrated viral solution, 623 

purified viral solution) were mixed with loading buffer and then boiled at 100 °C for 624 
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10 min. The proteins were separated by 12% sodium dodecyl sulfate polyacrylamide 625 

gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride 626 

(PVDF) membrane (300 mA, 55 min). The membrane was sealed in phosphate-627 

buffered saline with Tween-20 (PBST) with 5% skim milk at 37 °C for 2 h and 628 

subsequently incubated overnight with the primary antibodies anti-N protein rabbit 629 

monoclonal Ab (Sino Biological) (1:1000 dilution) and anti-S protein rabbit polyclonal 630 

Ab (Sino Biological) (1:1000 dilution) and human convalescent sera from patients 631 

(1:500 dilution) at 4 °C. The membrane was incubated for 1 h at room temperature 632 

with the secondary antibodies goat anti-rabbit IgG H&L (HRP) (GE NA934, 1:4000) 633 

and HRP-labeled goat anti-human IgG (gamma chain) cross-adsorbed secondary 634 

antibody (Invitrogen, 62-8420) (1:1000). Protein bands were visualized using 635 

enhanced chemiluminescence (Azure biomolecular imager, USA). 636 

 637 

EM sample preparation 638 

Samples were applied to carbon-coated copper grids previously glow-discharged 639 

at low air pressure, stained with 2% uranyl acetate, and visualized in a Tecnai T12 640 

electron microscope (FEI) equipped with an LaB6 filament operated at an 641 

acceleration voltage of 120 kV. Images were recorded on imaging plates at a 642 

magnification of 23,000× and a defocus of approximately −1.5 µm by using low-dose 643 

procedures.  644 

 645 



SARS-CoV-2 vaccine – 2020.05.30 

32 

Serum biochemical evaluation 646 

Blood was collected, and serum biochemical parameters were monitored at 647 

different time points. Abbreviations are as following: Glu (glucose), T-Bil (total 648 

bilirubin), ALT (alanine aminotransferase), AST (aspartate aminotransferase), ALP 649 

(alkaline phosphatase), γ-GT (γ-glutamyl transpeptidase), TP (total protein), Alb 650 

(albumin), TG (triglycerides), TC (total cholesterol), CREA (creatinine), UA (uric acid), 651 

UREA (blood urea), CK (creatine kinase) and LDH (lactate dehydrogenase). 652 

Samples were analyzed with the Mindray's biochemical reagent kits in a biochemical 653 

automatic analyzer (Mindray, BS-360S, Shenzhen, China). 654 

 655 

Replications and sample-size 656 

All experiments in this study were performed with replications numbers indicated 657 

in Method Details or Figure Legends. All experiments were randomized and no data 658 

was excluded from data analysis. The sample size and statistical method were 659 

indicated in Method Details or Figure Legends. 660 

 661 

QUANTIFICATION AND STATISTICAL ANALYSIS 662 

RT-PCR 663 

For quantification of viral loads by RT-PCR (Figures 3d-3f), A standard curve of 664 

CT values to the copy number of viral RNA is generated with serial 10-fold dilutions 665 

of recombinant plasmid with a known copy number dilutions of PCR target fragments 666 
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from 106 to 101 copies per microliter. The viral loads of each sample were converted 667 

with Ct value and the standard curve. Statistical analysis was performed by Applied 668 

Biosystems 7500 Software v2.0.5. 669 

 670 

Flow cytometry 671 

For quantification of lymphocyte percentage by flow cytometry (Figures 4d-4e), 672 

values represent the positive cell population percentage. Statistical analyses were 673 

performed using a double-tailed analysis with the inspection level at 5% or P≤0.05. 674 

The mean number and standard deviations of all data results are calculated in the 675 

Provantis system (SAS 9.2 statistic software).  676 

 677 

Serum biochemical evaluation 678 

The data were analyzed with SPSS (version 17.0) software. Student’s t-test was 679 

used to determine the statistical significance of the differences. See Method Details 680 

section “Serum biochemical evaluation” for more details. 681 

 682 
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Highlights 

• An inactivated SARS-CoV-2 vaccine candidate, BBIBP-CorV, is developed 
• BBIBP-CorV induces high levels of neutralizing antibodies titers in animal 

models 
• Two-dose immunization with 2 µg/dose BBIBP-CorV efficiently protects 

rhesus macaques 
• BBIBP-CorV is efficiently produced, genetically stable and seems to be 

safe in animals  
 
 
In brief 
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 species and protective efficacy against 

SARS-CoV-2 challenge in rhesus macaques.  
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Supplementary Table 1. Seroconversion rates. Related to Figure 2. 

Seroconversion rate in one-dose immunization group (mice) (Related to Figure 2a) 

mice (D0) 
Seroconversion rate (%) 

7 days 14 days 21 days 28 days 

2 µg/dose (Low) 100 100 100 100 

4 µg/dose (Middle) 100 100 100 100 

8 µg/dose (High) 100 100 100 100 

 

Seroconversion rate in two-dose immunization group (mice) (Related to Figure 2b) 

mice 
Seroconversion rate (%) 

D0/D7 14 days D0/D14 21 days D0/D21 28 days 

2 µg/dose (Low) 100 100 100 

4 µg/dose (Middle) 100 100 100 

8 µg/dose (High) 100 100 100 

 

Seroconversion rate in three-dose immunization group (mice) (Related to Figure 2c) 

mice (D0/D7/D14) 
Seroconversion rate (%) 

7 days 14 days 21 days 28 days 

2 µg/dose (Low) 100 100 100 100 

4 µg/dose (Middle) 100 100 100 100 

8 µg/dose (High) 100 100 100 100 

 

Seroconversion rate of different animals in one-dose immunization group (Related to Figure 2e) 

animal (D0) 
Seroconversion rate (%) at 21 day 

rabbit guinea pig rat mice 

2 µg/dose (Low) 100 100 100 100 

4 µg/dose (Middle) 100 100 100 100 

8 µg/dose (High) 100 100 100 100 

 

Seroconversion rate of different animals in three-dose immunization group (Related to Figure 2f) 

animal (D0/D7/D14) 

Seroconversion rate (%) at 21 day 

rabbit 
cynomolgus 

monkey 
guinea pig rat mice 

2 µg/dose (Low) 100 100 100 100 100 

4 µg/dose (Middle) 100 100 100 100 100 

8 µg/dose (High) 100 100 100 100 100 

 


