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ABSTRACT

The unprecedented in recent history global COVID-19 pandemic urged the implementation of all existing vaccine
platforms to ensure the availability of the vaccines against COVID-19 to every country in the world. Despite the
multitude of high-quality papers describing clinical trials of different vaccine products, basic detailed data on general
toxicity, reproductive toxicity, immunogenicity, protective efficacy and durability of immune response in animal
models are scarce. Here, we developed a (3-propiolactone-inactivated whole virion vaccine CoviVac and assessed its
safety, protective efficacy, immunogenicity and stability of the immune response in rodents and non-human
primates. The vaccine showed no signs of acute/chronic, reproductive, embryo- and fetotoxicity, or teratogenic
effects, as well as no allergenic properties in studied animal species. The vaccine induced stable and robust humoral
immune response both in form of specific anti-SARS-CoV-2 IgG and NAbs in mice, Syrian hamsters, and common
marmosets. The NAb levels did not decrease significantly over the course of one year. The course of two
immunizations protected Syrian hamsters from severe pneumonia upon intranasal challenge with the live virus.
Robustness of the vaccine manufacturing process was demonstrated as well. These data encouraged further

evaluation of CoviVac in clinical trials.
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Introduction

The ongoing pandemic of coronavirus disease 2019
(COVID-19), which is caused by severe acute respirat-
ory syndrome coronavirus 2 (SARS-CoV-2), has
claimed more than four million lives as of March
2021 [1, 2], and the pressure for rapid introduction
of safe and effective vaccines against this disease
remains very high. The unprecedented in recent his-
tory global spread of this pandemic urges the
implementation of all existing vaccine platforms to
eventually ensure the availability of the vaccines
against COVID-19 to every country in the world.
SARS-CoV-2 belongs to subgenus Sarbecovirus of
genus Betacoronavirus of the family Coronaviridae
[3] and employs the angiotensin-converting enzyme

2 (ACE2) as its main receptor for entering human
cells [4, 5]. The enveloped virion of SARS-CoV-2 is
100-150 nm in diameter and is roughly spherical in
shape. The virion contains several structural proteins:
spike glycoprotein (S), membrane protein (M), envel-
ope protein (E), located on the surface and the nucleo-
capsid protein (N), which binds to viral RNA inside
the particle. The S protein is a type I fusion transmem-
brane protein, which undergoes extensive glycosyla-
tion during synthesis and is cleaved by a host
protease into two fragments S1 and S2. The S1 frag-
ment contains the receptor-binding domain (RBD)
that interacts with the host cell receptor, ACE2. The
S2 fragment is responsible for the membrane fusion
after another proteolytic cleavage by host proteases
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and subsequent structural rearrangements [6]. These
properties make spike protein and its RBD the main
targets of the host neutralizing antibodies (NAbs) [7].

The immune response to SARS-CoV-2 infection
has been actively studied in order to produce and
improve diagnostics and vaccines. NAb levels have
been experimentally shown to be one of the main cor-
relates of protection against SARS-CoV-2, as adoptive
transfer of purified IgG from convalescent rhesus
macaques protected naive recipient macaques against
challenge with SARS-CoV-2 in a dose-dependent
manner [8]. Mild-to-moderate course of COVID-19
leads to the development of NAbs, which correlate
with anti-RBD IgG measured by ELISA and last at
least from two or three [9,10] to five months [11].
Considering the possibility of waning levels of anti-
bodies after the infection, the cellular components of
the immunity, which are more difficult to study, are
also under close inspection.

Numerous approaches are being tested for the
development of vaccines against COVID-19, and cur-
rently, the most frequently used are inactivated, viral
vector, nucleic acid (RNA, DNA) and protein (sub-
unit, VLP) vaccines [12]. Most vaccines employ the
S protein and RBD as the major antigens eliciting
NAbDs. Different advanced vaccine technologies have
already demonstrated their potential in preventing
COVID-19, and several such vaccines, including
mRNA and adenoviral vector vaccines, have been
authorized for use around the globe after successfully
completing clinical trials [13,14]. Nevertheless, a more
traditional approach, the development of inactivated
vaccines, is robust, cost-efficient and reliable due to
its long and successful history of use [15,16]. Several
inactivated vaccines against SARS-CoV-2 infection
are being developed around the world, and at least
five have shown success in preclinical and clinical
trials, which led to their authorization for use [17-
20]. Still, despite the multitude of high-quality papers
describing clinical trials of different vaccine products,
basic detailed data on general toxicity, reproductive
toxicity, protective efficacy, immunogenicity and
durability of immune response in animal models are
scarce.

In this work, we developed a p-propiolactone-inac-
tivated whole virion vaccine CoviVac and assessed its
safety, protective efficacy, immunogenicity and stab-
ility of the immune response in rodents and non-
human primates. The vaccine showed no signs of
acute/chronic, reproductive, embryo- and fetotoxicity
or teratogenic effects, as well as no allergenic proper-
ties in studied animal species. The vaccine produced
stable and robust humoral immune response both in
form of specific anti-SARS-CoV-2 IgG and NAbs in
BALB/c mice, Syrian hamsters and common marmo-
sets. The NAb levels did not decrease significantly
over the course of one year. Protective efficacy of the
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vaccine was studied in Syrian hamsters. Robustness
of the vaccine manufacturing process was demon-
strated by evaluating four batches of the vaccine and
comparing their immunogenic properties in mice.

Materials and methods
Cells and viruses

Vero cell line was obtained from Biologicals, World
Health Organization, Switzerland.

For laboratory experiments cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM, Chu-
makov FSC R&D IBP RAS, Russia), supplemented
with foetal bovine serum (FBS, Gibco, 5%), streptomy-
cin (0.1 mg/ml) and penicillin (100 units/ml) (PanEco,
Russia).

For vaccine production cells were maintained in
Eagle’s MEM (Chumakov FSC R&D IBP RAS, Russia),
supplemented with 5% FBS. Cells were expanded in dis-
posable bioreactors (Cytiva, USA and Sartorius AG,
Germany) on microcarriers Cytodex1 (Cytiva) at 37°C.

The SARS-CoV-2 vaccine strain AYDAR-1
(GISAID EPI_ISL_428851) was isolated from a naso-
pharyngeal swab sample of a COVID-19 patient. The
virus passage history is described in the Results sec-
tion. The production virus seeds were stored as
infected Vero cell suspension at —196°C.

The SARS-CoV-2 challenge strain PIK35 (GISAID
EPI_ISL_428852) was isolated from a nasopharyngeal
swab sample of a COVID-19 patient. The virus was
passaged 5 times in Vero cells, stored as infected cell
suspension at —70°C and used for laboratory exper-
iments and controls. Passages 2, 4, 5 and 6 were
sequenced with HiSeq (Illumina, USA). Passages 4-6
acquired a synonymic nucleotide mutation in nsp5
as compared to the primary isolate. No other differ-
ences were observed (data not shown).

Vaccine lots

Inactivated purified vaccine against COVID-19 (Cov-
iVac) contains viral antigen (>3 pg/dose), aluminium
hydroxide (0.4 mg/dose) and sodium-phosphate
buffer saline up to 0.5 ml.

For safety and immunogenicity studies, vaccine lots
were prepared with different antigen content: 1.5 ug/
dose (lot InCV-03), 3 pg/dose (lot InCV-04) and
6 pg/dose (lot InCV-05) - and placebo vaccine (lot
Placebo-InCV-01), containing aluminium hydroxide
(0.3-0.5 mg/dose) and phosphate buffer saline up to
0.5 ml

For assessments of protective efficacy and robust-
ness of the manufacturing process, production lots
InCV-04, InCV-12, InCV-14 and InCV-15 with anti-
gen content 3-6 ug/dose were used.
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Visualization of inactivated viral particles with
transmission electron microscopy (TEM)

Copper grids (300 mesh formvar/carbon-coated) (Ted
Pella) were hydrophilized by glow discharge (—20 mA,
45 s) with the Emitech K100X apparatus (Quorum
Technologies, UK). Samples of purified vaccine frac-
tions (3 pl) were placed onto the grid and incubated
at room temperature for 30 s. The excess of the sample
was removed with filter paper. The grids were stained
with 2% aqueous uranyl acetate solution for 30 s at
20°C and air-dried.

Micrographs were acquired using an analytical
transmission electron microscope Jem-2100 (JEOL,
Japan) equipped with a 2 Kx 2 K CCD camera Ultra-
scan 1000XP (Gatan, USA). The microscope was oper-
ated at 200kV in a low dose mode, with a
magnification of x40000 (2.5 A/pix) and a defocus of
0.5-1.9 pm.

SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was used to separate proteins
of purified vaccine preparations. After mixing with
SDS-PAGE sample buffer containing SDS and B-mer-
captoethanol, samples were heated at 95°C for 5 min
and resolved in SDS-polyacrylamide gels with Tris-
glycine running buffer, and stained with Coomassie
blue.

Western blot

After SDS-PAGE proteins were transferred onto nitro-
cellulose membranes (BioRad, USA) at 90 V for 1 h.
Membranes were then incubated with 30 ml Tris-
buffered saline with Tween (TTBS) buffer (pH 8.0)
containing 5% nonfat dry milk for 1 h at 20°C. Mem-
branes were stained with a 1:1000 dilution of COVID-
19 convalescent serum or rabbit anti-protein S serum
(rabbits were immunized twice with 150 pg of recom-
binant human coronavirus SARS-CoV-2 Spike Glyco-
protein (ab273068, Abcam, UK) with three weeks
interval and immunoglobulins were purified on
HiTrap protein G column (Cytiva) by incubating
overnight at 4°C). After washing with TTBS bulfter,
the membranes were incubated with a secondary anti-
body (anti-Human or anti-Rabbit IgG (H + L), HRP
conjugate, Promega, USA), diluted 1:1000 for 1h.
The membranes were finally washed with TTBS before
the Clarity Western substrate (BioRad) was applied,
and visualized on films.

Infection and immunostaining of Vero cells

Cells grown on coverslips in 6-well plates were
infected with SARS-CoV-2 strain AYDAR-1 and incu-
bated at 37°C for 72 h with subsequent fixation and

inactivation with 3.7% paraformaldehyde in PBS for
30 min. Then cells were successively incubated in
0.2% Triton X-100 in PBS for 5 min at 20°C, 5% dry
milk in PBS for 1 h at 20°C, anti-SARS CoV-2 serum
(human convalescent serum or immunized mouse
serum) diluted in 5% dry milk in PBS with 0.05%
Tween-20 for 2 h at 37°C, secondary FITC-conjugated
antibodies (anti-Human or anti-Mouse, Sigma) for 1 h
at 37°C, and with 1 pg/ml Hoechst 33342 (Sigma,
USA) in ddH,O for 15 min at 20°C. After each step,
cells were washed thrice with PBS. The coverslips
were placed onto a drop of 10% Mowiol in 0.1M
Tris-HCI pH 8.5. Images were captured on an Eclipse
Ti-E microscope with the A1 confocal module (Nikon
Corporation, Japan) and the objective Apo TIRF Plan
Fluor 63 x 1.49. At least 50 infected cells in 10 distinct
fields were analysed.

ELISA

ELISA was performed using Kkits for the determination
of IgG to SARS-CoV-2 N protein and partial spike (S)
protein (Lytech, Russia, prepared for laboratory use
only), and total antibodies to RBD (SARS-CoV-2-Cor-
onaPass, NextGen, Russia), according to the manufac-
turer’s protocol.

Virus neutralization test (NT)

Eight two-fold serum dilutions were prepared in
DMEM (Chumakov FSC R&D IBP RAS, Russia). The
dilutions were mixed with equal volumes of virus sus-
pension (strain PIK35 SARS-CoV-2) containing 50-
200 TCIDs, per well. Final serum dilution series started
from 1:8. After 1 h incubation at 37°C, virus-serum mix-
tures were added to the confluent Vero cell monolayers
in 2 replicates. In parallel with every test run, control
cells were incubated with the analogous sequential
dilutions of non-immune and standard immune control
sera; and a virus dose titration was performed. After a 5-
day incubation at 37°C, cytopathic effect (CPE) was
visually assessed via a light microscope. Antibody titers
were calculated according to the Karber method [21].
The result of <1:8 was considered negative.

Ethical approval

The animal study protocols were approved by the
Ethics Committee of the Chumakov FSC R&D IBP
RAS (#140720-1 from 14 July 2020) and by Bioethics
Committee of RMC “Home of pharmacy” (#3.50/20
and #4.50/20 from 2 September 2020). Animals were
maintained in accordance with the Directive of the
European Parliament and of the Council 2010/63/
EU dated 22 September 2010 on the protection of ani-
mals used for scientific purposes and the Sanitary
Rules for the design and maintenance of experimental
biological clinics in the Russian Federation (1045-73).



Animal models for safety studies

Detailed experimental procedures are presented in the
Results section and Supplementary information.

Outbred ICR (CD-1), inbred BALB/c (haplotype
H-2d) mice, males and females distributed equally,
18-22 g (8-10 weeks old), were purchased from Scien-
tific Center of Biomedical Technologies, branches
Andreevka or Stolbovaya, Russia. For safety, sensi-
tivity and immunogenicity studies, mice were ran-
domized by weight between groups. Inoculations
were performed: with 0.5 ml vaccine or placebo intra-
muscularly (IM) in the upper third of all four limbs,
intravenously (IV) in the tail vein, or subcutaneously
(SC). Mice were observed daily. Blood samples were
collected intra vitam from the facial vein.

Guinea pigs, males and females distributed equally,
350-450 g (12-16 weeks old), were purchased from
Scientific Center of Biomedical Technologies, branch
Andreevka, Russia. For safety and sensitization studies,
animals were randomized by weight between groups
and inoculated with 0.5 ml vaccine or placebo through
IM or SC routes. Animals were observed daily. Blood
was sampled intra vitam from the lateral saphenous vein.

Outbred Syrian hamsters, males and females distrib-
uted equally, 35-45 g (3-4 weeks old) were purchased
from Scientific Center of Biomedical Technologies,
branch Stolbovaya, Russia. For immunogenicity
studies, animals were randomized by weight between
groups and inoculated with 0.5 ml vaccine or placebo
through IM route (in the upper third of the hind
limb) twice with a 14-days interval. Blood was sampled
from the lateral saphenous vein weekly.

Outbred Wistar rats, pregnant females, 180-250 g,
9-12 weeks old, bred and maintained by RMC
“Home of pharmacy,” were inoculated IM with
0.5 ml. Dams, and later the offspring, were observed
daily and weighed every 3 days.

Outbred Wistar rats, females (199-286 g) and males
(215-344 g), 9-12 weeks old, bred and maintained by
RMC “Home of pharmacy,” were immunized IM mul-
tiple times with a 0.5-1.0 ml vaccine or placebo per
injection. Animals were allowed to mate on days 29-
42, half of dams were observed till days 20-21 of preg-
nancy and other half till the time of labour and delivery.
The offspring was observed for 45 days.

Common marmosets (Callithrix jacchus), males and
females, 360-400 g (2-5 years old), were bred and
maintained in the Experimental Clinic of Callitrichidae
at the Chumakov FSC R&D IBP RAS. The conditions of
housing and maintenance of the animals remained
unchanged throughout the experiment. All animals
were identified using subcutaneous radio-frequency
chips with unique 15-digit codes (Globalvet, Moscow,
Russia). The IDs in tables and figures represent the
last four digits of the code. During the safety and immu-
nogenicity studies, marmosets were IM inoculated with
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0.5 ml of the vaccine or placebo (0.25 ml into a thigh
muscle of each leg). Venous blood samples (up to
2 ml) were obtained by femoral vein puncture.

Protective efficacy study in Syrian hamsters

Outbred Syrian hamsters, males and females distribu-
ted equally, 35-45 g (3-4 weeks old) were purchased
from Scientific Center of Biomedical Technologies,
branch Stolbovaya, Russia. Animals were randomized
by weight between groups: intact (N=5), unvacci-
nated control (N = 15) and vaccinated (N = 15). Vacci-
nated group was inoculated with 0.5 ml vaccine (5 pg/
dose) through IM route (in the upper third of the hind
limb) twice with a 14-days interval. Vaccinated and
unvaccinated hamsters were infected intranasally
with 10° TCIDs, (25 ul into each nostril) with SARS-
CoV-2 strain PIK35 14 days after the 2nd immuniz-
ation. Animals were observed and weighed daily,
nasal and rectal swabs were collected. Five animals
from each group were euthanized on days 4, 7 and
14 post infection (p.i.). Lungs, brain, liver, kidney,
spleen and heart tissues were collected for investi-
gation. Organs were homogenized in physiological
saline using TissueLyser (Qiagen, USA). Swabs and
organ suspensions were examined for the presence
of viral RNA by POLYVIR SARS-CoV-2 (Lytech, Rus-
sia) according to the manufacturer’s protocol.

Histological examination

Organs for histopathological examination were fixed
in 10% neutral buffered formalin for 48 h at room
temperature, dehydrated in isopropyl alcohol and
embedded in parafin  medium. Formalin-fixed
paraffin embedded (FFPE) tissue blocks with lungs
were used to obtain 3 micrometer-thick cross-sections
from all lung lobes (2 sections for each tissue block).
Lung sections were stained with haematoxylin and
eosin and examined using Zeiss Axio Observer Al
microscope (Carl Zeiss, Germany). Microphotographs
were obtained by Digital Microscopy Camera Axio-
Cam 305 (Carl Zeiss) and processed using Zen Blue
Edition (Carl Zeiss) and Photoshop CS6 software
(Adobe, USA). Semi-quantitative pathological assess-
ment was performed on tissue slides. The semi-quan-
titative morphological scores of pneumonia (4-7 d
p.i.) or post-pneumonia changes (14 d p.i.) were calcu-
lated using 5-grade system (0-4), where 0 — no pneu-
monia changes, 1 - mild changes, 2 - moderate
changes, 3 - severe changes, 4 — extra severe changes.

Blood analysis

Leukocyte formula was calculated in dry, fixed blood
smears stained with May-Grunwald’s eosin-methylene
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blue and azure-eosin by Romanovsky (Abris, Russia),
according to the manufacturer’s instructions.

Biochemical analysis of animal blood sera was car-
ried out using an automated biochemical analyzer
Cobas C111 (Roche, Switzerland).

Splenocyte proliferation assay

BALB/c mice were randomized by weight between
groups and immunized twice with the vaccine with
6 pg/dose (0.5ml) or PBS with a 14-day interval.
Groups of mice were euthanized on days 0, 7, 14
and 21 after the 1st immunization. Spleens were col-
lected under aseptic conditions, gently grinded in
RPMI-1640 medium (Gibco, USA), cleared from cell
debris by a short spin (20 s, 400 g), and the cells
were pelleted by centrifugation (5 min, 400 g). Cells
were further resuspended in erythrocyte lysis buffer
(0.02 M Tris-HCI, 0.15 M NH,CI, pH 7.2) and incu-
bated at room temperature for 5 min. Then, spleno-
cytes were washed twice with RPMI-1640 (5 min,
400 g). Afterward, the pellet was resuspended in com-
plete growth medium (RPMI-1640 medium, 5% foetal
bovine serum (ICN, USA), 2 mM L-glutamine (ICN),
20 mM HEPES (Sigma, USA), 100 U/ml penicillin and
100 pg/ml streptomycin). Cells were stained with 0.4%
trypan blue solution (Flow Laboratories, USA) and the
proportion of viable cells was determined. Splenocytes
(10° cells/well) were seeded in 96-well plates in com-
plete growth medium. Mitogens concanavalin A
(ConA, ICN) and lipopolysaccharide (LPS) from
S. typhimurium (Sigma) were used as positive control
mitogens. Inactivated SARS-CoV-2 and Chikungunya
virus in concentration 5 ug/ml were used as specific
and non-specific antigens, correspondingly. Both
viral antigens were prepared from the virus propa-
gated in Vero cells, inactivated by B-propiolactone
and chromatographically purified as described in the
Results. Control cells were left intact without stimu-
lation in the same volume of media. Cells were incu-
bated for 96 h at 37°C with 5% CO.,.

Splenocyte proliferation was assessed in tetrazoline/
formazan assay [22]. In brief, XTT:PMS (4:1) (Sigma)
solution was added to the wells 8 h before the end of
the incubation period. Optical density was recorded
at 450 nm against a control wavelength of 630 nm.
The test result was calculated as a stimulation index:
IS=0ODstim / ODcontrol, where IS - stimulation
index, ODstim - optical density in the well with
stimulated splenocytes, ODcontrol - optical density
in control wells. All experiments were carried out in
duplicates.

Statistical analysis

Statistical assessment of the differences in the studied
parameters of general animal wellbeing, biochemical

and hepatological analysis in experiments with non-
human primates was performed using 2-way
ANOV A with the Gressier-Greenhouse correction fol-
lowed by Sidak multiple comparisons test in Prism 8
(v. 8.4.2, GraphPad, USA).

Statistical analysis of the differences in the studied
parameters of antibody titers, Ct values, weights etc.
in protectivity assessment studies was performed
using Mann-Whitney test. Comparisons and visualiza-
tions were performed in OriginPro 8 (OriginLab, USA).

The figure legends and Methods denote the number
of animals in each group and specific details on stat-
istical tests.

Results
Vaccine production and description

The vaccine strain AYDAR-1 isolation and genetical
description was presented previously [23]. The virus
on the 3rd passage was filtered and further purified
by dilution. The primary, master and working seed
lots of the strain were established (namely, passages
7, 8 and 9) and characterized following the national
guidelines for vaccine production. All three seed lots
(primary, master and working) were analysed using
HiSeq (Illumina). No mutations (SNVs over 1%)
were found compared to the original isolate (data
not shown).

The vaccine production process (Figure 1(A)) starts
with the virus propagation in Vero cells on microcar-
riers, followed by P-propiolactone inactivation
(1:1000-1:2000 (v/v)) at 4°C for 24-48 h, ultrafiltra-
tion, diafiltration, chromatographic purification and
sterilizing filtration. Concentrates are tested for com-
pleteness of inactivation upon three consecutive pas-
sages of the inactivated material in Vero cells
followed by immunofluorescence staining of the
infected cells with anti-SARS-CoV-2 antibodies
revealed with FITC-conjugated antiserum.

Finally, the vaccine is diluted with phosphate buffer
saline and supplemented with aluminium hydroxide
gel. Sterility, total protein concentration, residual
DNA, residual pB-propiolactone, endotoxins and
other parameters are controlled in the concentrates
or the final vaccine lot.

Transmission electron microscopy (TEM) (Figure 1
(B)) of negatively stained concentrates revealed pleo-
morphic spherical particles about 120 nm in diameter
covered with spike-like structures, 16-20 nm in length.

SDS-PAGE and Western blot (WB) of the vaccine
concentrates before inactivation and after chromato-
graphy stained with COVID-19 convalescent sera
(Figure 1(C,D)) revealed two main proteins in the
concentrates: N and S, which is expected for a whole
virion preparation. Staining with an anti-S protein
serum (Figure 1(E)) revealed the presence of two



A

Virus propagation in Vero cells

Virus inactivation with B-propiolactone

Ultrafiltration and diafiltration

Chromatography

Vaccine formulation

EMERGING MICROBES & INFECTIONS . 1795

C D g/ifrus Vaccine
Vaccine “:a(ge prep.
PIeP-  marker
=10
protein S —» 0o
(s1) L
protein N —P> - 5
\ 3 protein S »
» &N =100 kDa
p = 70 kDa
: proteinN  —»
- —_1 N 55 kDa
Virus 3
w - E before Vec3e
; rep.
inact.
) =R 250 kDa
protein S —P> . .
protein S » 130 kba
(s1) 100 kDa

Hoechst 33342
serum from mouse twice immunized
with the vaccine

Hoechst 33342
COVID-19 convalescent human serum

Figure 1. CoviVac vaccine production process and identity testing: (A) Principal structure of the vaccine production process. (B)
TEM of the negatively stained inactivated vaccine concentrate after chromatographic purification; representative particle (bottom
right). (C) SDS-PAGE of the vaccine preparation (purified inactivated virus preparation after chromatography), stained with Coo-
massie blue. (D) Western blot of the virus preparation before inactivation and vaccine preparation (purified inactivated virus prep-
aration after chromatography), stained with COVID-19 convalescent human serum. (E) Western blot of the virus preparation before
inactivation and vaccine preparation (purified inactivated virus preparation after chromatography), stained with anti-S protein
rabbit serum. (F) Vero cells infected with SARS-CoV-2 and stained with serum of a CoviVac-immunized mouse (green) and Hoechst
33342 (blue). (G) Vero cells infected with SARS-CoV-2 and stained with COVID-19 convalescent human serum (green) and Hoechst

33342 (blue)

forms of the S protein in the virus preparations before
and after inactivation: S1 and a full-length S protein.
This finding signifies that the target antigen for the

induction of NAbs is present in the vaccine
preparation.
Immunofluorescent staining of SARS-CoV-2

infected Vero cells with sera from the vaccine-immu-
nized mice and COVID-19 convalescent serum
(Figure 1(F,G), correspondingly) revealed virus anti-
gens localized to the cell cytoplasm and intracellular
inclusions. Immunofluorescence staining confirmed
the reactivity of vaccine-induced antibodies with
viral antigens in the infected Vero cells.

Safety in mice and Guinea pigs

Safety experiments were performed using the high
dose of vaccine antigen (6 pg/dose, 0.5 ml).

For acute toxicity study outbred mice (N = 25) and
guinea pigs (N = 20) were inoculated with vaccine IM

or IV (formulation without aluminium hydroxide,
6 pg/dose, 0.5 ml). Control mice (N = 25) and guinea
pigs (N =20) were inoculated with placebo formu-
lation IM or physiological saline IV (0.5 ml). Animals
were observed for 7 days for mortality, weight
change, general condition, behavioural reactions
and neurological status (Supplementary Tables S1-
3). Mice and guinea pigs in all groups gained body
weight. The condition and behaviour of the exper-
imental animals were normal and did not differ
from the control animals during the whole period
of observation. An autopsy did not reveal any patho-
logical changes or differences between vaccinated
and control groups.

For chronic toxicity study outbred mice (N=20)
and guinea pigs (N =20) were daily inoculated IM
with the vaccine for 10 days. Control mice (N =20)
and guinea pigs (N = 20) were analogously inoculated
with placebo formulation (0.5 ml). Animals were
observed for 7 days after the last inoculation for
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mortality, weight changes, general condition, behav-
ioural reactions, and neurological status. Half of the
animals in each group were euthanized on day 1 and
the other half on day 8 after the last injection for his-
tological examination. There were no observable
changes in the clinical condition, behaviour or weight
gain of vaccinated and control animals (Supplemen-
tary Tables S4-6). Blood analysis of animal sera
sampled at the end of the observation period did not
reveal any abnormal changes in tested biochemical
parameters (Supplementary Table S7). An autopsy
did not reveal any pathological changes or differences
between vaccinated and control groups.

For immediate hypersensitivity study, guinea pigs
(N=30) were sensitized by SC inoculation with a
single dose of the vaccine and with another IM dose
administered the next day. Negative control animals
were inoculated with 0.5 ml of phosphate buffer saline
at the same time points. Positive control animals were
sensitized with heterological horse serum (Biolot, Rus-
sia). After 14 days, animals in each group were inocu-
lated IV with the same dose of the preparation used for
sensitization (vaccine, phosphate buffer saline or horse
serum, correspondingly). After the stimulation, ani-
mals were observed for anaphylactic reactions for
30 min. Positive control animals showed pronounced
signs of anaphylaxis, while experimental and negative
control animals showed some scratching without any
other abnormal signs (data not shown).

Delayed-type hypersensitivity was assessed in BALB/
¢ mice (N =20). The mice were inoculated IP with the
vaccine. Control animals were inoculated with phos-
phate buffer saline. After 19 days, animals were chal-
lenged SC with the vaccine (formulation without
aluminium hydroxide) in one hind leg and phosphate
buffer saline in the other. On day 20, the respective
legs (foot pads) were compared by weight (Supplemen-
tary Table S8). The vaccine did not cause an inflamma-
tory reaction when administered to animals not
sensitized by the vaccine. Conversely, when animals
were sensitized, oedema development was observed,
signifying a specific reaction to the vaccine antigen.

For assessment of the indirect sensitizing effect of
the vaccine on preexisting immunity to ovalbumin,
BALB/c mice (N = 60) were immunized SC with oval-
bumin (0.5 ug, Sigma, in aluminium hydroxide,
0.5 ml) twice, and 10 days later half of the animals
were immunized IM with the vaccine. On days 10,
17 and 21 after the first immunization blood samples
were collected, pooled and studied for the presence
of antibodies to ovalbumin in ELISA. Antibody titers
to ovalbumin did not differ between experimental
and control groups on days 7 and 14 (Supplementary
Table S9) and did not decrease after immunization
with the vaccine.

Therefore, the vaccine CoviVac did not show signs
of acute or chronic toxicity, immediate

hypersensitivity and did not suppress the humoral
immunity to a heterogeneous antigen in studied ani-
mal models.

Safety in non-human primates (Callithrix
jacchus)

Common marmosets were IM vaccinated twice with a
14-day interval: 2 males and 4 females were immu-
nized with the high dose (6 ug/dose, 0.5 ml), 1 male
received a medium dose (3 pg/dose, 0.5 ml), and 1
female and 2 males were inoculated with the placebo
(0.5 ml). General condition of the animals was
observed daily. Body mass and temperature were
monitored twice a week. Blood samples were collected
on days 0, 7, 14, 21 and 28 after the first immunization
and complete blood cell count (CBC) and biochemical
analysis (ALT, AST, protein, albumin, urea, creati-
nine, amylase, bilirubin, C-reactive protein) were per-
formed. No significant differences were observed
between experimental and control animals by these
parameters (Supplementary Tables S20-23).

Therefore, the vaccine CoviVac was considered safe
for non-human primates (Callithrix jacchus).

Study of embryo-, fetotoxicity and teratogenic
effects in the antenatal and postnatal periods
of development

Pregnant Wistar rats (N =60) were randomized to 3
groups and immunized IM on days 2, 9, and 16 of
pregnancy. The first study group was immunized
with one dose of the vaccine (6 pug/dose, 0.5 ml),
second study group with double dose (12 pg/dose,
1.0 ml) and third control group with double dose of
the placebo vaccine (1.0 ml). Body weight and general
physical condition of animals was assessed daily; in the
late stage of pregnancy, exploratory activity and dams
were assessed in the open field test (Supplementary
Tables S10-11). Dams gained weight normally; no
deaths or signs of intoxication were observed. Signs
of premature or difficult labour were not observed in
any of the study groups. In the open field test on
day 18 of pregnancy all female rats demonstrated a
predominantly balanced type of behaviour with mod-
erate motor and search activity without signs of
anxiety.

Half (N=10 per group) of animals in each group
were euthanized on day 20 of pregnancy. There were
no statistically significant differences between the
groups in the numbers of corpora lutea in the ovaries,
implantation sites in the uterus, live and dead foetuses
(Supplementary Table S12). Foetuses were normally
formed, the topography of all investigated organs
was within the limits of the anatomical norm, their
histological structure corresponded to the age of the



embryos, bone development was normal. No patho-
logical changes in organs and tissues were found.

The other half (N =10 per group) of the animals
from each of the three vaccinated groups were used
to identify possible violations of embryonic develop-
ment manifested in the postnatal period. The offspring
was observed for 60 days after birth. The general con-
dition of the rat offspring, survival rate, weight gain
(Supplementary Table S13), physical development,
maturation of sensory-motor reflexes, emotional-
motor behaviour and the ability to finely coordinate
movements were assessed (data not shown). The
ratio of males and females in the offspring in all groups
was almost identical (approximately 1:1). The mor-
tality rate of the offspring for the entire observation
period (from birth to two months of age) in all groups
did not exceed 4% and did not differ significantly
between groups. Physical and neurological develop-
ment of the rat offspring did not differ between the
study groups, and individual values of the studied par-
ameters were within the physiological norm.

Therefore, the vaccine CoviVac had no negative effect
on the general condition of pregnant rats. No embryo-
toxic, fetotoxic or teratogenic effects were discovered.
Vaccination did not cause an increase in the mortality
rate of the offspring and did not affect the physical
and psychological development of the offspring.

Study of reproductive toxicity

Outbred Wistar rats, females (N = 80) and males (N =
40) were immunized IM multiple times (males were
vaccinated 5 times on days 1, 8, 15, 22 and 28; females
were vaccinated 3 times on days 14, 21 and 28) with a
single (6 pg/dose in 0.5 ml) or double (12 pg/dose in
1.0 ml) doses per injection (detailed scheme in Sup-
plementary Table S14). Rats were observed daily and
weighed on days of manipulations. No signs of intoxi-
cation were observed: body weight (Supplementary
Table S15-16), general condition, activity and reaction
to stimuli were normal, without signs of depression,
excitement or aggression; muscle tone was moderate
in all animals, and no coordination disorders were
observed. Animals were caged together for mating
on days 29-42. There were no differences in the con-
centration and percentage of motile and non-motile
spermatozoa, as well as in the percentage of live,
dead and immature spermatozoa after mating in
experimental and control groups (data not shown).
Ninety percent of female rats became pregnant after
mating in all study groups. Half of the dams in all
three groups were euthanized on days 20-21 and
other half until the time of labour and delivery. The
numbers of implantation sites in uterus, and live and
dead foetuses did not differ between experimental
and control groups (Supplementary Tables S17-18).
Such parameters as weight gain, emotional-motor
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behaviour in open field test, morphology and micro-
scopic structure of the organs of dams were within
the normal range and did not differ between study
groups (data not shown). The average number of
live pups in litters, total number of offspring and
female/male ratio did not differ between study groups.
The ratio of males and females in the offspring was
almost identical (approximately 1:1). The mortality
rate of the offspring from birth till 1.5 months of age
in all groups did not exceed 3.6% (Supplementary
Table S19).

Physical development of the offspring was assessed
by measuring body weight dynamics, and the timing
of the manifestation of physical signs such as detach-
ment of the auricle, the appearance of primary hair,
the eruption of incisors, the opening of the eyes, the
onset of puberty (drooping of testes in males or open-
ing of vagina in females). In addition, we assessed the
rate of maturation of sensory-motor reflexes,
emotional-motor behaviour and the ability to finely
coordinate the movements up to day 45 after birth
(data not shown). None of the studied parameters
exceeded the physiological norm and did not signifi-
cantly differ between the study groups (p > 0.05).

Therefore, multiple IM administration of the vaccine
CoviVac to male and female rats did not have a negative
effect on the reproductive functions of animals and did
not affect the development of the offspring.

Immunogenicity in laboratory animals

BALB/c mice (N=20), Syrian hamsters (N=15) and
common marmosets (N=6, as used in safety studies)
were immunized IM with the vaccine CoviVac (5-6 pg/
dose, 0.5 ml) twice with a 14-day interval. Blood samples
were collected every seven days and individually analysed
in neutralization test (NT) for NAbs against SARS-CoV-
2. By day 14, before the 2nd immunization, 40% of mice,
87% of hamsters and 83% of marmosets developed NAbs
(Figure 2). All immunized animals showed NAb response
after two doses of the vaccine, and titers were growing
from day 14 to day 28. Two weeks after the 2nd immu-
nization (day 28) 100% of animals had NAbs with geo-
metric mean titer (GMT) (log,) 6.55+1.01 (BALB/c
mice), 8.53 + 1.34 (hamsters), and 6.84 +0.40 (marmo-
sets). Therefore, we observed 100% seroconversion rate
with NAb titers over 1:90 after two doses of the vaccine.
Interestingly, Syrian hamsters showed the highest sero-
conversion after a single immunization and the highest
NAD titers after two doses of the vaccine.

Antibody specificity after immunization in
BALB/c mice

BALB/c mice were randomized by weight (N =20,
blood was collected from 10 animals on each time
point) and IM inoculated with vaccines with different
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Figure 2. Neutralizing antibody titers against SARS-CoV-2 in BALB/c mice (N = 20, blood was collected from 10 animals at each
time point), Syrian hamsters (N = 15) and marmosets (N = 6) vaccinated with CoviVac (lot InCV-05, 6 pg/dose, twice with a 14-day
interval). Line shows Mean, whiskers show + SD. *Differences are statistically significant (Mann-Whitney test, p < 0.05).

antigen content (1.5, 3, and 6 ug per dose, 0.5 ml) or
placebo (0.5 ml) twice with a 14-day interval. Blood
samples were collected on days 0, 7, 14, 21, and 28
after the 1st immunization and studied in ELISA (in
pools) and individually in NT for the presence of
specific antibodies against SARS-CoV-2.

NAbs (Figure 3(A)) were detected on day 7 after the
Ist immunization in 1 out of 10 mice immunized with
3 pg of vaccine antigen. On day 14, detectable NAb
titers (>1:8) were observed in 4 out of 10 animals in
each dose group. On day 21, NAbs were detected in
all immunized mice. At the same time, NAb GMTs
increased during the observation, reaching the maxi-
mum levels on day 28. The NAb GMT on days 14,
21 and 28 did not differ significantly between the
groups immunized with different doses.

Antibodies to different regions of the S protein (RBD
and partial S) were detected in sera of immunized mice
on days 7-28 (Figure 3(B)): to S - starting from day 7 in
6 pg/dose group, to RBD - from day 21. On days 21 and
28, no differences were found between the titers of anti-
bodies to S and RBD in all three dose groups. Antibodies
to nucleoprotein N of SARS-CoV-2 were detected on
day 21 in all experimental animals but decreased by
day 28. Therefore, vaccine-induced anti-SARS-CoV-2
antibodies reached detectable levels on day 14 after the
Ist immunization with all tested doses, but NAb titers
were seen only in 40% of animals. After the second
immunization, on day 21, antibody titers in all animals
increased sharply with 100% seroconversion.

Splenocyte proliferation assay

The effect of vaccination on the functional state of
spleen lymphocytes (splenocytes) and the formation of
a specific cellular response to antigen stimulation was
assessed in the splenocyte proliferation assay. BALB/c
mice were immunized twice with the vaccine (6 pg/
dose, 0.5 ml) or PBS with a 14-day interval. Groups of
mice were euthanized at days 0, 7, 14 and 21 after the
1st immunization and used for splenocytes isolation.
The viral antigens used for stimulation (inactivated
SARS-CoV-2 and Chikungunya virus) did not sup-
press the splenocyte proliferation in vitro (day 0 in

all groups) and did not induce a pronounced prolifer-
ation of splenocytes of intact animals (Figure 3(C)).
The proliferative response of splenocytes to stimu-
lation with mitogens, which were used as a positive
control (concanavalin A and lipopolysaccharide),
was very pronounced and significantly higher than
with viral antigens (P < 0.001).

Splenocytes of mice immunized with the vaccine
responded to in vitro stimulation with a specific anti-
gen, starting from day 7 (Figure 4). On day 14 after a
single vaccination, the stimulation index was higher in
comparison with earlier time points. On day 21, in all
vaccinated mice the stimulation index for the SARS-
CoV-2 antigen significantly exceeded the values seen
on day 14 (P <0.05), while neither the stimulation of
these cells with heterologous antigen nor the stimu-
lation of cells from non-immunized mice resulted in
noticeable proliferation. The effected correlates with
the antibody response induction (Figure 3(A,B)).
This indicates that vaccination of mice with CoviVac
vaccine resulted in the formation of population of
SARS-CoV-2-specific lymphocytes.

Protective efficacy study in Syrian hamsters

Syrian hamsters were randomized by weight into three
groups: intact (N = 5), vaccinated (N = 15) and unvac-
cinated control (n=15). Vaccinated group animals
were IM inoculated with vaccine (5 pg per dose,
0.5 ml) twice with a 14-day interval (data on NAb
titers are presented and discussed in Figure 2) and
intranasally challenged 14 days after the 2nd immu-
nization with 10> TCIDs, of SARS-CoV-2 strain
PIK35. All animals were observed and weighted
daily, nasal and rectal swabs were collected. Five ani-
mals from experimental groups were euthanized on
days 4, 7 and 14 post infection (p.i.). Intact animals
were euthanized on day 14 p.. Lungs and visceral
organs were collected for RT-PCR and histological
investigation. The data are presented in Figure 4.

No mortality was observed in all groups throughout
the challenge experiment.

Intact group animals gained weight during the
observation period (Figure 4(A)). Unvaccinated
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Figure 3. Immune response in BALB/c mice (N = 20/group, blood was collected from 10 animals/group on each time point) immu-
nized with three doses of the vaccine CoviVac (1.5, 3, and 6 ug per dose, twice with 14-day interval). Samples were collected and
investigated on days 7, 14, 21 and 28 post 1st immunization. (A) Neutralizing antibody titers in mice of each group. Line shows
Mean, whiskers show =+ SD. (B) Antibody response against SARS-CoV-2 proteins (N, S and RBD) in ELISA. Serum samples from each
group were studied in pools. (C) Splenocyte proliferation assay (6 pg per dose, twice with a 14-day interval). [SARS-CoV-2 - inacti-
vated SARS-CoV-2 (0.5 pg/well); CHIKV - inactivated Chikungunya virus (0.5 ug/well); ConA - Concanavalin A (0.5 pg/well), LPS -
lipopolysaccharide of S. typhimurium (0.5 pg/well)] *Stimulation index differences from day 0 are significant (t-test, p < 0.001)

control animals lost weight until day 6 p.i. Vaccinated
animals lost some weight on day 1 p.i.,, but starting
from day 2 p.i. gained weight, and weighed more in
comparison with the control group (Mann-Whitney
test, p <0.05). On day 5 p.i. the difference in weight
between intact and vaccinated animals was statistically
insignificant (Mann—-Whitney test, p>0.05).

Nasal and rectal swabs from five hamsters from each
experimental group were analysed for SARS-CoV-2
RNA daily (Figure 4(B,C)). Ct values in RT-PCR for
viral RNA were significantly higher and the numbers
of viral RNA-positive animals were significantly lower
in vaccinated group from day 1 p.i. On days 7-10 p.i.
all vaccinated animals cleared of viral RNA in nasal
swabs. Viral RNA content in rectal swabs increased in
both experimental groups from day 1 to day 2 p.,
which signified viral reproduction in infected animals.
However, it decreased rapidly in vaccinated animal
swabs; and starting from day 3 p.i. most of the vacci-
nated animals’ swabs did not contain viral RNA.

The histopathological examination revealed suba-
cute inflammation in lung lobes by the 4th day in all
infected animals examined. In the control group
chronic interstitial inflammation, foci of tissue damage
and disappearance of the alveolar structure in the lungs
developed in the direction from the main bronchus to
the subpleural areas (Figure 5). The most severe inflam-
mation with large immunocyte infiltrates was observed
on the 7th day in all the examined animals. The prolif-
erative phase of pneumonia on day 7 p.i. affected up to
75 percent of the area of the sections of the lobes of the
lungs. These inflammatory changes led to the appear-
ance of mild perivascular fibrosis by 14 d p.i. By day
14 p.i. no severe immunocyte infiltration was detected,
and thickening of the alveolar walls was noticeable in
the previously affected areas. Only mild changes were
observed in the lungs of all vaccinated hamsters at 4-
14 d p.i. (Figure 5). On day 7, when the most severe
inflammation was observed in the control group, the
vaccinated animals showed extremely small foci of
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Figure 4. Protective efficacy in Syrian hamsters (N = 15, 5 animals were euthanized on days 4, 7 and 14 p.i.) of the CoviVac vaccine
(6 pg per dose, 2 immunizations with a 14-day interval) against intranasal challenge 14 days after the 2nd immunization with 10°
TCIDso of SARS-CoV-2 strain PIK35. (A) Scheme of the experiment (visualized by BioRender). (B) Body weights of intact hamsters
and challenged vaccinated and control groups. *Differences between intact and vaccinated groups are statistically significant
(Mann-Whitney, p<0.05) **Differences between vaccinated and control groups are statistically significant (Mann-Whitney, p <
0.05). (C) Viral RNA presence in nasal swabs of challenged vaccinated and control hamsters on days 1-14 post infection. Line
shows Mean, whiskers show =+ SD. *Differences between control and vaccinated groups are statistically significant (Mann-Whitney
test, p < 0.05). (D) Viral RNA presence in rectal swabs of challenged vaccinated and control hamsters on days 1-14 post infection.
Line shows Mean, whiskers show + SD. *Differences between control and vaccinated groups are statistically significant (Mann-
Whitney test, p < 0.05). (E) Viral RNA presence in lungs of challenged vaccinated and control hamsters, collected on days 4, 7
and 14 post infection. Line shows Mean, whiskers show + SD. *Differences between control and vaccinated groups are statistically
significant (Mann-Whitney test, p < 0.05). (F) Viral RNA presence in visceral organs of challenged vaccinated and control hamsters,
collected on days 4, 7 and 14 post infection. Numbers signify the number of positive RNA detections per total number of eutha-

nized animals.

tissue damage and a low level of immunocyte infiltra-
tion, with complete absence of the proliferative phase
of pneumonia. In general, thickening of the walls of
the alveoli was the most pronounced sign of the disease
in the lungs, which indicated a mild course of the dis-
ease in vaccinated animals. Semiquantitative histo-
pathological assessment on lung sections revealed that
average pneumonia intensity score on days 4 and 7 in

non-vaccinated control animals was 3, while in vacci-
nated animals it was 0.8 (Mann-Whitney, p<0.05).

Viral RNA was detected in the lungs of all control
group animals (5 of 5) on days 4, 7 and 14 p.i. (Figure
4(D)). The RNA load was decreasing from day 4 to day
14 p.i. Viral RNA was detected on days4 and 7 p.i.in 1
of 5 vaccinated animals (Figure 4(D)), and was not
detected on day 14 p.i.
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Figure 5. Histopathological findings in non-vaccinated control and vaccinated (6 pg per dose, 2 immunizations with a 14-day
interval) Syrian hamsters (N =15 per group, 5 animals were euthanized on days 4, 7 and 14 p.i.) intranasally challenged 14
days after the 2nd immunization with 10° TCIDs, of SARS-CoV-2 strain PIK35. Representative pathological findings in the lungs
of infected hamsters on days 4, 7 and 14 p.i. Haematoxylin and eosin.

Viral RNA was detected in visceral organs of con-
trol unvaccinated animals only (Figure 4(E)) and
mostly on day 4 p.i. Viral RNA was found in the
brain (3 of 5 animals) and heart (4 of 5 animals) speci-
mens collected from unvaccinated animals on day 4
p-i. No viral RNA was detected in the visceral organs
of the vaccinated animals.

Dose-dependence and durability of NAb
response in mice and marmosets

Three groups of BALB/c mice (N = 20 per group) that
were twice vaccinated with 1.5, 3, and 6 ug per dose of
the vaccine (0.5 ml), respectively, and two groups of
marmosets (vaccinated with 3 and 6 pg doses in
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0.5 ml, as used in safety studies), which were used for
immunogenicity assessment, were left for continued
monitoring of NADb titers against SARS-CoV-2.
Blood samples were collected every 1-4 weeks and ana-
lysed individually in NT (Figure 6). As was shown pre-
viously, we observed an increase in NAD titers up to 4
weeks after the 1st immunization (i.e. 2 weeks after
the 2nd immunization). For the next almost 50 weeks
NAD titers remained at the same level, the differences
were not significant (p > 0.05) in both mice and mar-
mosets. After week 28 we observed some tendency to
decrease in titers, again not significant. NAb GMTs
between different dose groups of mice varied depend-
ing on the dose of the vaccine antigen, with higher
dose producing somewhat higher titers. Moreover,
starting from the 5th week in BALB/c mice overall
NAb GMTs, induced by 6 pg/dose, were significantly
higher, than those induced by 1.5 ug/dose (Mann-
Whitney test, p < 0.05).

Robustness of the manufacturing process of the
vaccine covivac

The robustness of the manufacturing process between
different vaccine lots was studied in BALB/c mice.
Groups of 10-15 mice were twice immunized with a
14-day period with four different batches of the vac-
cine CoviVac (InCV-04, -12, -14 and -15, 3-6 pg/
dose, 0.5 ml). Blood samples were collected on weeks
2, 3, 5 and 8 after the 1st immunization. Serum
samples were analysed individually in NT. As shown
in Figure 7, all tested lots induced 100% seroconver-
sion on day 21 with NAb GMTs over 1:32. Some sig-
nificant differences were observed between NADb levels
induced by different vaccine batches 2-3 weeks after
the 1st immunization. Nevertheless, antibody titers
stabilized on similar levels 5-8 weeks after the 1st
immunization without significant differences between
the vaccine lots, indicating the robustness of the vac-
cine production process.
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Discussion

Four inactivated vaccines have been approved and are
in use in several countries (Table 1). The drastic global
shortage of the COVID-19 vaccines and successful
clinical trials of the several inactivated preparations
make this approach appropriate for inactivated vac-
cine producers. The Chumakov Center has success-
fully developed two inactivated vaccines produced in
Vero cells against tick-borne encephalitis and polio-
myelitis [24, 25]. Therefore, the development of the
COVID-19 vaccine was based on the established cell
cultivating platform using previously established
methods.

Characterization of the vaccine CoviVac

The structure of the production process of the vaccine
CoviVac (Figure 1(A)) is rather similar to the ones pre-
sented for other inactivated vaccines against COVID-19
[26-28]. Beta-propiolactone was used to shorten the
production process. TEM (Figure 1(B)) proved the
homogeneity and purity of the vaccine preparation
and revealed spiked virions, consistent in shape and
size with other studies [28, 29]. Spike structure was con-
sistent with the pre-fusion state of the virions [30].
Resulting vaccine concentrate contained mainly SARS-
CoV-2 proteins S and N in detectable amounts, which
was supported with Western blot with COVID-19 con-
valescent serum (Figure 1(C)) and with mouse anti-
protein S antibodies (Figure 1(D)). Antibodies induced
in mice immunized with CoviVac inactivated vaccine
reacted with the native virions produced in Vero cells
infected with SARS-CoV-2 clinical isolate, which proves
that inactivation process has no significant effect on the
antigenic structure (Figure 1(F)). The intracellular stain-
ing pattern was consistent with the earlier described
localization of N and S proteins in infected cells [31].
The fluorescence had similar localization when the
cells were treated with human COVID-19 convalescent
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Figure 6. Durability of neutralizing antibody response in BALB/c mice (N =20, 10 animals/group on each time point) and mar-
mosets (N =6 for 6 ug and N =1 for 3 pg) vaccinated with CoviVac (1.5, 3, and 6 ug per dose, 0.5 ml, twice with a 14-day interval)
over one year (52 weeks) of observation. *Differences in NADb titers are statistically significant between mice, immunized with 1.5

and 6 pg per dose (Mann-Whitney test, p < 0.05).
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Figure 7 . Inmunogenicity of different CoviVac vaccine lots in BALB/c mice (immunized twice with a 14-day interval, nABs were
determined 2-8 weeks after the 1stimmunization). Line shows mean, whiskers show + SD. * Differences are statistically significant

(Mann-Whitney test, p < 0.05).

Table 1. Inactivated vaccines against COVID-19 approved for use.

Pre-clinical Clinical
Name Producer Schedule Efficacy ref ref
BBIBP-CorV Beijing Institute of Biological Products + Sinopharm, 2 doses, 3 weeks 78.1% 27 26
China apart
- Wuhan Institute of Biological Products + Sinopharm, 2-3 doses, 3-4 72.8% - 27
China weeks apart
CoronaVac (formerly Sinovac Biotech, China 2 doses, 2 weeks 50.65-83.5% 25 20
PiCoVacc) apart
Covaxin (also known as Indian Council of Medical Research + the National 2 doses, 4 weeks 77.8% 24 18
BBV152 A, B, C) Institute of Virology + Bharat Biotech apart

serum (Figure 1(G)), yet the intensity was lower when
the mouse serum was used. The specificity of antibody
reactivity was confirmed by the absence of fluorescence
in non-infected Vero cells (data not shown).

Safety

There are many tests to evaluate various safety par-
ameters of the vaccine candidates in animal models.
We chose classical safety animal models of mice, guinea
pigs and rats, and non-human primates. For CoviVac
we evaluated general acute toxicity in three species
(mice, guinea pigs and marmosets), chronic toxicity
in two species (mice and guinea pigs), and hypersensi-
tivity in guinea pigs. We did not observe any changes in
vaccinated animals in comparison with the placebo
groups. All parameters were within physiological norm.

There were some speculations of the possible repro-
ductive toxicity of the vaccine preparations containing
SARS-CoV-2 protein S. From our data from exper-
iments involving Wistar rats we can conclude that mul-
tiple immunizations with the vaccine CoviVac before or
during pregnancy do not have a negative effect on the

prenatal development of the offspring or affect the
development of the offspring in the postnatal period.

Therefore, the vaccine CoviVac is safe and can be
used in clinical trials in humans.

Immunity and its durability

We evaluated the short-term immunogenicity of the
vaccine CoviVac in three animal models (two lines
of mice, Syrian hamsters and common marmosets)
immunized with different doses. The vaccine induced
NAbs in all studied species. Moreover, we detected
antibodies to both main structural proteins S and N
in mice. During the first 2-4 weeks, we did not observe
significant differences between NAb titers induced by
different doses of the antigen. The differences became
significant starting from week 5 post first
immunization.

NAbs are shown to be one of the main correlates of
protection against SARS-CoV-2 [8]. Therefore, the
durability of NAb response correlates with the dura-
bility of protection. After natural infection, especially
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after mild cases, the NADb response is rather low and
short [11].

The data on durability of vaccine-induced immu-
nity are very scarce. While there are published precli-
nical studies demonstrating the induction of total anti-
SARS-CoV-2 IgG and NAD by various vaccines, few
are focusing on the longevity of the immune response.
The data in published preclinical reports on inacti-
vated vaccines against COVID-19 demonstrate the
antibody levels after vaccination until week 6 for
PiCoVacc in mice and rats and until week 3 for rhesus
macaques [27]. In the work published by Wang et al,,
the immunogenicity analysis in animals was limited to
4 weeks [29]. For BBV152 vaccine candidate, the
immunogenicity of the three-dose regimen in ham-
sters was evaluated until day 25 [32]. We evaluated
the long-term immunogenicity in mice and marmo-
sets for one year. We did not observe a significant
decrease in NAb titers over this period. Lower doses
of the antigen resulted in lower NAb titers over pro-
longed period of observation. While it is obvious
that the decisive data on the long-term immunity pro-
vided by the vaccines against COVID-19 will be
acquired in longitudinal clinical studies, animal
models could serve as helpful surrogate indicators
on the earlier stages of the vaccine development pro-
cess. In a recent clinical report Moderna’s mRNA vac-
cine provided elevated levels of specific antibodies for
at least three months [33]. Considering our exper-
imental data, CoviVac vaccine provided a stable
long-term immunity upon course of two vaccination
in mice and marmosets.

Protective efficacy

Many recent studies describe the golden (Syrian)
hamster model of SARS-CoV-2 infection as a consist-
ent and valid non-lethal small animal model for study-
ing the protective efficacy of vaccines against COVID-
19. SARS-CoV-2 infection of Syrian hamsters can
cause significant pathological changes in lungs of
infected hamsters and support the development of
stable post-infection humoral immune response in
passive transfer experiments [33]. Moreover, the
observed immunohistochemical changes and weight
loss patterns in hamsters resemble the course of
mild SARS-CoV-2 infection in humans [34]. A num-
ber of works showed the validity of Syrian hamster
model to be used for studies of protective efficacy of
NAbs and vaccines against SARS-CoV-2 [35-44],
although the pneumonia signs were fast developing
and severe.

Syrian hamster model was used to evaluate the pro-
tective efficacy of several inactivated vaccines [45-46],
including ones certified for clinical use [31]. The main
evaluated parameters were weight, virus and/or viral
RNA presence in nasal swabs, lungs and other organs

on different terms post infection. We chose the same
parameters for our experiments.

In our study, control animals lost weight till 5-7 d
p.i., whereas vaccinated ones gained weight starting
from day 3 p.i., which was comparable to the data for
BBV152 [31]. However, weight loss by control animals
in our experiments was more pronounced, 15% vs. 2-
10%. The rates of upper respiratory tract clearance of
viral RNA were similar as well: starting from day 7
p.i. most of the nasal swabs did not contain viral
RNA. Viral RNA detection in lungs of control animals
was similar in both studies; in our experiments, the
organs of all investigated control animals contained
viral RNA on days 4, 7 and 14 p.i. Lung tissues of vac-
cinated animals were mostly cleared of the virus: only 1
of 5 animals had detectable RNA levels in lungs on days
4 and 7 p.i., that were cleared by day 14. Viral RNA was
detected in extra-pulmonary tissues of control animals
only 3 days p.i. Similar results were obtained for
BBV152 [31]. Therefore, the data demonstrated the
protective efficacy of CoviVac in hamster model.

In conclusion, the vaccine CoviVac showed no
signs of acute/chronic, reproductive, embryo- and
fetotoxicity, or teratogenic effects in the antenatal
and postnatal periods of development, as well as no
allergenic properties in studied animal species. The
vaccine produced stable and robust humoral immune
response both in form of specific anti-SARS-CoV-2
IgG and NAbs in rodents and non-human primates.
The NAD levels did not decrease significantly over
the course of one year. CoviVac showed protective
effect against SARS-CoV-2 infection in Syrian ham-
sters. Robustness of the vaccine manufacturing pro-
cess was demonstrated. These data encouraged
further evaluation of CoviVac in clinical trials.
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