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Abstract

Introduction. Many different vaccines for the prevention of COVID-19 have received emergency use approval
in the shortest possible time. Due to the high rate of variability of the pathogen, in this study we analyzed the
variability of the structural proteins of the SARS-CoV-2 virus and compared their protective potential in protecting
animals from COVID-19.

The aim of the study was to compare the protective potential of the SARS-CoV-2 structural proteins in protecting
animals from COVID-19.

Materials and methods. The SARS-CoV-2 virus was used in the study. Transgenic mice B6.Cg-Tg(K18-
ACE2)2Prlmn/J (F1) were used as model animals. Recombinant adenoviral vectors rAd5-S, rAd5-N, rAd5-M were
used for immunization of animals. Various genetic, virological and immunological methods, as well as methods of
working with animals, were used in the study.

Results. The largest number of amino acid substitutions in the structural proteins of different SARS-CoV-2
variants was detected in glycoprotein S, the smallest — in nucleoprotein N. In the COVID-19 animal model, it was
shown that only the use of glycoprotein S as a vaccine antigen allows to form protective immunity that protects
100% of animals from a lethal infection caused by the SARS-CoV-2 virus, while the use of protein N protects 50%
of animals from a lethal infection, and protein M does not have a protective potential.

Conclusion. The data obtained, as well as the analysis of the epidemiological efficacy of various mRNA and
vector vaccines, demonstrate that the use of the SARS-CoV-2 glycoprotein S as an antigen allows to form the
highest level of protection. Due to the constant change in circulating variants of the SARS-CoV-2 virus, the
decrease in the effectiveness of the vaccines with the original antigen composition against new variants of the
virus and the continuing high incidence of COVID-19, it is necessary to continuously monitor the effectiveness
of vaccines against new variants of the virus and promptly update the antigen composition of vaccines when a
decrease in effectiveness is detected.
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MpoTeKTUBHDIN NOTEHLMaN CTPYKTYPHbIX 6eN1KOB BuUpYyca
SARS-CoV-2 B 3awuTe ot COVID-19
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AHHOMauusi

BeegeHue. MHOXeECTBO pasnuyHbiX BakuumH Ans npodwunaktukn COVID-19 B kpaTyaniumMe CPoKu Mony4unu
paspelleHne Ha 3KCTPEHHOe NpuMMeHeHue. B CBA3KN C BbICOKMM YpOBHEM M3MEHYMBOCTU BO3OyauTens, BaXKHO
yuYnTbIBaTb BapnabenbHOCTb CTPYKTYpPHbIX 6enkoB Bupyca SARS-CoV-2 1 nx NpoTeKTUBHBIM NOTEHLMAN B 3aLLu-
T€e XMBOTHbIX OT COVID-19.

Llenb nccnegoBaHns — CpaBHWUTL NPOTEKTUBHBIN NOTEHLMan CTPyKTypHbIX 6enos Bupyca SARS-CoV-2 B 3aLum-
Te XMBOTHbIX oT COVID-19.

Matepunanbl n MeToAbl. B kauecTBe MOAENbHbIX XUBOTHLIX NpW nccregoBaHny Bupyca SARS-CoV-2 cnyxunu
TpaHcreHHble mbiwmn B6.Cg-Tg(K18-ACE2)2Primn/Jd (F1). Ana MMMyHU3aLmm XXUBOTHBIX UCMONb3oBanu npena-
paTbl peKOMOUHaHTHbIX ageHOBUPYCHbIX BekTopoB: rAd5-S, rAd5-N, rAd5-M. B pabote npyMeHsanu pasnuyHble
reHeTu4eckme, BUpyconormyeckne n MIMMyHOMNOrm4yeckme MeToapl, a Takke MeToabl paboTbl C XKMBOTHBIMM.
PesynbraTtbl. Hanbonbliee KONMYECTBO aMWHOKUCIOTHBIX 3aMEH B CTPYKTYPHbIX 6enkax pasHbiXx BapuaH-
ToB SARS-Co0V-2 6bino obHapyXeHO B rMMKONpoTenHe S, HaMMeHbluee — B HykneonpoTtenHe N. Ha mogenu
COVID-19 y XMBOTHbIX NOKa3aHO, 4YTO TOMbLKO MCNOMb30BaHME IMUKONPoTENHA S B KAYECTBE aHTUreHa B CocTaBe
BaKLMHHOro npenaparta no3sonseT chopmMmnpoBaTb NPOTEKTUBHLIA UMMYHUTET, KOTOpbIN 3awwmwaeT 100% xnBoT-
HbIX OT feTanbHoOW NHAEKLUMM, Bbi3aBaHHON Bupycom SARS-CoV-2, npu aToM ucnons3oBaHue 6enka N nossonser
3aWmTnTb 50% >XMBOTHBIX OT NeTanbHOM MHAdeKLMK, a 6enok M He obnagaeT NPOTEKTUBHBLIM MOTEHLMATIOM.
3akntoueHue. lNonyyeHHble AaHHble, a TakKe aHanu3 AaHHbIX 3NUOEMUONOrMyeckon apdEeKTUBHOCTN pasHbIX
MPHK- 1 BEKTOpHbIX BaKLUMH OEMOHCTPUPYIOT, YTO MCMOMb3oBaHWe rmukonpotenHa S Bupyca SARS-CoV-2 B
KayecTBe aHTMreHa no3sonsieT copMUpoBaTb Hanbornee BbICOKMI YPOBEHb 3alUMTbl. YUUTbIBAA MOCTOSIHHYHO
CMEHY LMpKynupytoLmx BapmaHToB Bupyca SARS-CoV-2, cHmkeHne adhpekTMBHOCTN UCNONb3yeMbiX BakUWH C
VCXOAHbIM aHTUrEHHbIM COCTaBOM B OTHOLLEHUW HOBbIX BApMaHTOB BMPYCa U COXPaHSOLLMIACS BbICOKUI YPOBEHb
3abonesaemoctn COVID-19, Heo6x0QMMO NPOBOANTL HEMPEPBLIBHBIN MOHUTOPUHI 3EEKTUBHOCTN BaKLIMHHbIX
npenaparoB B OTHOLLEHMN HOBbIX BApMaHTOB BUPYCa Y CBOEBPEMEHHO NPOBOAUTL akTyanusauunilo aHTUreHHOro
cocTaBa BaKLUWH MNpu BbISIBNEHUW CHUXXEHNS 3hEKTUBHOCTU.

KnroueBble cnoBa: aHmuzeH, SARS-CoV-2, sawjumHbiti ummyHumem, COVID-19

3muyeckoe ymeepxdeHue. ABTOpbI MOATBEPXKOANT COOMIOAEHNE WMHCTUTYLIMOHAMBHBIX U HaUWMOHANbHbLIX CTaH-
[apTOB MO MCMNOMb30BaHMIO NTabopaTopHbIX XMBOTHLIX B cooTBeTCcTBUM ¢ «Consensus Author Guidelines for Animal
Use» (IAVES, 23.07.2010). lMpoTtokon uccnegoBaHusi ogobpeH Komutetom no GuomeauumHckon atuke HULIOM
M. H.®. Famanewn (npotokon Ne 24 ot 21.04.2022).

UcmoyHuk puHaHcupoeaHusi. ABTOpPbI 3asiBNSIIOT 06 OTCYTCTBUM BHELUHEro (DrHaHCMPOBaHWS NPU NPOBEAEHWUMN UC-
crnegoBaHus.

Kongbniukm unmepecos. [Jomxukosa W.B., Ipoycosa [.M., 3opkos W.[., Monosa O.[., Oxaposckas T.A., TyxsaTy-
nvH AN, Webnskos [O.B., loryHos O.1O. n MTnHuGypr A.J1. geknapvpytoT aBTOPCTBO NaTeHTa Ha dhapmaLeBTuyeckoe
CpeacTBO Ha OCHOBE PEKOMOUHAHTHBIX BUPYCHbBIX BEKTOPOB, HECYLUMX rnukonpotenH S supyca SARS-CoV-2, n metog
ero ucnonb3oBaHus ans npodunaktukm COVID-19 (nateHT Ne RU 2731342 C1). Bce ocTanbHble aBTOpbI 3a8BNSAT 06
OTCYTCTBWW KOHMMMNKTa MHTEPECOB.
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Introduction

Since the identification of the causative agent of
COVID-19, the SARS-CoV-2 virus, vaccine develop-
ment has proceeded at an unprecedented and extraor-
dinary pace thanks to the collaborative efforts of re-
searchers, manufacturers and governments around the
world. This has enabled the vaccines to be quickly ap-
proved for emergency use and introduced into civilian
circulation to vaccinate populations around the world.

SARS-CoV-2 virus belongs to single-stranded (+)
RNA-containing viruses of the Betacoronavirus genus
of the Coronaviridae family, the genome size varies
from 29.8 to 29.9 thousand nucleotides, virions have a
spherical or ellipsoidal shape with an average diameter
of 108 + 8 nm and contain 4 major structural proteins.
The outer surface of the virion is covered with a surface
protein, glycoprotein S, while the virus outer mem-
brane contains membrane protein M and envelope pro-
tein E. Inside the virion is a ribonucleoprotein complex
consisting of nucleocapsid protein (N) and virus RNA
[1]. The surface glycoprotein S of SARS-CoV-2 virus
is a trimer with a molecular mass of about 600 kDa. Lo-
cated on the virion envelope, it plays a key role in viral
infection through receptor recognition and subsequent
fusion of the virus and host cell membranes. Protein
S has been shown to elicit a robust immune response,
making it a dominant target for the development of vac-
cines to prevent COVID-19 [2-5]. The major protein
component within the virion is the nucleocapsid pro-
tein N, which is essential for binding and packaging
genomic RNA into a ribonucleoprotein complex (RNP
complex) within the virion [6]. Coronavirus membrane
protein (M) is the most abundant viral structural pro-
tein and plays a central role in virus assembly and mor-
phogenesis [7]. The M and N proteins could potentially
serve as targets for inclusion in candidate vaccine for
COVID-19 prevention [§8]. In addition to these struc-
tural proteins, SARS-CoV-2 encodes 16 non-structural
proteins (nsp1-16) and 9 accessory proteins.

To date, about 50 vaccines for COVID-19 preven-
tion have been registered'. The most widely used vac-
cines are those developed on 4 technological platforms:
vector vaccines, mRNA vaccines, inactivated vaccines
and subunit vaccines. Vector and mRNA vaccines are
the most effective in protecting against COVID-19 [9].
Most vaccines contain the key protective antigen — sur-
face glycoprotein S of the SARS-CoV-2 virus. Immu-
nization with such vaccines allows the formation of a
full immune response to the protein [10]: both humoral
immune response (preventing the virus from entering
the cell) and cellular cytotoxic immune response (nec-
essary for the elimination of infected cells) are formed
[11-15]. Immunization with inactivated vaccines in-
duces a weaker humoral immune response and almost

' COVID-19 Vaccine tracker. Approved vaccines.
URL: https://covid19.trackvaccines.org/vaccines/approved/

no T-cell immune response. In this case, antibodies of
IgG, IgM and IgA classes are formed to various SARS-
CoV-2 proteins, not only to S [16, 17]. The issue of
immune correlates of protection against COVID-19 is
still being studied, and a direct correlation between the
level of neutralizing antibodies and protection against
the disease has been shown [18]. The majority of epi-
topes for neutralizing antibodies are located in the re-
gion of the receptor-binding domain and the N-terminal
domain of glycoprotein S [19].

SARS-CoV-2 virus has been actively evolving
since its entry into the human population [20]. During
the 4 years of the COVID-19 pandemic, there was a
constant change of circulating variants of the patho-
gen, which has been accompanied by an increase in
disease incidence. The most significant wave of de-
sease was registered in early 2022 and was associa-
ted with the spread of the first sublineages (BA.1 and
BA.2) of the Omicron variant of the SARS-CoV-2
virus®. The emergence and spread of new Omicron
variant sublineages (BA.1, BA.5, XBB, BA.2.86, etc.)
were accompanied by an increase in disease incidence
around the world, including among the vaccinated
population, therefore, it is critical to conduct conti-
nuous monitoring of the efficacy of vaccines against
circulating variants for rapidly change of antigenic
composition of vaccines®.

In the Russian-language literature, there are no
data on comparative analysis of the protective effica-
cy of different SARS-CoV-2 virus antigens. These data
will allow adequate assessment of the need to include
different antigens in the composition of vaccines for
COVID-19 prevention for the greatest efficacy against
different variants of SARS-CoV-2 virus.

Given the high level of variability of the virus, the
aim of this study was to compare the protective poten-
tial of structural proteins of SARS-CoV-2 virus in the
protection of animals against COVID-19. To achieve
this goal, the following objectives were set: to analyze
the variability of structural proteins of SARS-CoV-2
virus, to study the protective efficacy of different struc-

2 NextStrain. Genomic epidemiology of SARS-CoV-2 with
subsampling focused globally since pandemic start.
URL.: https://nextstrain.org/ncov/gisaid/global/all-time
WHO. WHO COVID-19 dashboard. URL: https://data.who.int/
dashboards/covid19/cases?m49 = 001

3 OurWorldInData. United States: COVID-19 weekly death rate by
vaccination status, All ages.
URL: https://ourworldindata.org/grapher/united-states-rates-of-
covid-19-deaths-by-vaccination-status
WHO. Statement on the antigen composition of COVID-19
vaccines. 18.05.2023.
URL: https://www.who.int/news/item/18-05-2023-statement-on-
the-antigen-composition-of-covid-19-vaccines
WHO. Statement on the antigen composition of COVID-19
vaccines. 26.04.2024.
URL: https://www.who.int/news/item/26-04-2024-statement-on-
the-antigen-composition-of-covid-19-vaccines
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tural proteins of SARS-CoV-2 virus on the COVID-19
laboratory animals model.

Materials and methods

Virus

SARS-CoV-2 virus was obtained from the State
Virus Collection of N.F. Gamaleya NRCEM: Wuhan
B.1.1.1 hCoV-19/Russia/Moscow_PMVL-1/2020. All
studies with viable SARS-CoV-2 virus were conduct-
ed in BSL-3 laboratory according to SanPiN 3.3686-
21 “Sanitary and Epidemiologic Requirements for the
Prevention of Infectious Diseases”. SARS-CoV-2 vi-
rus production was carried out in Vero E6 cell culture.
The infectious virus titer was determined on Vero E6
cell culture by 50% tissue culture infectious dose 50
(TCID,,). The TCID,, titer was calculated using the
Spearman—Kerber method.

Mammallian cell lines

Vero E6 cell culture (African green monkey kidney
epithelial cells) was obtained from the Laboratory of
Cellular Microbiology of the N.F. Gamaleya NRCEM.

Animal models

The study used F1 transgenic mice obtained
from crossing transgenic males B6.Cg-Tg(K18-
ACE2)2Prlmn/J (Jackson Laboratory, https:/www.
jax.org/strain/034860; health status SOPF) and non-
transgenic females C57BL/6 Gamrc (N.F. Gamaleya
NRCEM; health status SPF), hereinafter referred to as
hACE2-transgenic mice. Female hACE2-transgenic
mice weighing 18-20 g were used in the study. All an-
imal studies were approved by the Biomedical Ethics
Committee of the N.F. Gamaleya NRCEM (protocol
No. 24 dated 21/04/2022). Expression of the h4ACE2
gene in F1-generation C57BL/6 Tg(K18-ACE2)2Primn
mice was confirmed by real-time polymerase chain re-
action according to the Jackson Laboratory protocol for
this line of mice [21].

Work with animal models

Animals were housed and handled in accordance
with laboratory animal husbandry requirements*. La-
boratory animals (n = 40) were housed in convention-
al cages for immunization; for experiments involving
SARS-CoV-2 virus, animals were housed in the Iso-
Cage N system (Tecniplast). The animals had free ac-
cess to food and water.

Immunization and virus challenge of animals

The study used recombinant viral vectors based
on human adenovirus type 5 (rAd5) carrying genes of

4 PyKOBOZACTBO 110 JJaDOPAaTOPHBIM KHBOTHBIM U AJIBTCPHATHBHBIM
MOZIeJIsIM B OMOMeTMIMHCKUX TexHonorusix / nox pen. H.H. Kap-
kuenko, C.B. I'paueBa. M.; 2010. 354 c.
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structural proteins of SARS-CoV-2 virus of Wuhan B.1
variant: rAd5-S (carries the gene of glycoprotein S),
rAd5-N (carries the gene of nucleoprotein N), rAd5-M
(carries the gene of membrane protein M) were used for
immunization of animals. Animals of the groups (n =10
per group) that received the vaccine were injected with
rAd5 vaccines at a dose of 10° v.p./animal intramuscu-
larly twice with an interval of 21 days. Animals in the
control group (n = 10) were injected with an equivalent
volume of sterile buffer solution. One week after the
2nd immunization, animals were infected intranasally
with SARS-CoV-2 virus at a dose of 10° TCID,, and
weight dynamics and survival rate were evaluated daily
for 14 days after infection.

Organ sampling and viral load determination

Animals of all study groups (n = 4 per group)
were euthanized on the 4" day after infection with an
increased dose of inhalation anesthetic followed by
cervical dislocation. Postmortem examination of the
animals was performed, and lungs were sampled for
macroscopic and viral load analysis. The selmpled or-
gans were washed with saline and 10% homogenate
was prepared using the MPbio FastPrep-24 device. The
homogenates were centrifuged at 12,000g for 10 min
and the supernatant was used for further analysis. The
infectious titer of the virus was determined on Vero E6
cells according to the method described above.

Statistical and bioinformatics methods

Statistical processing of the research results was
performed using the GraphPad Prism 10.2.3 computer
program. The Student's t-test was used to analyze the
data [22]. The covSPECTRUM online database was
used to analyze the amino acid sequences of structural
proteins of SARS-CoV-2 virus®. On the cov-spectrum.
org portal in the Compare variants mode we selec-
ted the sequence of the desired protein comparison of
new variants of SARS-CoV-2 virus® in the Amino acid

5 covSPECTRUM. Detect and analyze variants of SARS-CoV-2.
URL: https://cov-spectrum.org/

¢ covSPECTRUM. B.1.617.2 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=B.1.617.2&
covSPECTRUM. BA.1 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ba.1&
covSPECTRUM. BA.5 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ba.5&
covSPECTRUM. XBB (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=xbb&
covSPECTRUM. BA.2.86 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
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changes section and performed a pairwise with the orig-
inal virus variant’. To calculate the variability of amino
acid composition, the number of detectable amino acid
substitutions was divided by the total number of amino
acid substitutions and demonstrated as a percentage.

Results

Variability of structural antigens

We conducted a bioinformatics analysis of amino
acid sequences of structural proteins of SARS-CoV-2
virus of different variants that circulated in Russia from
March 2020 to July 2024 (Table). Among the 4 ana-
lyzed proteins, the largest number of amino acid substi-
tutions was detected in glycoprotein S, the smallest — in
nucleoprotein N. Thus, in variant KS.1, which has been
circulating in Russia since spring 2024, 64 amino acid
substitutions were detected in glycoprotein S and 8 in
nucleoprotein N.

Protective efficacy of SARS-CoV-2 virus structural
proteins in a lethal infection model
in hACE2-transgenic mice

In order to compare the protective efficacy of
structural proteins of SARS-CoV-2 virus, we obtained
recombinant viral vectors based on human adenovi-
rus serotype 5 carrying genes of glycoprotein S, nuc-
leoprotein N or membrane protein M. The study was
performed on hACE2-transgenic mice. Animals were
immunized twice at 21-day intervals and 7 days after
the 2nd immunization, animals were infected intrana-
sally with SARS-CoV-2 (Wuhan-like) virus at a dose
of 10° TCID,, per animal. The effectiveness of antigens
in protection against infection was analyzed by several
parameters: lethality, severity of the course of infection
(weight loss) and reduction of viral load in the lungs of
vaccinated animals compared to controls.

Survival analysis showed that only the use of gly-
coprotein S as antigen can protect 100% of animals from
lethal infection caused by SARS-CoV-2 virus (Fig. 1, a).
Analysis of the severity of the course of infection also
demonstrated that only the use of glycoprotein S can
protect 100% of animals from infection (Fig. 1, b).

On the 4™ day after infection, some animals were
euthanized for macroscopic analysis of lung condition
and viral load analysis. Analysis of the lung condition
on the 4" day after infection showed that the most pro-

from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ba.2.86&
covSPECTRUM. KS.1 (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=ks.1&

7 covSPECTRUM. B (Nextclade).
URL: https://cov-spectrum.org/explore/World/AllSamples/
from%3D2020-01-01%26t0%3D2024-10-11/variants?nextclade
PangoLineage=B&nextcladePangoLineage1=B.1&

Variability of amino acid composition of structural proteins
of SARS-CoV-2 virus circulating in Russia in 2020-2024

Variability of amino acid composition, %
SARS-CoV-2 relative to the original virus variant
variant
S N M E

Delta 0,79 0,59 0,45 0,00
Omicron BA.1 2,83 0,88 1,35 1,33
Omicron BA.5 2,67 1,03 1,35 1,33
Omicron XBB 3,22 1,03 0,90 2,67
Omicron BA.2.86 4,63 1,17 2,25 1,33
Omicron KS.1 5,03 1,17 2,25 1,33

Source: covSPECTRUM online database.

nounced damage was found in the group of control
animals and the group of animals that received the
vaccine based on protein M (leukocytic infiltration,
atelectasis and changes in membrane structures of the
alveolar wall were observed). Less pronounced dam-
age was detected in animals in the group that received
the vaccine based on nucleoprotein N. Animals that
received the vaccine based on glycoprotein S had no
lung damage (Fig. 2).

When analyzing the viral load in the lungs of in-
fected animals in the control group and in the groups
that received vaccines based on nucleoprotein N and
membrane protein M, viable virus was detected. The
animals that received the vaccine based on nucleopro-
tein N showed a significant decrease in viral load by
1.3 1og10 TCID, . In the group that received a vaccine
based on glycoprotein S no viable SARS-CoV-2 vi-
rus was detected and the viral load decreased by 5 1g
TCID,, (Fig. 3).

Discussion

When selecting an antigen for inclusion in candi-
date vaccines, it is important to have an understanding
of the immunologic features of the response to natural
COVID-19 infection. The interaction of immune cells
with the major structural proteins of the virus induc-
es the formation of an antiviral immune response. For
SARS-CoV-2 virus, these structural proteins are S, M,
N and E. Despite the immunogenicity of glycoprotein
S, nucleoprotein N and membrane protein M also con-
tribute significantly to the development of a specific
immune response. In patients with COVID-19, specific
antibodies to protein N are detected early, whereas anti-
bodies to glycoprotein S are detected 4-8 days after the
onset of disease symptoms, which is probably due to
the highest representation of nucleoprotein N in the vi-
rion [23, 24]. The cellular immune response also plays
an important role in protection against COVID-19.
A number of studies have shown that active prolifer-
ation of CD4" and CD8* T cells correlates with a less
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Fig. 1. Survival (a) and weight dynamics (b) of hAACE2-
transgenic mice from immunized and control groups (n = 10,
days 0—4; n = 6, days 5—14) after infection with the
SARS-CoV-2 virus.

The mean and standard deviation for each time point are shown
in the figure (b).

severe course of the disease and a high degree of vi-
rus elimination®. The cellular immune response is also
highly specific to SARS-CoV-2 structural proteins. De-
termination of the SARS-CoV-2 T-cell epitopes, includ-
ing 21 studies, showed that of the total number of CD4*
epitopes analyzed, 33% belonged to protein S, 11% to
protein N, and 10% to protein M; of the total number of
CDS" epitopes analyzed, 26% belonged to protein S, 7%
to protein N, and 6% to protein M [25]. A polyfunctional
N-specific CD8* T-cell response is associated with mild-
er COVID-19 disease severity [26]. Because N is con-
served between different SARS-CoV-2 variants, N-spe-
cific CD4" T cells could potentially provide protection
against different genetic variants of SARS-CoV-2 [27].

Nowadays, most vaccines for COVID-19 preven-
tion used in clinical practice are based on glycoprotein S
of the SARS-CoV-2 virus. However, there is still debate

8 CDC. CDC Museum COVID-19 timeline. Centers for Disease
Control and Preventio. URL: https://www.cdc.gov/museum/
timeline/covid19.html
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about which antigen should be included in COVID-19
vaccines. This is due to the high variability of glycopro-
tein S and the decreased efficacy of existing vaccines
based on it against new SARS-CoV-2 virus variants.

When analyzing the amino acid sequences of
structural proteins of SARS-CoV-2 virus — variants
from Delta to current KS.1 — we demonstrated that the
largest number of substitutions was found in glycopro-
tein S, the smallest — in nucleoprotein N, which makes
protein N the most conservative among structural pro-
teins of SARS-CoV-2 virus.

In order to directly compare the protective poten-
tial of SARS-CoV-2 virus structural proteins most rep-
resented in the virion, we obtained candidate vaccines
based on recombinant human adenoviruses of sero-
type 5 carrying SARS-CoV-2 virus structural proteins:
rAd5-M, rAd5-N and rAd5-S. These vaccines were
used for immunization of hACE2-transgenic mice, af-
ter which the animals were infected with SARS-CoV-2
B.1.1.1 virus to evaluate the protective efficacy. Mem-
brane protein M showed no protective efficacy — all
immunized animals died after infection, while viable
virus was detected in the lungs on the 4™ day after in-
fection at a titer similar to that of control animals. Sim-
ilar data were obtained by J. Chen et al. when studying
the effectiveness of plasmid DNA-based vaccines [28].
The use of nucleoprotein N as an antigen reduces the
viral load in the lungs of immunized animals, but the
reduction does not reach the required 2 log,; at the
same time, pathological lesions were detected in the
lungs of vaccinated animals, and protection against le-
thal infection caused by SARS-CoV-2 virus was only
50%, which correlates with the studies of other authors
[29-32]. The use of glycoprotein S as an antigen made
it possible to immunize animal models (no pathologic
lesions and viable virus in the lungs) and protect all of
them from lethal infection caused by SARS-CoV-2 vi-
rus, which is confirmed by the studies of other authors
[33-36]. J. Chen et al. demonstrated that joint immu-
nization with two DNA-based vaccines carrying S and
N protein genes induced a more pronounced cellular
and humoral immune response and had a greater pro-
tective efficacy against SARS-CoV-2 virus in a mouse
model of infection [32]. R.L. Hajnik et al. showed on
the COVID-19 hamster model that immunization with
mRNA-S+N combined preparation induces a more
pronounced protective response against SARS-CoV-2
virus veriants Delta and Omicron compared to sin-
gle-component preparations [37]. Based on the above,
the possibility of combining antigens in vaccine formu-
lations for COVID-19 prevention should be considered
in future studies. However, it should be taken into ac-
count that the inclusion of several antigens in vaccines
significantly increases the cost of the production pro-
cess and, consequently, the cost of the vaccine.

Analysis of the efficacy data of different vaccines
for COVID-19 prevention in controlled clinical trials
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Control

Fig. 2. Photographs of the lungs of hACE2-transgenic mice from the immunized and control groups (n = 4) on day 4 after
infection with the SARS-CoV-2 virus. Arrows indicate areas of lung tissue damage.

worldwide showed that mRNA and vector vaccines
carrying the glycoprotein S gene of SARS-CoV-2 vi-
rus allow to provide the highest level of population
protection in terms of morbidity, hospitalization and
COVID-19-associated deaths [9, 38]. Given the con-
stant change of circulating SARS-CoV-2 virus variants,
the decreasing efficacy of the vaccines used against
new virus variants [39] and the continuing high inci-
dence of COVID-19, it is necessary to continuously
monitor the efficacy of vaccines against new virus vari-
ants. If a decrease in efficacy is detected, the antigen-
ic composition of vaccines should be updated. These
studies are harmonized with the WHO studies, based on
the results of which, starting from 2022, WHO issues
recommendations on changing the antigenic composi-
tion of vaccines®. In 2023, based on the results of effi-
cacy monitoring, the antigenic composition of Russian
vaccines of Gam-COVID-Vac line (vector vaccines
carrying the gene of glycoprotein S of SARS-CoV-2
virus) was updated for XBB sublineage. Clinical trials
of vaccines with updated composition showed a favor-
able safety profile, formation of neutralizing antibodies
against Omicron sublineages circulating in 2023 and
circulating in the first half of 2024, and today the vac-
cines have been introduced into civil circulation to pro-
tect the population against current circulating variants
of SARS-CoV-2.

® WHO. Technical Advisory Group on COVID-19 Vaccine
Composition. URL:  https://www.who.int/groups/technical-
advisory-group-on-covid-19-vaccine-composition-(tag-co-vac)

Conclusion

SARS-CoV-2 virus actively mutates, which leads
to the emergence of new virus variants. Among the
structural proteins, the one subject to the greatest vari-
ability is surface glycoprotein S, which plays an im-
portant role in the virus life cycle — internalization,
and is also a key target for neutralizing antibodies.

Comparative analysis of the protective potential
of different structural proteins of SARS-CoV-2 virus on
the animal model of lethal infection showed that only
the use of glycoprotein S allows to form a protective

Ig TCID,/ml
6 —
0,1532
@Cﬁﬁ 0,0015 467%
T oa=o
2 -
< 0,0001
0 T T o010 00—
rAd5-M rAd5-N rAd5-S Control
10,4 1g 11,31g 15,01g

Fig. 3. Viral load in the lungs of hACE2-transgenic mice from
the immunized and control groups (n = 4) on day 4 after
infection with the SARS-CoV-2 virus.

The figure shows individual data for each animal, the arithmetic
mean and standard deviation, as well as the significance level p
(Student's t-test).
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immune response that protects 100% of animals from
lethal infection caused by SARS-CoV-2 virus, while
the reduction of viral load in the lungs of animals on
the 4™ day after infection amounted to 5.0 log,, TCID,,
(100 000 times). At the same time, the use of nucleop-
rotein N resulted in a decrease in viral load of 1.3 log
TCID,, (20-fold), and the level of protection against le-
thal infection was at 50%.
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