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Abstract
The ongoing coronavirus disease 2019 (COVID-19) pandemic caused more than 96 million infections and over 2 million

deaths worldwide so far. However, there is no approved vaccine available for severe acute respiratory syndrome coron-

avirus 2 (SARS-CoV-2), the disease causative agent. Vaccine is the most effective approach to eradicate a pathogen. The

tests of safety and efficacy in animals are pivotal for developing a vaccine and before the vaccine is applied to human

populations. Here we evaluated the safety, immunogenicity, and efficacy of an inactivated vaccine based on the whole viral

particles in human ACE2 transgenic mouse and in non-human primates. Our data showed that the inactivated vaccine

successfully induced SARS-CoV-2-specific neutralizing antibodies in mice and non-human primates, and subsequently

provided partial (in low dose) or full (in high dose) protection of challenge in the tested animals. In addition, passive serum

transferred from vaccine-immunized mice could also provide full protection from SARS-CoV-2 infection in mice. These

results warranted positive outcomes in future clinical trials in humans.

Keywords Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) � Coronavirus disease 2019 (COVID-19) �
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Introduction

The ongoing coronavirus disease 2019 (COVID-19) has

caused public health crisis to people all of the world, and

leads to over 96 million of infections and 2 million of death
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worldwide (WHO 2020a). Drugs and compounds, such as

remdesivir, chloroquine diphosphate, and favipiravir have

been proved to have high antiviral activity in vitro, but the

outcomes of their clinical trials have been controversial,

thus there is still no SARS-CoV-2 specific drugs so far

(Wang M et al. 2020). Protective antibodies are good

candidates for neutralizing virus infection and treating

COVID-19 patients at early infection stage, but these

treatments are at high cost (Baum et al. 2020; WHO

2020b). Thus, vaccination is still an ultimate measure to

end this likely long-term pandemic (Kissler et al. 2020).

SARS-CoV-2, the etiologic agent responsible for the

COVID-19, was a member of the Cornaviridae family, a

single-stranded and positive-sense RNA virus. SARS-CoV-

2 uses angiotensin-converting enzyme 2 (ACE2) as its

binding receptor, and the spike protein is the main target

for neutralizing antibodies (Coronaviridae Study Group of

the International Committee on Taxonomy of 2020; Hoff-

mann et al. 2020; Zhou et al. 2020). Antigen selection and

engineering, preclinical challenge studies, and immune

correlates of protection are core issues for vaccine evalu-

ation (Dagotto et al. 2020). Currently, multiple vaccine

pipelines against SARS-CoV-2 are under development and

clinical trials, such as nuclear acid-based, subunits con-

taining viral epitopes, adenovirus-based vectors, and the

whole inactivated virus (Corbett et al. 2020a, 2020b; Gao

et al. 2020; Tostanoski et al. 2020; van Doremalen et al.

2020; Wang H et al. 2020; Wu et al. 2020; Xia et al. 2020;

Yang et al. 2020; Yu et al. 2020).

Safety, immunogenicity, and protection efficacy are

pivotal for developing a vaccine and need tests in animals

before being applied to humans. Based on our long-term

history and well-established technology for developing

inactivated virus vaccines, we rapidly developed SARS-

CoV-2 inactivated virus (IAV) as vaccine candidate using

a viral strain that was isolated from the bronchoalveolar

lavage fluid (BALF) sample collected from a patient with

COVID-19 (Zhou et al. 2020). This vaccine has been

proved safe and immunogenicity in 7 different animal

species and in phase I and II clinical trials in Wuzhi

County, China, since the 12th and 24th of April, 2020,

respectively (Wang ZJ et al. 2020; Xia et al. 2020). The

phase III clinical trial is undergoing in more than ten

countries. Previously, we have established the human

ACE2 transgenic (HFH4-hACE2) mouse infection model

and non-primate Rhesus macaque infection model for

SARS-CoV-2 (Jiang et al. 2020; Shan et al. 2020). Here

we reported the safety, immunogenicity, and efficacy of

the inactivated vaccine candidate in HFH4-hACE2 mice

and rhesus macaque, before going for human clinical

trials.

Materials and Methods

Virus, Cell, and Antibody

SARS-CoV-2 (IVCAS 6.7512) was isolated from a bron-

choalveolar lavage fluid collected from a patient with viral

pneumonia in December 2019 in Wuhan, China. The virus

isolation was propagated in Vero E6 cells (ATCC� CRL-

1586TM) in DMEM supplemented with 10% fetal calf

serum, 1 mmol/L L-glutamine, 100 international units

(IU)/mL penicillin, and 100 lg/mL streptomycin and cul-

tured at 37 �C in 5% CO2. The virus was harvested on day

3 post infection. Virus titrations were performed by end-

point titration in Vero E6 cells. Cells were inoculated with

tenfold serial dilutions of cell supernatant. One hour after

inoculation of cells, the inoculum was removed and

replaced with 100 lL of DMEM supplemented with 2%

fetal bovine serum. Three days after inoculation, the

cytopathic effect was scored, and the TCID50 was calcu-

lated. The anti-SARS-CoV-2 N protein antibody was made

in house. And Cy3-conjugated goat-anti-rabbit IgG was

purchased Abcam (Cambridge, UK).

Preparation of the Inactivated SARS-CoV-2
Vaccine

The inactivated vaccine was prepared as below and quality

control methods were submitted for patent applications.

Briefly, SARS-CoV-2 virus was used to infect Vero cells.

The supernatant was harvested on day 3–4 days when

cytopathic effect (CPE) was shown. Then b-propiolactone
was added into the supernatant at 1:4000 (v/v) at 2 �C–8 �C
for 48 h to inactivate virus, followed by cell debris

clarification, ultrafiltration. After 2nd b-propiolactone-
inactivation, gel-chromatography, ion-exchange

chromatography, sterile filtration, the viral particles were

formulated with buffer and aluminum hydroxide adjuvant

and packaged with label. Inactivation was validated by

passaging the treated samples 3 generations without

appearance of CPE. The in-process quality controls were

established and applied.

IAV Evaluation in hACE2 Mice

Six to eight weeks old HFH4-hACE2 mice (5/group) were

used for the IAV immunogenicity and efficacy study

(Menachery et al. 2016). The mice were immunized on day

0 and 14 with dose 5 lg or 10 lg of IAV by intraperi-

toneal route, aluminum hydroxide with PBS used in control

group. Blood samples were collected at 0, 9, 14, 21,

28 days after vaccination by retro-orbit (RO) route. All the

mice were challenged on the day 28 after primary
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immunization with dose 105 TCID50/mouse by intranasal

route. The body weight of mice was monitored daily after

challenge. All the mice were euthanized on day 5 post

challenge and the lungs were used for viral load and

pathological analysis.

Antibody Passive Transfer Study in hACE2 Mice

Six to eight weeks old HFH4-hACE2 mice (5/group) were

used for the passive transfer study. Mice sera were col-

lected from BALB/c immunized with 5 lg of IAV and

pooled. Six to eight weeks old HFH4-hACE2 mice

(5/group) were then intraperitoneally injected with 100 lL
of pooled vaccinated neat or 1:3, 1:9, 1:27 diluted sera. The

control groups were using uninfected healthy mice sera or

PBS. Mice were intranasally infected with 105 TCID50 of

SARS-CoV-2 after RO bleeding at day 1 post infection. All

the mice were euthanized on day 5 post challenge and the

lungs were used for viral load and pathological analysis.

IAV Evaluation in Rhesus Macaques

Nine rhesus macaques (RM) (age 6–7 years, weight

6–10 kg) divided into 3 groups (sham vaccine (VC), high

dose group (VH), and low dose group (VL)) and were

inoculated with aluminum hydroxide adjuvant only, 25 lg
IAV and 5 lg IAV on day 0 and 14. The blood was bled on

day 0, 7, 14, and 21 days and sera were collected for

neutralizing antibody test. The RMs were challenged on the

day 28 after primary immunization with dose 106

TCID50/monkey intratracheally. The RMs were observed

daily, with detailed recording of clinical signs, symptoms,

morbidity, and mortality, including the nature, onset,

severity, and duration of all gross or visible changes. Swab

samples of the oropharyngeal, nasal turbinate, and rectal

regions were collected at 1–7, 9- and 13-days post chal-

lenge (d.p.c.). To confirm the pathogenesis and injury in

the respiratory tract, one animal from each group was

sacrificed at 4, 9, and 13 d.p.c., respectively. The trachea,

right bronchus, left bronchus and all six lung lobes were

collected on the day of euthanization for various patho-

logical, virological, and immunological analysis.

Quantitative Reverse Transcription Polymerase
Chain Reaction

Viral RNA in the samples was quantified by one-step real-

time quantitative RT-PCR. The swab and blood samples

were used to extract viral RNA by using the QIAamp Viral

RNA Mini Kit (Qiagen, Hilden, Germany), according to

the manufacturer’s instructions. Tissues were homogenized

in DMEM (1:10, w/v), clarified by low-speed centrifuga-

tion at 4500 9g for 30 min at 4 �C, and supernatant was

immediately used for RNA extraction. RNA was eluted in

50 lL of elution buffer and used as the template for RT-

PCR. The primers pairs were used following our previous

study which is targeting S gene: RBD-qF1: 50-
CAATGGTTTAACAGGCACAGG-30; RBD-qR1: 50-
CTCAAGTGTCTGTGGATCACG-30. Two microliters of

RNA were used to verify the RNA quantity by HiScript�
II One Step qRT-PCR SYBR� Green Kit (Vazyme Bio-

tech Co., Ltd, Nanjing, China) according to the manufac-

turer’s instructions. The amplification was performed as

followed: 50 �C for 3 min, 95 �C for 30 s followed by 40

cycles consisting of 95 �C for 10 s, 60 �C for 30 s, and a

default melting curve step in an ABI stepone machine.

Quantitative of Total Specific Antibodies in Sera

The total specific antibodies were detected with ELISA.

Purified inactivated virions were coated in 96-well plates

with 100 ng/well at 4 �C overnight. The plates were

blocked with 0.01 mol/L PBST-1% bovine serum albumin

(BSA) at 37 �C for 1 h. Serum samples, in a tenfold or

two-fold series of dilutions, were added per well and

incubated for 1 h at 37 �C. Then diluted HRP-conjugated

antibodies against IgG (Boster Biological Technology,

Pleasanton, CA, USA) of different hosts were added and

incubated for 1 h. Between each step, the wells were

washed 5 times with PBST. Following the addition of

substrates for 30 min, the reaction stop solution was added,

OD450 and OD630 values were read, and values higher

than cut-off value of 0.15 was considered as positive.

Histopathology and Immunohistochemistry

Animal necropsies were performed according to a standard

protocol. Tissues for histological examination were stored

in 10% neutral-buffered formalin for 7 days, paraffin-

embedded, sectioned, and stained with hematoxylin and

eosin (H&E) prior to examination by light microscopy. To

examine the SARS-CoV-2 antigen, paraffin dehydrated

tissue sections were placed in antigen repair buffer for

antigen retrieval in a microwave oven. The tissue was

blocked with 5% BSA at room temperature for 1 h, fol-

lowing with house-made primary antibody at 1:500 (rabbit

anti-SARS-CoV-2 N protein polyclonal antibody). After

washed by PBS, the slices were slightly dried and covered

with Cy3-conjugated goat-anti-rabbit IgG (Abcam) at

1:200 dilution. The slides were stained with DAPI (5 lg/
mL) after washing by PBS. The image was collected by

Pannoramic MIDI system (3DHISTECH, Budapest,

Hungary).
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Neutralizing Antibody Titer

The virus neutralization test was performed in a 12-well

plate. The serum samples from mice and RMs were heat-

inactivated at 56 �C for 30 min. The serum samples were

diluted to 1:50, 1:150, 1:450, 1:1350, 1:4050, and 1:12150,

and then an equal volume of virus stock was added and

incubated at 37 �C in a 5% CO2 incubator. After 1 h

incubation, 100 lL mixtures were inoculated onto mono-

layer Vero cells in a 12-well plate for 1 h with shaking

every 15 min. The inocula was removed and cells were

incubated with DMEM supplemented with 2% FBS con-

taining 0.9% methylcellulose 3 days before fix. The cells

were fixed with 4% formaldehyde after 3 days inoculation

for 30 min. Then the solution was removed and washed by

tap water, followed by crystal violet staining. The plaques

were counted for calculating the titer.

Results

IAV Protects HFH4-hACE2 Mice from SARS-CoV-2
Infection

To evaluate the immunogenicity of IAV for SARS-CoV-2,

we intraperitoneally immunized 6–8 weeks old female

HFH4-hACE2 mice with either low doses (5 lg), high dose
(10 lg) of IAV, or sham vaccine, each comprising five

mice. Mice were injected with IAV with D0/D14 immu-

nization programs and then challenged with 105 TCID50

per each SARS-CoV-2 virus. Body weight was monitored

daily. Blood samples were collected at 0, 9, 14, 21, and

28 days after the injections, and also collected at each day

after viral infection. All mice were sacrificed 5 days after

viral infection and tested for lung viral load and pathology

changes (Fig. 1A). Virion specific IgG antibodies were

tested in ELISA and neutralizing antibody titers were

determined by plaque reduction neutralization test (PRNT).

There was a robust increase of virion IgG responses from

day 7 to day 21 in vaccinated groups, but no difference

between the two dose groups (Fig. 1B). The similar pattern

was observed in neutralizing antibody production, although

the titer appears higher in high dose group at 14 days after

vaccination (Fig. 1C). We then assessed the protective

efficacy in vaccinated or sham vaccine mice. Upon infec-

tion, there was no obvious weight loss changes among the

three groups (Fig. 1D). However, the amount of viral RNA

copies in lung was undetectable in high dose group and

significantly decreased in low dose group, in contrast to a

high viral load in mock group (Fig. 1E). To examine the

disease severity and viral protein of SARS-CoV-2, the

lungs in different groups were analyzed with H&E or

immunofluorescence assay (IFA) anti-SARS-CoV-2

nucleocapsid protein (N) antibody staining. Moderate

pathological changes were observed in mock group,

including the inflammatory infiltration at peri-bronchiolar

and peri-vascular, alveolar wall thickening, and fibrin

exudation (Fig. 2). In contrast, the pathological changes

were almost absent in lung of high dose group, and much

milder in low dose group. Collectively, the average

pathology score was lower in the vaccinated mice than the

mock mice (Supplementary Fig. S1A). The IFA results

confirmed that viral antigen was mainly present in mock

group but absent or decreased in vaccinated mice (Fig. 2).

Immune Serum upon Vaccination Protected Mice
from SARS-CoV-2 Infection

To determine the protective efficacy of antibodies induced

through vaccination, passive transfer test was performed in

this study. Mouse sera were collected from BALB/c

immunized with 5 lg of IAV and pooled. Five male six-

eight weeks old HFH4-hACE2 mice in each group were

then intraperitoneally injected with 100 lL of pooled

vaccinated neat or 1:3, 1:9, and 1:27 diluted mouse sera

with control groups using uninfected healthy mouse sera or

PBS. On day 1 after injection, mice were intranasally

infected with 105 TCID50 of SARS-CoV-2 after retro-orbit

(RO) bleeding (Fig. 3A). The data demonstrated that either

virion-based IgG antibodies or neutralizing antibodies were

stably persistent at least 5 days in passive transferred mice

(Fig. 3B, 3C). While there was no obvious body weight

difference among all groups, viral RNA load in lung was

undetectable in neat and 1:3 diluted groups (Fig. 3D, 3E).

While the amount of viral RNA levels in 1:9 or 1:27 groups

was comparable to negative sera or PBS groups. At day 5

post infection, the mice were necropsy, and lungs were

sectioned and stained with (H&E) and anti-SARS-CoV-

2 N antibody. Lungs in neat and 1:3 dilution group appears

normal except few exude of fibrin in some alveolar spaces

in 1:3 dilution group. In other four groups, lungs show

similar pathology changes with moderate alveolar wall

thickening, mild peri-bronchial and peri-vascular infiltra-

tion and alveolar exudation of fibrin (Fig. 4, Supplemen-

tary Fig. S1B). Consistent to pathological observations,

viral antigen was not found in neat or 1:3 dilution group

either (Fig. 4).

IAV Protect the RhesusMonkeys from the Infection
of SARS-CoV-2

To further evaluate the immunogenicity of IAV for SARS-

CoV-2 in nonhuman primate, we launched a small-scale

vaccine protection experiment in RMs. RMs were immu-

nized by the intramuscular route with SARS-CoV-2 IAV at
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days 0 and 14 with 5 lg IAV (VL group, n = 3), 25 lg
IAV (VH group, n = 3), or sham vaccine (VC group,

n = 3) followed with 106 TCID50 per each SARS-CoV-2

challenge by intratracheal route for another 13 days after

primary immunization. Blood samples or organs were

collected at the indicated time points (Fig. 5A). All IAV-

vaccinated RMs developed SARS-CoV-2 virion-specific

antibodies or receptor binding domain (RBD) antibodies

from day 7 and reached to a highest level at day 21 after

vaccination (Fig. 5B, 5C). In contrast, in sham control

monkeys we did not detect any SARS-CoV-2-specific

antibody responses. The neutralizing antibody measured by

Fig. 1 Inactivated SARS-CoV-2

vaccine protects mice from

SARS-CoV-2 infection. Six to

eight weeks old HFH4-hACE2

mice were intraperitoneally

injected with two different

doses (5 lg or 10 lg) in D0/

D14 immunization programs.

Mouse sera was collected at 0,

9, 14, 21, 28 days post initial

vaccination, and mice were

challenged with 105 TCID50

SARS-CoV-2 and followed with

5 days monitoring period. The

experiment scheme was shown

(A). Humoral antibody response

in vaccinated mouse sera was

detected by virion-based IgG

ELISA (B) and PRNT50 (C).
Mouse body weight was

recorded for 5 days (D), and
lung viral load was determined

by using RT-qPCR. Error bars

indicate the standard error.

Dotted line represents the limit

of detection (L.O.D).

Fig. 2 Pathological changes in vaccinated mouse lung after challenge.

Mock lung shows massive alveolar disappear, peri-bronchial, peri-

vascular infiltration (black arrow), and exudation of fibrin (red arrow).

There was no obvious lung damage in high dose vaccinated animals.

In low dose vaccinated mouse lung, mild peri-bronchial infiltration

was observed (black arrow). In IFA images, viral antigen was

detected by anti-SARS-CoV-2-RBD polyclonal antibody (red).

Images were collected by using Pannoramic MIDI system. Black

scale bars indicate 200 lm and white scale bar represent 100 lm.
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PRNT showed vaccinated animals generated significant

and time-dependent increasing levels of neutralizing anti-

bodies (Fig. 5D). The antibody titers were similar between

high dose and low dose groups.

To examine the efficacy of the IAV, all the RMs were

challenged by SARS-CoV-2 on day 23 after primary

immunization. Upon infection, no obvious clinical signs

were observed during the study course in all animals. The

body weight (Fig. 6A) and body temperature (Fig. 6B) did

not show any change for all RMs investigated in study

course. However, vaccination does confer protection

against SARS-CoV-2 infection to immunized RMs. The

peak viral RNA load in oropharyngeal swab were between

3.2 to 9.6 9 105 copies/mL. In contrast, the RNA was

undetectable in high dose group and showed deceased (less

than 200 copies/mL) level in low dose group (Fig. 6C).

The amount of viral RNA in respiratory tract was also

investigated after necropsy. The data showed the viral

RNA loads were ranging from 3.7 9 104 to 4.0 9 106

copies/g in trachea and bronchus samples on 4 day post

challenge (d.p.c). (Fig. 6C) and 2.0 9 104 copies/g in tra-

chea on 9 d.p.c. (Fig. 6D). In contrast, no viral RNA loads

could be detected from both VH and VL vaccinated groups.

Finally, the necropsy of lung in mock group showed

large amount of fluid edema in the alveolar cavity,

accompanied by fibrin exudation and hyaline membrane in

early infection stage (4 d.p.c.). The alveolar walls were

significantly thickened with a large of mononuclear and

lymphocyte infiltration and fibroblast proliferation

(Fig. 7A). As comparison, high-dose group only had mild

pneumonia accompanied by focal or patchy lymphocyte

infiltration and fibroblast proliferation, and low dose group

showed mild-to-moderate interstitial pneumonia (Fig. 7B,

7C). Lastly, confocal microscopy analysis of lung tissues

using specific antibodies (anti-SARS-CoV-2 N protein)

indicated the positive viral N protein from VC groups on 4

d.p.c. while no positive signal could be detected from

vaccinated groups (Supplementary Fig. S2).

Discussion

Among the different strategies of vaccine development,

IAV shows its advantage by inducing immune responses

against the complete viral structural proteins and its safety,

but disadvantage of probably weak immune response due

to the antigenicity losses during inactivation, thus need

Fig. 3 Vaccinated mouse sera

protect mice from SARS-CoV-2

infection. Vaccinated mouse

sera were transferred to six to

eight weeks old male HFH4-

hACE2 mice. One day later,

mice were challenged with 105

TCID50 SARS-CoV-2 and

monitored for 5 days.

Experiment scheme was shown

(A). Antibody level in HFH4-

hACE2 mice was determined by

virion-based IgG ELISA

(B) and PRNT50 (C). Days post
infection (- 1) represent the

original vaccinated mouse sera

antibody titer before transfer.

No obvious difference was

observed in mouse body weight

change between each group (D).
Lung viral load was determined

by RT-qPCR (E). Error bars
indicate the standard error.

Statistical significance was

measured by one-way ANOVA

compared with the mock

infected group. *P\ 0.05. n.s.
P[ 0.05.
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Fig. 4 Pathological changes of

passive transferred mice lung

after challenge. Sera group and

1:3 dilution sera group show

normal forms. Few exude of

fibrin in some alveolar spaces in

1:3 dilution group was found

(red arrow). In other four

groups, lungs show similar

pathological changes with mild

peri-bronchial and peri-vascular

infiltration (black arrow),

alveolar exudation of fibrin (red

arrow), and moderate alveolar

wall thickening. Viral antigen

was detected in lung bronchi

and alveoli (red). Images were

collected by using Pannoramic

MIDI system. Black scale bar

indicates 200 lm and white

scale bar represents 100 lm.

Fig. 5 Immunogenicity of the SARS-CoV-2 IAV in non-human

primates. A Three rhesus macaques were immunized by the

intramuscular route with 25 lg or 5 lg of IAV vaccine at weeks 0

and 2, respectively. Two were injected with an equal volume of the

adjuvant. The animals were bled weekly to monitor the antibody

response by ELISA or Plaque reduction neutralizing test (PRNT).

SARS-CoV-2 RBD-specific ELISA titers (B), SARS-CoV-2 virion-

based IgG titer (C), and neutralizing antibody (NAb) titers (D) in

SARS-CoV-2 IAV immunized rhesus macaques. RBD receptor

binding domain.

Y.-F. Yao et al.: Inactivated Vaccine Against SARS-CoV-2 885

123



multiple shots. In addition, the inactivated vaccine devel-

opment and process are generally mature in China, time-

efficient and meet the demand of emergence usage. Here,

we developed, tested the immunogenicity and protection

efficacy of SARS-CoV-2 IAV in two animal models,

human ACE2 transgenic mice and rhesus macaques. Our

data showed two-dose immunization could induce neu-

tralizing antibody in rhesus macaques without significant

Fig. 6 Protective efficacy of the SARS-CoV-2 IAV. Nine immunized

animals were challenged by 1 9 106 TCID50 SARS-CoV-2 by

intratracheal route on day 24 post of initial immunization. Disease

parameters were measured including body weight, body temperature,

and swabs. Viral loads in blood and swabs were monitored to evaluate

viral replication kinetics in rhesus macaques. The viral RNA was

extracted by Qiagen Viral RNA kit and followed by RT-qPCR to

quantify viral RNA. A Body weight changes of rhesus macaques after

infection with SARS-CoV-2. B Changes of the rectal temperature of

RMs after infection with SARS-CoV-2. C Viral RNA load in

oropharyngeal swab. D Viral RNA load in Viral loads in trachea,

bronchus, right and left upper, middle, and lower lung lobes on day 4

(B), day 9 (C), and day 13 (D). L.O.D. limit of detection.

Fig. 7 Histopathological analysis of lung changes in rhesus macaques

challenged with SARS-CoV-2. Eight rhesus macaques were chal-

lenged with SARS-CoV-2. Three animals were euthanized and

necropsied on 4 d.p.c. and 9 d.p.c., respectively. And 2 animals were

necropsied on 13 d.p.c. Histological analysis was performed on

tissues collected at 4 d.p.c., 9 d.p.c. and 13 d.p.c. HE (upper row) and

Masson staining (lower row) of the lung tissues at 4 d.p.c., 9 d.p.c.,

and 13 d.p.c. for sham vaccine (VC) group (A), high dose (VH) group
(B), and low dose (VL) group (C). Scale bar = 100 lm.
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difference. Higher dose of IAV provided full protection

against the SARS-CoV-2 infection by showing the unde-

tectable viral RNA, antigen expression and histopatholog-

ical changes in the challenge animal lung tissues. The low

IAV dose group showed significantly decreased in viral

RNA, antigen expression, and mild lung damage. These

results demonstrate that our IAV is a promising vaccine to

humans.

To further understand the role of neutralizing antibody

in against SARS-CoV-2, the sera collected from immu-

nized BALB/c mice also could provide full protection for

HFH4-hACE2 mice from SARS-CoV-2 infection at neat or

1:3 dilution demonstrated by undetectable viral RNA in

lung tissues. The higher dilutions of hyperimmune sera (1:9

and 1:27) did not show protection. The antibody in the

animal body did not show obvious waning after 5 days of

injection, indicating the potential emergency use of sera

therapy from convalescent COVID-19 patients (Duan et al.

2020). Till 22nd January 2021, 64 and 73 candidate vac-

cines in clinical evaluation and preclinical evaluation,

respectively (WHO 2020b). Based on different antigen

selection, vaccine platform were divided into 8 catalogs,

including inactivated, attenuated, non-replicating viral

vector, replicating viral vector, protein subunit, mRNA,

DNA, and viral-like particle (WHO 2020b). The first

vaccine was for smallpox which was live attenuated vac-

cine in the eighteenth century (Stewart and Devlin 2006).

However, acquisition of attenuated virus need serial pas-

sage in vitro or in vivo, which was inefficient (Plotkin

2014). In contrast, the killed whole organisms were used as

inactivated vaccine at the nineteenth century in revolution

based on cell culture in vitro (Plotkin and Plotkin 2011).

Following the development of molecular technology,

genetically engineered recombinant antigens were used for

vaccine development, which was challenged by pre-exist-

ing immunity against the carrier vector (Zhang and Zhou

2016). Moreover, either DNA or RNA coding proteins or

purified proteins also be innovated approach in recent years

with easy produce and high yield, but also challenged with

immunogenicity or delivery efficiency (Lundstrom 2015;

Porter and Raviprakash 2017). Currently, five types of

vaccine candidates including inactivated, non-replicating

viral vector, protein subunit, DNA, and RNA were carried

out on clinical phase 3 (WHO 2020b). Several mRNA

vaccines have revealed their phase III clinical trials which

shows high protection efficacy and highlights the future

direction of vaccine development technique.

Starting from the 1960s, evaluations of vaccine candi-

dates for infectious diseases such as dengue virus, zika

virus, respiratory syncytial virus (RSV), and severe acute

respiratory syndrome (SARS) have shown a paradoxical

phenomenon: pre-existing antibody from vaccination in

some animals or people could cause more severe disease

when exposed to secondary infection which called anti-

body-dependent enhancement of infection (ADE) (Graham

2011; Bardina et al. 2017; Katzelnick et al. 2017; Luo et al.

2018). Neither weight loss nor fever were observed on the

immunized mice or monkey in the study. We didn’t

observe any ADE in challenged mice with transferred

hyperimmune sera of different dilutions. In conclusion, no

evidence showed ADE from any vaccinated mice or

macaques.

Our work has the limitation. We did not detect the role

played by lymphocytes due to limited numbers of animals

and techniques restrain. The vaccine can elicit the T cell

response which has been demonstrated to play a crucial

role in clearance of the acute viral infection. The cytokine

storm which induced by excessive T cell response has been

shown to correlate the severity of the COVID19 patients

(Zheng et al. 2020). The previous study on inactivated

vaccine showed the lymphocyte subset percent and key

cytokines did not show notable changes after vaccination

(Gao et al. 2020). The protection period that acts through T

cell responses or B cell immune responses was needed to

long time monitor.
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