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Abstract

Introduction. Despite the end of the COVID-19 pandemic, the problem of vaccine prevention of this disease
appears highly relevant. The emergence and widespread distribution of the Omicron SARS-CoV-2 variant of
concern (VOC) and its sublineages has dramatically reduced the efficacy of vaccination. The possible approach
to solving this problem is to develop a nasal live attenuated vaccine capable of activating humoral, mucosal, and
cell-mediated immunity, providing a prolonged immune response and cross-protection against different VOCs.
The aim of the study was to determine the immunization efficacy with attenuated cold-adapted Wuhan-like SARS-
CoV-2 D-D2 strain against homologous and heterologous challenges.

Materials and methods. The study was conducted on an animal model of coronavirus pneumonia in golden
Syrian hamsters. The efficacy of immunization was assessed by comparing the dynamics of weight, viral load in
organs and histopathological changes in the lungs in immunized and unimmunized animals.

Results. Single intranasal immunization of golden Syrian hamsters with D-D2 strain showed its high
immunogenicity: seroconversion was evident in all immunized animals. Wuhan-like D-D2 strain provides highly
effective protection of hamsters against the development of productive infection and pneumonia when challenged
both with ancestral virus and heterologous strains related to Delta (AY.122) and Omicron (sublineages BA.1.1
and BA.5.2) variants.

Conclusion. SARS-CoV-2 attenuation is a promising strategy for the development of a highly effective nasal live
COVID-19 vaccine.

Keywords: live attenuated COVID-19 vaccine, cold-adapted SARS-CoV-2, immunization efficacy, intranasal
immunization, heterologous challenge, cross-protective immune response, golden Syrian hamsters
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AHHOMauus

BBepeHue. HecmoTpsi Ha okoH4YaHune naHgemun COVID-19, npobnema BakuuHonpodunakTuku atoro 3abone-
BaHWSA COXpaHSIeT akTyanbHOCTb. [losiBneHne u lWwmpokoe pacnpocTpaHeHne BapmaHta SARS-CoV-2 Omicron u
€ro cyOonuHuin NPUBENO K Pe3KOMY CHIDKEHMIO ahPeKTUBHOCTM BakumHonpogunaktukn COVID-19. Bo3MOXHbIM
NoaoXoAoOM K peLleHuto 3Tor npobnembl aenseTca pa3paboTka HasanbHOW XXMBOW aTTEHYMPOBaHHON BaKLMHbI,
CNocobHOW akTUBMPOBATL r'YMOParbHbIA, MyKO3arbHbIA U KNETOYHO-0NOCPEA0BaHHBI UMMYHUTET, obecneynBas
CTOVIKMA UMMYHHBIA OTBET Y NEPEKPECTHYIO 3aLUMTY OT Pa3NNYHbIX aHTUrEHHbIX BApUaHTOB BUpYyca.

Llenbto nccrneposaHuns 6bina oueHka adhdPekTMBHOCTM MMMYHM3aLUMN aTTEHYMPOBaHHbIM X0No40aAanTUpPOBaH-
HbIM YXaHb-NnogobHbIM Wwtammom SARS-CoV-2 D-D2 npu roMOnornyHoM v reTeposriorMiyHoM 3apakKeHuu.
Marepuansi n Metoabl. ViccnegoBaHne NpoBeAeHO Ha XMBOTHOW MOAENY KOPOHABUPYCHOW NMHEBMOHMUM Ha OC-
HOBE 30MOTUCTBLIX CUPUNCKUX XOMSAYKOB. DPHEKTUBHOCTL MMMYHU3ALMWN OLEHMBanNn NyTém CpaBHEHWUS OMHa-
MWKN Beca, BUPYCHOW Harpysku B OpraHax v rmctonaTonornyecknx U3MeHEHUN NErknux y MUMMYHU3UPOBaHHbIX U
HEVMMYHU3MPOBAHHbIX )XUBOTHBIX.

PesynbraTtbl. OgHOKpaTHas MHTpaHasanbHas UMMYHU3aLus 30M0TUCTbIX CUPUINCKMX XOMSAYKOB Wwtammom D-D2
nokasana ero BbICOKY0 MMMYHOTEHHOCTb: CEPOKOHBEPCUS NPOSIBMIIACh Y BCEX MMMYHU3UPOBAHHbIX KUBOTHbIX.
ATTEHYNPOBaHHbIN YXaHb-NogoOHbIN WwWTamm D-D2 obecneunBan BbICOKOI(MEKTMBHYO 3aLLUTY XOMSIYKOB OT
pa3BMTUS NPOAYKTUBHON UHAEKLMM U MHEBMOHMU MPU 3aPaXKEHUN KakK POAUTENBCKUM BUPYCOM, TakK 1 reTeporno-
MMYHBIMW LUTAaMMaMWK, OTHOCSILLMMUCS K BapyaHTam Delta (AY.122) n Omicron (cy6nuHum BA.1.1 n BA.5.2).
3aknroyeHue. AtteHyaumsa SARS-CoV-2 aBnsieTca NepcnekTUBHOM cTpaTernem Ansa pa3paboTkm BbICOKOahdek-
TMBHOW Ha3anbHOW XuBoW BakuMHbl npotue COVID-19.

KnroueBble cnoBa: xueass ammeHyupogaHHasi sakyuHa rnpomus COVID-19, xonodoadanmuposaHHbili SARS-
CoV-2, agpdpbekmugHOCMb UMMYHU3aUuU, UHMpaHa3arnbHas UMMyHU3ayusi, 2emeporioauqdHoe 3apaxeHue, rnepe-
KpécmHasi npomeKmueHasi akmueHOCMb, 30/10MUCMble CUPULICKUE XOMSIYKU

Amuyeckoe ymeepxdeHue. ABTOpbl NoATBEPXKAAIOT COONIOAEHNE UHCTUTYLMOHANBHBIX Y HaUMOHanbHbIX CTaHAap-
TOB MO MCMOMb30BaHUIO NabopaTopHbIX XMBOTHBIX B cooTBeTCTBUM € «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). Mpotokon nccnenosaxus ogobpeH dtudeckum komutetom OrEHY HAMBC um. U.U. MeyHnkosa
(npotokon Ne 2 ot 24.05.2021).

HNcmoyHuk ¢huHaHcuposaHus. VlccnenoBaHve BbINOMHEHO 3a CYET rpaHTa Poccuiickoro HayyHoro cdoHaa Ne 23-25-
00146, https://rscf.ru/project/23-25-00146/. B nccnegosaHnm UCNonb30BaHO Hay4HOe 060pyAOBaHUE LIEHTPa Komnnek-
TMBHOro nonb3oBaHus «HANBC um. N.U. MeuHnkoBa» — npu ouHaHcoBoOW nogaepxkke npoekta Poccuiickon ®enepa-
uuen B nuue MunHobHaykn Poccum.

KoHgpniukm uHmepecoe. ABTOpbI AeKNapUpyT OTCYTCTBME SIBHBIX U MOTEHUMAnNbHbIX KOH(IIMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyGnuKauuen HacTosILEN cTaTby.
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Introduction

Despite the end of the COVID-19 pandemic de-
clared by WHO, the problem of vaccine prevention of
this disease continues to be relevant. Inactivated, vector,
subunit, and mRNA vaccines are used for COVID-19
prevention and have been shown to be highly effec-
tive against homologous infection (i.e., infection with
the same virus variant as the strain used for vaccine)
[1]. The emergence and widespread distribution of the
SARS-CoV-2 Omicron variant of concern (VOC) and
its sublineages have dramatically reduced the efficacy of
vaccination [1-3]. Most licensed COVID-19 vaccines
are directed toward the formation of humoral immuni-
ty based on the induction of neutralizing antibodies to
the SARS-CoV-2 S-protein. However, the evolution of
the virus under the mass immunization pressure makes
this target highly variable, resulting in the virus escap-
ing immunological surveillance and a rapid decline in
vaccine efficacy against newly emerging SARS-CoV-2
variants [2—4].

Emergent optimization of the composition of ex-
isting vaccines according to the current set of circu-
lating SARS-CoV-2 variants is necessary to maintain
vaccination efficacy at a high level [5]. Development
of a "universal" vaccine with cross-protective activity
against different antigenic variants of the virus could
represent an alternative approach. Such approach in-
cludes development of a live attenuated vaccine (LAV)
capable of activating not only the humoral but also the
cellular immune system, providing a prolonged im-
mune response and cross-protection against different
virus variants [6—8]. At present, the potential of LAV
in COVID-19 prevention remains unrealized. At the
same time, some experience has already been gained
in obtaining attenuated SARS-CoV-2 strains that have
shown high immunogenicity and immunization effica-
cy in animal models of infection. Some authors use ge-
netic engineering and reverse genetics techniques such
as site-directed mutagenesis and codon deoptimization
to attenuate the virus [9—13]. Others use the traditional
approach to obtain virus mutants by prolonged passag-
ing in cell culture under selective conditions [14—17].
Regardless of the methodology used to attenuate the vi-
rus, an important question that determines the practical
relevance of LAV at the current stage is whether it can
provide effective protection against the "parent" SARS-
CoV-2 strain, but also against new, phylogenetically
distant virus variants.

Earlier, by long-term passaging of Wuhan-like
SARS-CoV-2 Dubrovka strain in Vero cells at lower
temperature (up to 23°C), we obtained its cold-adapted
(ca) variant called D-D2 strain [18]. D-D2 strain exhib-
ited a temperature-sensitive (zs) phenotype (it did not
replicate at 39°C), which determined its reduced repli-
cation in the lungs of golden Syrian hamsters and, thus,
an attenuated (atf) phenotype. During intranasal immu-
nization of hamsters, D-D2 strain exhibited high immu-
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nogenicity and protected against infection with homol-
ogous parental Dubrovka strain and the development
of pneumonia [15]. The aim of the present study was
to determine the immunization efficacy of attenuated
Wuhan-like SARS-CoV-2 strain against heterologous
challenge with strains belonging to the Delta variant
and two sublineages of Omicron variant, BA.1.1 and
BA.5.2. For immunization, ca/ts/att D-D2 strain was
used as a model vaccine strain.

Materials and methods

Viruses. To model coronavirus pneumonia on
Syrian golden hamsters (hereinafter referred to as ham-
sters) we used laboratory strains of SARS-CoV-2 (fam-
ily: Coronaviridae, genus: Betacoronavirus, subgenus:
Sarbecovirus, species: Severe acute respiratory syn-
drome—related coronavirus): Dubrovka (Wuhan-like),
Podolsk (Delta); Otradnoe (Omicron BA.1.1), and
FEB2 (Omicron BA.5.2) isolated and genetically char-
acterized in different periods of pandemic in our labora-
tory (Table 1). A cold-adapted D-D2 strain with #s and
att phenotype, which we obtained earlier by adapting
the Dubrovka strain for growth in Vero CCL-81 cell
culture at lower temperature (23°C), was used to immu-
nize animals [18].

Virus cultivation
in cell culture

SARS-CoV-2 laboratory strains were cultured on
African green monkey kidney epithelial Vero CCL-81
cells (ATCC), as described earlier [19]. Monolayer of
Vero cells was infected with the SARS-CoV-2 at a low
multiplicity of infection (MOI £0,001) and incubated at
37°C (Dubrovka, Podolsk, Otradnoe and FEB2 strains)
or 23°C (D-D2 strain) for 3-8 days (depending on virus
strain) in an atmosphere of 5% CO,. Virus-containing
culture medium was clarified by centrifugation and
stored at —80°C before use.

Animals

Four-week-old 40-50 g female Syrian golden
hamsters (Mesocricetus auratus) were obtained from
the Nursery for laboratory animals of the Shemyakin
and Ovchinnikov Institute of Bioorganic Chemistry
(Russia). Hamsters were arbitrarily assigned to study
groups. Animals were kept as described earlier [20]. All
studies with animals were approved by the Mechnikov
Research Institute of Vaccines and Sera Institutional
Animal Care and Use Committee (protocol No. 2, May
24, 2021) and carried out in accordance with the Na-
tional Research Council's Guide for the Care and Use
of Laboratory Animals (2011).

Virus titration

The SARS-CoV-2 virus titers were determined by
the cytopathic effect endpoint method in Vero cells as
described earlier [19]. The virus titer was calculated by
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Table 1. SARS-CoV-2 strains used in the study

Strain Collection date | GenBank ID Variant Pli?\r;ggnen Pe;:s:lge ten?;eltri;tauﬁr(: oc
Dubrovka June 2020 MW514307.1 Wuhan-like (wild-type) B.1.1.317 17 37
D-D2 June 2020 ONO040961.1 Wuhan-like (cold-adapted) B.1.1.317 47 23
Podolsk August 2021 ON032860.1 Delta AY.122 16 37
Otradnoe  January 2022 ON032857.1 Omicron BA.1.1 8 37
FEB2 October 2022  OP920753.1 Omicron BA.5.2 4 37

the Reed—Muench method using an online-calculator
and expressed as log,, TCID, /ml.

Quantification of SARS-CoV-2 RNA

Quantification of SARS-CoV-2 RNA was per-
formed by real-time reverse transcription polymerase
chain reaction (RT-PCR) method [20]. Viral RNA
was isolated from samples using “MagnoPrime UNI”
reagent kit (“NextBio”), recommended by the manu-
facturer for isolation viral RNA from a wide range of
biological and clinical samples. To detect viral RNA
we used primers and the probe designed for the SARS-
CoV-2 nucleocapsid N gene: CoVN-F GCGTTCTTC-
GGAATGTCG, COVN-R TTGGATCTTTGTCATC-
CAATTTG, COVN-P FAM-AACGTGGTTGACCTA-
CACAGGT-BHQ1 [21]. A 2.5x Tag-polymerase
reaction mixture reagent kit and MMLV reverse tran-
scriptase (Syntol) were used to perform one-step reverse
transcription real-time PCR reaction. 50 pL reaction
mixture contained 5 units of Tag DNA polymerase, 30
units of MMLYV reverse transcriptase, 10 pmol of each
primer and 5 pmol of probe. Thermal cycling process
included 45°C — 10 min (1 cycle); 95°C — 5 min (1
cycle); 95°C — 5 sec, 55°C — 45 sec (45 cycles). Syn-
thetic oligonucleotide corresponding to the fragment
of SARS-CoV-2 genome containing the primers and
probe binding sites were used to construct a calibration
curve: COVN-PC CAGCGTTCTTCGGAATGTCGC-
GCATTGGCATGGAAGTCACACCTTCGGGAAC-
GTGGTTGACCTACACAGGTGCCATCAAATTG-
GATGACAAAGATCCAAA. The analytical sensitivity
of the real-time PCR established by analyzing 10-fold
dilutions of the COVN-PC oligonucleotide (SARS-
CoV-2 cDNA standard) was 5 x 10* copies per ml.
Adjusted for losses at the stages of RNA isolation and
reverse transcription, the sensitivity of SARS-CoV-2
RNA detection was assumed to be 10° copies per ml.
The typical standard curve of dependence of Ct values
on the concentration of viral RNA was described by the
equation:

Y=48.816 x 3.5348X,
where Y is Ct value; X is concentration of viral RNA
(Log10 copies/mL).

! URL: https://www.virosin.org/tcid50/TCID50.html

The results of RT-PCR were expressed as copies
of viral RNA per mL of tissue homogenate.

Evaluation of the immunization efficacy

Immunization efficacy was assessed according to
the scheme (Fig. 1). Syrian hamsters were divided into
nine groups (G1-G9) of six animals each. Each animal
of groups G1-G4 received intranasally 4.0 log | TCID,
in 100 pL of the D-D2 strain. Intranasal administration
of the virus was carried out under diethyl ether anesthe-
sia. Animals of groups G5-G9 were not immunized and
received PBS intranasally. 21 days post-immunization
(p.i.), blood was taken from the animals to assess the to-
tal and neutralizing antibodies to SARS-CoV-2. To eval-
uate the immunization efficacy 28 days p.i., each animal
of groups 1-8 was challenged by 4.0 log,j TCID,; in
100 pL of the virulent SARS-CoV-2 strain intranasally.
Groups G1 and G5 received ancestral Dubrovka strain,
groups G2 and G6 — Podolsk strain (Delta), groups G3
and G7 — Otradnoe strain (Omicron BA.1.1), groups
G4 and G8 — FEB2 strain (Omicron BA.5.2). The neg-
ative control group G9 received an equivalent amount
of PBS. Hamsters were observed daily and weight con-
trol was performed daily from days O to 4. Four days
after the challenge, animals were humanely euthanized
under chloroform anesthesia. Left lungs were collect-
ed for histological examination. Lung, brain, and other
organ tissues were collected, homogenized in DMEM
medium with gentamicin (40 pg/mL) using a “Tissue
Lyser LT homogenizer” (“Qiagen”), and centrifuged at
10,000 rpm for 5 min at 4°C. Supernatants were col-
lected and stored at —80°C for subsequent titration and
determination of viral RNA. The immunization efficacy
was evaluated by comparing the weight dynamics, vi-
ral load in the organs, and histopathological changes in
lungs in immunized and unimmunized animals.

Lung histological examination

Lung histological examination was performed as
described earlier [15]. Formalin-fixed paraffin-embed-
ded left hamster lungs stained by hematoxylin and eo-
sin were used for histological study. Histological sec-
tions of the lungs scored blindly for lung damage, using
a cumulative severity score of 0 to 3 each for an ex-
tended range of parameters as recently suggested [22],
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Fig. 1. The design of the experiment for evaluating the immunization efficacy.

i.e. % of lung area affected, distribution of lesions,
necrosis of bronchial ciliated epithelial cells, cellular
debris in bronchi, diffuse alveolar damage, necrosis of
alveolar cells, cellular debris in alveoli, alveolar hemor-
rhage, alveolar edema, perivascular/interstitial edema,
vasculitis, necrosis and desquamation of vascular endo-
thelial cells, bronchitis, bronchointerstitial pneumonia,
interstitial pneumonia, intraalveolar neutrophils and
macrophages, hyperplasia of bronchial ciliated epithe-
lial cells, hyperplasia of type II alveolar cells. The max-
imum possible score was 60.

Detection of antibodies to SARS-CoV-2

Detection of antibodies to SARS-CoV-2 in ham-
ster’s sera was performed by the ELISA method as de-
scribed earlier [15]. For ELISA, 96-well plates were
coated with a UV-inactivated SARS-CoV-2 virions of
Dubrovka strain, prepared as described by [20].

Viral neutralization test

Measurement of SARS-CoV-2 neutralizing anti-
bodies based on cytopathic effect in Vero cells was per-
formed according to the protocol described earlier [19].
Dubrovka, Podolsk, Otradnoe, and FEB2 SARS-CoV-2
strains adapted to Vero cells were used to determine the
neutralizing activity against different antigenic variants.
The neutralizing titer was considered the reciprocal val-
ue of the last dilution, in which no signs of cytopathic
effect were detected in two or more wells.

Statistical analysis

Statistical processing was performed using Graph-
Pad Prism v. 5.03 software. The data were presented as
the mean + standard deviation (SD) and mean + stan-
dard error (SEM) on the plots. The differences were
compared using paired sample t-test. Differences were
considered to be significant at p < 0.05.

Work safety requirements

All work with the SARS-CoV-2 virus was carried
out under conditions of a Biosafety Level-3 laboratory.

Results

Evaluation of the immunogenicity and efficacy
of attenuated D-D2 strain (a cold-adapted mutant of
Dubrovka strain) was performed in an experiment on
golden Syrian hamsters immunization according to the
scheme (Fig. 1). Hamsters of groups G1-G4 (n = 24)
were intranasally immunized with the D-D2 strain at
the dose of 4.0 log,  TCID, per animal.

Immunogenicity evaluation

After 21 days p.i., [gG antibodies to SARS-CoV-2
proteins in ELISA were detected in sera of all immu-
nized animals in titers ranging from 12,800 to 204,800
(mean 54,933 + 44,257) (Fig. 2, a). The virus-neutral-
izing activity of hamsters’ sera after immunization with
the D-D2 strain was maximal for homologous Dubrov-
ka strain 793 £ 524 (Fig. 2, b). For heterologous strains,
the neutralizing activity of sera was lower for the Po-
dolsk strain (Delta) by four times for Otradnoe and
FEB2 strains (Omicron) by 46 times. In 56% of sera
samples, the neutralizing activity against Otradnoe and
FEB2 strains was not detected. In the sera of non-im-
munized animals (groups G5-G9; n = 30) no antibodies
to the virus were detected either by ELISA or in the
neutralization test.

Evaluation of the immunization efficacy

Twenty-eight days after immunization, the an-
imals were challenged with different SARS-CoV-2
strains according to the scheme (Fig. 1). Challenge
of unimmunized animals (groups G5-G8) with differ-
ent strains revealed their different virulence for Syri-
an hamsters. The Dubrovka strain proved to be the
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most virulent and resulted in weight loss of 14.6%
(»=0.0002) on average at day 4 p.c. (Fig. 3), the most se-
vere pneumonia (Fig. 4, 5), infection not only respiratory
tract but also brain (Fig. 6, 7), that was accompanied by
decreased appetite, lethargy, and sleepiness. When un-
immunized animals were infected with Podolsk, Otrad-
noe, and FEB?2 strains, weight loss was not significant
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(p > 0.05), average by 2.15%, 1.2%, and 2.4% com-
pared to group G9 (naive), while lung histopathology
and the viral load in the brain were lower than infected
with the Dubrovka strain (Fig. 4-7).

All immunized hamsters showed no delay in
weight gain and no changes in behavior compared to un-
immunized animals (Fig. 3). Among the immunized an-
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Fig. 2. Immunogenicity of the D-D2 strain in hamsters following single intranasal administration. Hamsters of G1-G4 groups
were immunized with the D-D2 strain.
a — titer of IgG antibody to SARS-CoV-2 proteins by ELISA; b — titers of neutralizing antibodies against different SARS-CoV-2 strains in the
sera of all animals from groups G1-G4 (n = 24) — Dubrovka (Wuhan), Podolsk (Delta), Otradnoe (BA.1.1), and FEB2 (BA.5.2).
The limit of detection was 20. ***p < 0.001.

Fig. 3. Weight change of immunized and unimmunized hamsters at days 1—4 post-challenge.
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imals (groups G1-G4), the strongest protection against
weight loss was observed in group G1 infected with the
Dubrovka strain, reaching 12.7% (p < 0.0001) at day 4
p-c. When infected with the strains Podolsk (group G2)
and FEB2 (group G4) the difference in the weight of
the immunized and unimmunized animals was non-sig-
nificant (p > 0.05), reaching 2.61% and 2.48% at day 4
p-c., respectively. When infected with the strain Otrad-
noe (group G3) the difference in the weight of the im-
munized and unimmunized animals was significant (p =
0.02), reaching 2.45% at days 3 and 4 p.c.
Morphological changes in the lungs of challenged
unimmunized hamsters (groups G5—G9) corresponded
to interstitial pneumonia, but the severity and preva-
lence of the lesions depended on the strain (Fig. 4). On
the fourth day post-challenge (p.c.) with Wuhan-like
strain Dubrovka (group G5), histological preparations
of animal lungs showed pronounced alterative and
inflammatory changes, which morphologically cor-
responded to bronchointerstitial pneumonia. Areas of
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pneumonia occupied from 50% to 90% of the histolog-
ical section of the organ indicating the subtotal degree
of spread of the inflammatory process in hamster lungs.
In the lungs of hamsters of group G6 challenged with
the Podolsk (Delta) strain, foci of bronchointerstitial
pneumonia occupied from 15 to 50% of the organ slice
area. The lung morphology of hamsters in groups 7 and
8, challenged with the Otradnoe (Omicron BA 1.15)
and FEB (Omicron BA 5.2) strains, showed significant
differences, despite the close phylogenetic relation-
ship between these strains. After the challenge with the
Otradnoe strain, the lungs preparations revealed foci
of bronchointerstitial pneumonia, which occupied not
more than 5—7% of the organ slice area. Contrary, when
infected with the FEB2 strain, foci of pneumonia occu-
pied from 40 to 60%, and the morphological pattern of
inflammatory changes was similar to that in hamsters
challenged with the Dubrovka strain (Fig. 4).
Histological examination of the lungs of immu-
nized hamsters (groups G1-G4) 4 days p.c. with differ-

Fig. 4. Morphological changes of hamster lungs on day 4 post-challenge with different SARS-CoV-2 strains.
Hematoxylin and eosin staining. The size of the scale bar is expressed in microns.
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Fig. 5. Histopathology score for hamster lungs on day 4
post-challenge with different SARS-CoV-2 strains.

*p < 0.05; **p < 0.01; ***p < 0.001.

ent strains did not reveal pathological changes, while
inflammatory changes were mild (Fig. 4). No patholog-
ical changes were detected in hamster lungs immunized
and challenged with Dubrovka (group G1) and Podolsk
(group G2) strains. The histological structure of the

airways and respiratory zone of the lungs appeared
normal. Lungs from immunized hamsters challenged
with Otradnoe (group G3) and FEB2 (group G4) strains
showed focal slightly expressed inflammatory chang-
es in the bronchi, while the morphology of respiratory
zone did not differ from those in negative control ani-
mals (group G9).

Histological examination of lung preparations of
unimmunized uninfected hamsters (group G9, naive)
revealed no pathological changes (Fig. 4).

Thus, histological examination of the lungs
showed that immunization with the D-D2 strain pro-
tects animals from the development of viral pneumonia
regardless of the SARS-CoV-2 strain used for infection.

Based on histological examination, pathologi-
cal changes in the lungs of animals of groups G1-G9
were given a score according to A.D. Gruber et al.
[22] (Fig. 5). In immunized animals (groups G1-G4),
cumulative severity score varied on average from 3.2
to 6.9, while in unimmunized animals (groups G5—
G9) — from 20.8 to 49.8. Immunization of hamsters
with the D-D2 strain reduces the lungs histopathology
score when challenged with the Dubrovka strain by
15.7 times (p < 0.01), Podolsk — 8.4 times (p < 0.01),
Otradnoe — 4.0 times (p < 0.01), FEB2 — 5.7 times
(» <0.01). At the same time, immunized animals chal-
lenged with Omicron-like strains Otradnoe and FEB2
had significantly higher lungs histopathology scores
(5.2 £ 1.5 and 6.9 £ 0.9, respectively), compared to
hamsters challenged with ancestral Dubrovka strain
(3.2+0.1).

Fig. 6. Virus titer in lungs, nasal passages, and brain of immunized and unimmunized hamsters.
The limit of detection was 2.0 log,, TCID/mL.



44

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(1)

DOI: https://doi.org/10.36233/0372-9311-496

Single intranasal immunization with the D-D2
strain protected hamsters from developing a produc-
tive infection when infected with all SARS-CoV-2
strains as evidenced by the absence of infectious virus
in lungs, nasal passages, and brain of all animals from
groups G1-G4 (Fig. 6). All unimmunized animals
(groups G5-G8) developed infection, as confirmed
by virus isolation from the lungs and nasal passages
(Fig. 6). The mean values of virus titer in the lungs
of unimmunized animals ranged from 4.57 to 7.28
log,, TCID, /mL, and in the nasal passages from 4.78
no 6.74 log10 TCIDSO/mL. In the brain samples from
group G5, which consisted of six unimmunized ani-
mals infected with the Dubrovka strain, the infectious
virus was found in all cases. In contrast, no infectious

a
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virus was detected in the brain samples of animals in
other groups.

Viral RNA in the lungs, brain, heart, liver, kidneys,
spleen, and blood of immunized animals (groups G1—
G4) was not detected in the vast majority of animals,
except for some hamsters in which RNA was detected
at the limit of detection of the method. A low concen-
tration of viral RNA was detected in the nasal passages
of immunized animals, averaging 4.7 to 5.8 log,; RNA
copies/mL (Fig. 7). Differences in viral RNA from nasal
passages between groups of immunized and non-immu-
nized hamsters varied depending on the strain used for
challenge from 2.9 to 5.5 logl0: Dubrovka strain —
3.7 (p <0.001), Podolsk — 4.5 (p < 0.05), Otradnoe —
2.9 (p <0.05), and FEB2 — 3.2 (p < 0.05) log10.

Fig. 7. Concentration of viral RNA in organs of immunized and unimmunized hamsters on 4 days post-challenge.

a — lungs, nasal passages, blood, and brain; b — liver, heart, kidneys and spleen.
The limit of detection was 3.0 log,, RNA copies/mL. *p < 0.05; **p < 0.01; ***p < 0.001.
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In the lungs of unimmunized animals (groups G5—
(39), the concentration of viral RNA ranged on average
from 7.60 to 9.25 log , in the nasal passages from 8.22
to 9.34, and in the brain from 3.76 to 7.46 log ; RNA
copies per mL of homogenate. In the heart, liver, kid-
neys, spleen, and blood of most unimmunized animals,
viral RNA was also detected, but at a lower level than
in the lungs and nasal passages (from 3.02 to 6.15 log
RNA copies per mL of homogenate) (Fig. 7). Notably,
when infected with the FEB2 strain, viral RNA was not
detected in the liver and spleen of all animals used.

Discussion

The most outstanding achievements of public
health are associated with the mass use of live vac-
cines: the global eradication of smallpox, the elimi-
nation of polio in most countries, a multiple reduction
in the incidence of measles, rubella, mumps, rotavirus
enteritis, and chickenpox. In this regard, the study of
the potential of live attenuated vaccines (LAV) for the
prevention of COVID-19 seems very relevant. In this
study, we investigated the efficacy of the COVID-19
LAV prototype (D-D2 strain) on golden Syrian ham-
sters challenged with ancestral and heterologous strains
of SARS-CoV-2.

Single intranasal immunization of Syrian hamsters
with ca/ts/att SARS-CoV-2 D-D2 strain showed its
high immunogenicity — seroconversion at 21 days p.i.
was observed in all 24 immunized animals (Fig. 2, a).
Antibodies titers to SARS-CoV-2 in sera of immunized
hamsters as measured in ELISA, using virions of the
“parental” Dubrovka strain as an immunosorbent, aver-
aged 5 x 10°. At the same time, the maximum neutraliz-
ing activity of sera was shown against the homologous
Wuhan-like strain, Dubrovka strain. For the heterolo-
gous virus strains related to Delta and especially Omi-
cron, the neutralizing activity was predictably lower
or absent (Fig. 2, b), which is consistent with changes
in the antigenic properties of the virus S-protein in the
course of evolution and the results of previous studies
(2,3, 15,23, 24].

Despite the reduced (or absent) neutralizing activ-
ity of post-vaccination antibodies against heterologous
strains, immunization with the D-D2 strain protected
hamsters against infection not only with the ancestral
Dubrovka strain but also with strains belonging to Del-
ta and Omicron VOCs. Significant protection against
weight loss was shown when the animals were infected
with the Dubrovka strain: immunized animals weighed
13% more (p < 0.01) than unimmunized animals at day
4 p.c. (Fig. 3). Heterologous strains, Podolsk, Otrad-
noe, and FEB2, showed less virulence for Syrian ham-
sters manifested in a slight decrease in weight of un-
immunized animals. Consequently, the protection of
immunized animals against weight loss of 2-4% when
infected with Podolsk, Otradnoe, and FEB2 strains was
not significant.

The replication level of the virus in the lungs
and other organs, as well as the severity of inflam-
matory changes in the lungs, were more informative
in assessing immunization efficacy. The absence of
infectious virus in the main target organs (lung, nasal
passages, and brain) in immunized animals (groups
G1-G4) on the fourth day after the challenge allows
us to characterize immunity to SARS-CoV-2 as "ster-
ilizing". This conclusion is supported by the fact
that in the vast majority of immunized animals, viral
RNA in homogenates of lungs, brain, blood, and oth-
er organs was below the limit of detection of RT-PCR
(Fig. 7). Viral RNA was detected in the nasal passages
of all immunized animals, while its concentration was
2.9-4.5 logl0 lower, than in unimmunized animals
(Fig. 7, a). At the same time, no infectious virus was
detected in the nasal passages of immunized hamsters
(Fig. 6). A possible explanation for this is that the chal-
lenge was carried out by inoculation of the virus direct-
ly into the nasal passages, therefore, the nasal mucosa
primarily contact with the virus and become infected.
As aresult, limited viral RNA replication occurs in na-
sal epithelial cells, but the infectious virus shedding as
well as infection of lung and other organs was hindered
by acquired immunity factors.

The absence of viral replication in the lungs of
immunized animals is consistent with the absence of
marked lung histopathology there (Figs. 4, 5). Slightly
pronounced focal inflammatory changes in the bronchi
revealed in the lungs of immunized hamsters infected
with heterologous strains, Otradnoe and FEB2 (Figs.
4, 5), probably indicate limited virus replication due to
“escape” of BA.1.1 and BA.5.2 Omicron sublineages
from adaptive immunity formed after immunization
with Wuhan-like strain. Thus, single intranasal immu-
nization of Syrian hamsters with the D-D2 strain pro-
vided strong robust protection of animals against devel-
opment of productive infection and pneumonia not only
after homologous but also heterologous infection four
weeks after immunization.

It is noteworthy that a significant viral RNA load
was detected in the hearts of non-immunized animals
challenged with different SARS-CoV-2 strains (up to
6.0 log10 copies of RNA/mL in group challenged with
Wuhan-like virus) (Fig. 7B). These results are consis-
tent with data from other studies showed pathological
changes, viral RNA, and infectious virus in the hearts
of Syrian hamsters infected with SARS-CoV-2 [25,
26]. These data are of particular importance in the
context of the fact that COVID-19 increases the risk
of myocarditis in humans [27, 28], which is likely due
to increased expression of the ACE2 receptor in human
myocytes [29].

The genetic stability of the D-D2 strain and the
possibility of virulence reversion have not been inves-
tigated. Therefore, we are not yet consider the D-D2
strain as a candidate for development of COVID-19
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LAYV, but as a model vaccine strain to study post-vacci-
nal immunity.

Mass vaccination against COVID-19 has shown
that licensed vaccines poorly protect against infection
with the strains belonging to Omicron VOC. They
provide a level of protection required against severe
COVID-19 infection and death during the Omicron
dominance [30, 31]. However, the post-vaccine pro-
tection against infection and symptomatic infection
with the Omicron strains composed only 40-50% for
mRNA vaccines (declared as the most effective vac-
cines) in the first 3 months p.i., and declines rapidly
to 10-20% thereafter [30-33]. Booster immunization
can restore this value to baseline, but the duration of
the resulting immunity does not exceed 3—6 months
[31, 32, 34-36]. Licensed vaccines (inactivated, vec-
tor, recombinant, and mRNA vaccines) based on the
S-protein of SARS-CoV-2 stimulate both humoral and
cellular immunity ([37-39]; however, apparently their
efficacy is mainly determined by the induction of neu-
tralizing antibodies. Variability of the S-protein and the
emergence of new VOCs leads to a rapid escape of the
virus from immunological surveillance and a decrease
in the effectiveness of such vaccines [2, 3, 23, 24, 40].
The ongoing evolution of the Omicron VOC has led
to the emergence of such of its sublineages that escape
adaptive immunity induced even by previous infection
with parental Omicron sublineages. Thus, sublineages
BF.7, BQ.1, and XBB (which appeared after sublin-
eage BA.4/5), escape neutralization by antibodies, an-
tibody-dependent cellular cytotoxicity, and phagocyto-
sis, induced by breakthrough infection with sublineage
BA.1 [41]. In addition, the sublineages BF.7 and BQ.1
have the greatest resistance to neutralization by a panel
of 77 monoclonal antibodies that effectively neutralize
the Wuhan-like virus [42].

The higher efficacy of intranasally administered
LAV is based on the same mechanisms that are involved
in the development of adaptive immunity during natu-
ral respiratory virus infection [37, 43, 44]. Combined
activation of the humoral and cellular components of
the systemic and mucosal (local) immune defenses can
provide effective protection against SARS-CoV-2 in-
fection [8, 37, 45]. Furthermore, an immune response is
developed against all viral proteins of LAV, both struc-
tural and nonstructural, increasing the efficacy. Thus,
structural proteins M and N are highly immunogenic
and, together with nonstructural proteins, are more
conserved than the S-protein. Furthermore, many T-cell
epitopes of phylogenetically related species of corona-
viruses and various SARS-CoV-2 variants are located
not only in the S-protein [46, 47]. Thus, J. Zhao et al.,
using peripheral blood mononuclear cells isolated from
COVID-19 patients, identified 5 immunodominant T-cell
epitopes in the N-protein of SARS-CoV-2 [47]. It should
also be noted that protective immunity mediated by
T-cells is less dependent on mutations that determine the
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formation of new SARS-CoV-2 VOCs [48, 49]. Indeed
the appearance of new SARS-CoV-2 VOCs is deter-
mined mainly by mutations in the most variable S-pro-
tein, whereas T-cell epitopes are present not only in the
S-protein, but also in more conserved viral proteins.

In recent studies, the immunogenicity and effica-
cy of attenuated SARS-CoV-2 strains were investigat-
ed on animal models of coronavirus infection, such as
golden Syrian hamsters (Mesocricetus auratus), Pho-
dopus roborovskii hamsters and K18-hACE2 transgen-
ic mice line. Immunization of susceptible animals with
attenuated strains of SARS-CoV-2 has been found to
provide highly effective protection against homolo-
gous infection and development of pneumonia [9—-17].
However, the potential for cross-protective activity of
LAVs against heterologous variants of the virus has not
been extensively investigated. J. Trimpert et al. showed
that immunization with attenuated SARS-CoV-2 leads
to the development of immunity in laboratory animals
when infected not only with the parental strain of the
virus but also with unrelated Alpha and Beta VOC
strains [50]. A. Yoshida et al. showed the development
of cross-protection against infection with the Omicron
(BA.1) VOC strain in hamsters immunized with the
recombinant attenuated virus with the S-protein gene
"transferred" from Omicron [13]. Our study shows that
the attenuated Wuhan-like SARS-CoV-2 strain can pro-
vide highly effective protection not only against the
homologous challenge but also when challenged with
heterologous strains belonging to Delta VOC, BA.1.1
and BA.5.2 Omicron VOC sublineages.

The cross-protection shown in our study was pre-
dictable because at the time the study was designed it
was known that naturally acquired SARS-CoV-2 infec-
tion prevents up to 90% of reinfection with Alpha, Beta,
or Delta VOCs and 56% of reinfection with Omicron
VOC strains, while most reinfection cases occur only
one year after the primary disease [51]. Furthermore,
the protective efficacy of primary infection against the
development of severe disease or death in reinfection
with the Omicron is 97.3% (95% CI 94.9-98.6%),
regardless of the virus variant that caused the prima-
ry infection [52]. The extremely low rate of severe
and fatal cases of reinfection potentially points out
that COVID-19 LAV can provide effective protection
against pneumonia and death caused by heterologous
strains. The high potential of LAVs for COVID-19
prevention is supported by the observation that hybrid
immunity (vaccination followed by a breakthrough in-
fection) and SARS-CoV-2 reinfections reduce the risk
of subsequent infections caused by the Omicron strains
by 60% and 85%, respectively [53]. Meanwhile, boost-
erization by breakthrough Omicron infection induces
higher levels of memory B-cell and SARS-CoV-2-spe-
cific T-cells, particularly against the Omicron strains,
compared with booster immunization with inactivated
or vector vaccines [54].
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Noteworthy, practically all developers of LAVs
against COVID-19 achieve effective protection
against challenges with the virulent strain by intrana-
sal administration [9-17]. In this regard, the success-
ful mass use of mucosal vaccines such as live polio
and rotavirus vaccines (administered orally) and live
influenza vaccines (administered intranasally) are re-
vealing. Oral and intranasal administration of these
vaccines provides not only induction of systemic cel-
lular and humoral adaptive immune response but also
the formation of mucosal (local) immunity, including
secretion of specific [gA-antibodies in the respiratory
or intestinal mucosa. During intranasal immunization
followed by infection with a virulent strain, specific
secretory IgA-antibodies neutralize the virus directly
on the mucosa of the respiratory tract, which is the

site of entry of infection, suppressing its adhesive
ability and reducing the efficiency of transmission [8,
55, 56].

Conclusions

The results of the present study showed that
single intranasal immunization of Syrian hamsters with
attenuated Wuhan-like strain of SARS-CoV-2 provides
strong robust protection of animals against infection
and development of pneumonia when challenged not
only with homologous virus but also with heterologous
strains belonging to Delta (AY.122) and Omicron
(sublineages BA.1 and BA.5.2) VOCs. Thus, creation
of attenuated SARS-CoV-2 strains is a promising
strategy for the development of highly effective live
vaccines against COVID-19 on their basis.



48

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(1)

DOI: https://doi.org/10.36233/0372-9311-496

10.

11.

12.

13.

14.

15.

16.

CIIMCOK UCTOYHHUKOB | REFERENCES

. Feikin D.R., Higdon M.M., Abu-Raddad L.J., et al. Duration

of effectiveness of vaccines against SARS-CoV-2 infection and
COVID-19 disease: results of a systematic review and meta-re-
gression. Lancet. 2022;399(10328):924-44.

DOI: https://doi.org/10.1016/s0140-6736(22)00152-0

. Bowen J.E., Addetia A., Dang H.V.,, et al. Omicron spike func-

tion and neutralizing activity elicited by a comprehensive panel
of vaccines. Science. 2022;377(6608):890—4.
DOIL: https://doi.org/10.1126/science.abq0203

. Dejnirattisai W., Huo J., Zhou D., et al. SARS-CoV-2 Omi-

cron-B.1.1.529 leads to widespread escape from neutralizing
antibody responses. Cell. 2022;185(3):467-84.e15.
DOI: https://doi.org/10.1016/j.cell.2021.12.046

. Xiang T., Wang J., Zheng X. The humoral and cellular immune

evasion of SARS-CoV-2 Omicron and sub-lineages. Virol. Sin.
2022;37(6):786-95.
DOI: https://doi.org/10.1016/j.virs.2022.11.007

. Chalkias S., Harper C., Vrbicky K., et al. A bivalent omi-

cron-containing booster vaccine against COVID-19. N. Engl. J.
Med. 2022;387(14):1279-91.
DOI: https://doi.org/10.1056/NEJMo0a2208343

. Chen J.M. Should the world collaborate imminently to develop

neglected live-attenuated vaccines for COVID-19? J. Med. Vi-
rol. 2022;94(1):82-7.
DOIL: https://doi.org/10.1002/jmv.27335

. Gotawski M., Lewandowski P., Jabtonska I., Delijewski M.

The reassessed potential of SARS-CoV-2 attenuation for
COVID-19 vaccine development — a systematic review. Virus-
es. 2022;14(5):991. DOI: https://doi.org/10.3390/v14050991

. Nouailles G., Adler J.M., Pennitz P., et al. Live-attenuated

vaccine sCPD9 elicits superior mucosal and systemic immu-
nity to SARS-CoV-2 variants in hamsters. Nat. Microbiol.
2023;8(5):860-74.

DOL: https://doi.org/10.1038/s41564-023-01352-8

Liu S., Stauft C.B., Selvaraj P., et al. Intranasal delivery of a
rationally attenuated SARS-CoV-2 is immunogenic and protec-
tive in Syrian hamsters. Nat. Commun. 2022;13(1):6792.

DOI: https://doi.org/10.1038/s41467-022-34571-4

Liu Y., Zhang X., Liu J., et al. A live-attenuated SARS-CoV-2
vaccine candidate with accessory protein deletions. Nat. Com-
mun. 2022;13(1):4337.

DOI: https://doi.org/10.1038/s41467-022-31930-z

Trimpert J., Dietert K., Firsching T.C., et al. Development of
safe and highly protective live-attenuated SARS-CoV-2 vaccine
candidates by genome recoding. Cell Rep. 2021;36(5):109493.
DOIL: https://doi.org/10.1016/j.celrep.2021.109493

Ye Z.W., Ong C.P,, Tang K., et al. Intranasal administration of a
single dose of a candidate live attenuated vaccine derived from
an NSP16-deficient SARS-CoV-2 strain confers sterilizing im-
munity in animals. Cell. Mol. Immunol. 2022;19(5):588-601.
DOI: https://doi.org/10.1038/s41423-022-00855-4

Yoshida A., Okamura S., Torii S., et al. Versatile live-attenuated
SARS-CoV-2 vaccine platform applicable to variants induces
protective immunity. iScience. 2022;25(11):105412.

DOIL: https://doi.org/10.1016/j.isci.2022.105412

Abdoli M., Shafaati M., Ghamsari L.K., Abdoli A. Intranasal
administration of cold-adapted live-attenuated SARS-CoV-2
candidate vaccine confers protection against SARS-CoV-2. Vi-
rus Res. 2022;319:198857.

DOI: https://doi.org/10.1016/j.virusres.2022.198857

Faizuloev E., Gracheva A., Korchevaya E., et al. Cold-adapted
SARS-CoV-2 variants with different temperature sensitivity ex-
hibit an attenuated phenotype and confer protective immunity.
Vaccine. 2023;41(4):892-902.

DOI: https://doi.org/10.1016/j.vaccine.2022.12.019

Seo S.H., Jang Y. Cold-adapted live attenuated SARS-CoV-2
vaccine completely protects human ACE2 transgenic mice from

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ORIGINAL RESEARCHES

SARS-CoV-2 infection. Vaccines (Basel). 2020;8(4):584.

DOI: https://doi.org/10.3390/vaccines8040584

XulJ., Liu M., Niu X., et al. The cold-adapted, temperature-sen-
sitive SARS-CoV-2 strain TS11 is attenuated in Syrian hamsters
and a candidate attenuated vaccine. Viruses. 2022;15(1): 95.
DOI: https://doi.org/10.3390/v15010095

®aitzynoes E.b., Kopuesas E.P., I'paueBa A.B. u np. buonoru-
YecKas XapaKTepHCTUKA XOJOJ0aJalTHPOBAHHBIX BapHAHTOB
koponaBupyca SARS-CoV-2. JKypuan muxpobuonozuu, snu-
demuonozuu u ummynoobuonoeuu. 2022;99(4):397-409. Faizu-
loev E.B., Korchevaya E.R., Gracheva A.V., et al. Biologi-
cal characterization of cold-adapted SARS-CoV-2 variants.
Journal of Microbiology, Epidemiology and Immunobiology.
2022;99(4):397-4009.

DOTI: https://doi.org/10.36233/0372-9311-280

EDN: https://elibrary.ru/ligegh

I'pauéBa A.B., KopueBas E.P, Kynpsmosa A.M. u np.
Apanrauus MTT-tecta Juist onpeneseHus] HEUTPaIN3YOIIUX
anturen k Bupycy SARS-CoV-2. JKypuan muxpodbuonocuu,
anudemuonocuu u ummyroouonozuu. 2021;98(3):253-65. Gra-
cheva A.V., Korchevaya E.R., Kudryashova A.M., et al. Adap-
tation of the MTT assay for detection of neutralizing antibodies
against the SARS-CoV-2 virus. Journal of Microbiology, Epide-
miology and Immunobiology. 2021;98(3):253-65.

DOI: https://doi.org/10.36233/0372-9311-136

EDN: https://elibrary.ru/jglovv

Gracheva A.V., Korchevaya E.R., Ammour Y.I., et al. Immu-
nogenic properties of SARS-CoV-2 inactivated by ultraviolet
light. Arch. Virol. 2022;167(11):2181-91.

DOI: https://doi.org/10.1007/s00705-022-05530-7

Chan J.E.W.,, Yip C.C.Y., To K.K.W., et al. Improved molecular
diagnosis of COVID-19 by the novel, highly sensitive and spe-
cific COVID-19-RdRp/Hel real-time reverse transcription-PCR
assay validated in vitro and with clinical specimens. J. Clin. Mi-
crobiol. 2020;58(5):¢00310-20.

DOI: https://doi.org/10.1128/JCM.00310-20

Gruber A.D., Osterrieder N., Bertzbach L.D., et al. Standardi-
zation of reporting criteria for lung pathology in SARS-CoV-2-
infected hamsters: what matters? Am. J. Respir. Cell Mol. Biol.
2020;63(6):856-9.

DOT: https://doi.org/10.1165/rcmb.2020-0280LE

Aiano F., Ireland G., Baawuah F., et al. Antibody persistence af-
ter primary SARS-CoV-2 infection and protection against future
variants including omicron in adolescents: national, prospective
cohort study. Pediatr. Infect. Dis. J. 2023;42(6):496—502.

DOI: https://doi.org/10.1097/inf.0000000000003890

Wang Y., Ma Y., Xu'Y.,, et al. Resistance of SARS-CoV-2 Omi-
cron variant to convalescent and CoronaVac vaccine plasma.
Emerg. Microbes Infect. 2022;11(1):424-7.

DOI: https://doi.org/10.1080/22221751.2022.2027219

Daems M., Liesenborghs L., Boudewijns R., et al. SARS-CoV-2
infection causes prolonged cardiomyocyte swelling and inhibi-
tion of HIFla translocation in an animal model COVID-19.
Front. Cardiovasc. Med. 2022;9:964512.

DOI: https://doi.org/10.3389/fcvm.2022.964512

Jones E.A.V. Mechanism of COVID-19-induced cardiac dam-
age from patient, in vitro and animal studies. Curr. Heart Fail.
Rep. 2023;20(5):451-60.

DOTI: https://doi.org/10.1007/s11897-023-00618-w

Ishisaka Y., Watanabe A., Aikawa T., et al. Overview of SARS-
CoV-2 infection and vaccine associated myocarditis compared
to non-COVID-19-associated myocarditis: A systematic review
and meta-analysis. Int. J. Cardiol. 2024;395:131401.

DOI: https://doi.org/10.1016/j.ijcard.2023.131401

Thaker R., Faraci J., Derti S., Schiavone J.F. Myocarditis in
SARS-CoV-2: a meta-analysis. Cureus. 2023;15(10):e48059.
DOI: https://doi.org/10.7759/cureus.48059

LiuH., Gai S., Wang X., et al. Single-cell analysis of SARS-CoV-2
receptor ACE2 and spike protein priming expression of proteases



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMNI. 2024; 101(1)

DOI: https://doi.org/10.36233/0372-9311-496

49

OPUTVHANbHbBIE NCCJTIEAOBAHNA

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

in the human heart. Cardiovasc. Res. 2020;116(10):1733-41.
DOI: https://doi.org/10.1093/cvr/cvaal9l

Menegale F., Manica M., Zardini A., et al. Evaluation of waning
of SARS-CoV-2 vaccine-induced immunity: a systematic review
and meta-analysis. JAMA Netw. Open. 2023;6(5):¢2310650.
DOIL: https://doi.org/10.1001/jamanetworkopen.2023.10650
Paul P., El-Naas A., Hamad O., et al. Effectiveness of the
pre-Omicron COVID-19 vaccines against Omicron in reducing
infection, hospitalization, severity, and mortality compared to
Delta and other variants: A systematic review. Hum. Vaccin. Im-
munother. 2023;19(1):2167410.

DOI: https://doi.org/10.1080/21645515.2023.2167410

Amir O., Goldberg Y., Mandel M., et al. Protection against Omi-
cron BA.1/BA.2 severe disease 0—7 months after BNT162b2
booster. Commun. Biol. 2023;6(1):315.

DOI: https://doi.org/10.1038/s42003-023-04669-6

Lau J.J., Cheng S.M.S., Leung K., et al. Real-world COVID-19
vaccine effectiveness against the Omicron BA.2 variant
in a SARS-CoV-2 infection-naive population. Nat. Med.
2023;29(2):348-57.

DOI: https://doi.org/10.1038/s41591-023-02219-5

Chemaitelly H., Ayoub H.H., AlMukdad S., et al. Duration of
mRNA vaccine protection against SARS-CoV-2 Omicron BA.1
and BA.2 subvariants in Qatar. Nat. Commun. 2022;13(1):3082.
DOI: https://doi.org/10.1038/s41467-022-30895-3

Espindola O.M., Fuller T.L., de Aratjo M.F., et al. Reduced
ability to neutralize the Omicron variant among adults after
infection and complete vaccination with BNT162b2, Ch-
AdOx1, or CoronaVac and heterologous boosting. Sci. Rep.
2023;13(1):7437. DOI: https://doi.org/10.1038/s41598-023-
34035-9

Huiberts A.J., de Gier B., Hoeve C.E., et al. Vaccine effective-
ness of primary and booster COVID-19 vaccinations against
SARS-CoV-2 infection in the Netherlands from July 12, 2021
to June 6, 2022: A prospective cohort study. Int. J. Infect. Dis.
2023;133:36-42.

DOTI: https://doi.org/10.1016/].1jid.2023.04.401

Kopuesass E.P., I'paueBa A.B., [psxoB M.H. u ap. XKusse
arTeHyupoBaHHble BakuuHbl npotuB COVID-19: nomxonsl
K pa3pabOTKe M MEPCHEKTUBBI KIMHMYECKOTO MPHUMEHEHHS.
JKypHan Mukpoobuono2uu, snU0eMuUoNocUl U UMMYHOOUOTOSUU.
2023;100(3):225-36. Korchevaya E.R., Gracheva A.V., Dya-
kov LN., et al. Live attenuated COVID-19 vaccines: ap-
proaches to development and prospects for clinical use.
Journal of Microbiology, Epidemiology and Immunobiology.
2023;100(3):225-36.

DOI: https://doi.org/10.36233/0372-9311-404

EDN: https://elibrary.ru/psdxzr

Park H., Park M.S., Seok J.H., et al. Insights into the immune
responses of SARS-CoV-2 in relation to COVID-19 vaccines.
J. Microbiol. 2022;60(3):308-20.

DOTI: https://doi.org/10.1007/s12275-022-1598-x

Rahman M.M., Masum M.H.U., Wajed S., Talukder A. A com-
prehensive review on COVID-19 vaccines: development, effec-
tiveness, adverse effects, distribution and challenges. Virusdis-
ease. 2022;33(1):1-22.

DOTI: https://doi.org/10.1007/s13337-022-00755-1

Seidel A., Jacobsen E.M., Fabricius D., et al. Serum neutra-
lizing capacity and T-cell response against the omicron BA.1
variant in seropositive children and their parents one year after
SARS-CoV-2 infection. Front. Pediatr. 2023;11:1020865.
DOTI: https://doi.org/10.3389/fped.2023.1020865

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Guo L., Zhang Q., Zhong J., et al. Omicron BA.1 breakthrough
infections in inactivated COVID-19 vaccine recipients induced
distinct pattern of antibody and T cell responses to different Omi-
cron sublineages. Emerg. Microbes Infect. 2023;12(1):2202263.
DOI: https://doi.org/10.1080/22221751.2023.2202263

Chen J., Yang J., Chang F., et al. Identification of broad neutra-
lizing antibodies against Omicron subvariants from COVID-19
convalescents and vaccine recipients. Virol. Sin. 2023;38(2):
313-6. DOL: https://doi.org/10.1016/j.virs.2023.01.005

Brown B., Ojha V., Fricke L., et al. Innate and adaptive immuni-
ty during SARS-CoV-2 infection: biomolecular cellular mark-
ers and mechanisms. Vaccines (Basel). 2023;11(2):408.

DOI: https://doi.org/10.3390/vaccines11020408

Shen J., Fan J., Zhao Y, et al. Innate and adaptive immunity to
SARS-CoV-2 and predisposing factors. Front. Immunol. 2023;
14:1159326. DOIL: https://doi.org/10.3389/fimmu.2023.1159326
Miteva D., Peshevska-Sekulovska M., Snegarova V., et al. Mu-
cosal COVID-19 vaccines: Risks, benefits and control of the
pandemic. World J. Virol. 2022;11(5):221-36.

DOI: https://doi.org/10.5501/wjv.v11.i5.221

Mateus J., Grifoni A., Tarke A., et al. Selective and cross-reac-
tive SARS-CoV-2 T cell epitopes in unexposed humans. Sci-
ence. 2020;370(6512):89-94.

DOI: https://doi.org/10.1126/science.abd3871

Zhao J., Wang L., Schank M., et al. SARS-CoV-2 specific me-
mory T cell epitopes identified in COVID-19-recovered sub-
jects. Virus Res. 2021;304:198508.

DOI: https://doi.org/10.1016/j.virusres.2021.198508

Sette A., Crotty S. Adaptive immunity to SARS-CoV-2 and
COVID-19. Cell. 2021;184(4):861-80.

DOI: https://doi.org/10.1016/j.cell.2021.01.007

Tarke A., Sidney J., Kidd C.K., et al. Comprehensive analysis of T
cell immunodominance and immunoprevalence of SARS-CoV-2
epitopes in COVID-19 cases. Cell Rep. Med. 2021;2(2):100204.
DOI: https://doi.org/10.1016/j.xcrm.2021.100204

Trimpert J., Adler J.M., Eschke K., et al. Live attenuated virus
vaccine protects against SARS-CoV-2 variants of concernB.1.1.7
(Alpha) and B.1.351 (Beta). Sci. Adv. 2021;7(49):eabk0172.
DOI: https://doi.org/10.1126/sciadv.abk0172

Altarawneh H.N., Chemaitelly H., Hasan M.R., et al. Protection
against the Omicron variant from previous SARS-CoV-2 infec-
tion. N. Engl. J. Med. 2022;386(13):1288-90.

DOI: https://doi.org/10.1056/nejmc2200133

Chemaitelly H., Nagelkerke N., Ayoub H.H., et al. Duration of
immune protection of SARS-CoV-2 natural infection against
reinfection. J. Travel Med. 2022;29(8):taac109.

DOI: https://doi.org/10.1093/jtm/taac109

Sun K., Tempia S., Kleynhans J., et al. Rapidly shifting immu-
nologic landscape and severity of SARS-CoV-2 in the Omicron
era in South Africa. Nat Commun. 2023;14(1):246.

DOI: 10.1038/s41467-022-35652-0

YuP,LiuZ.,ZhuZ., et al. Omicron variants breakthrough infec-
tion elicited higher specific memory immunity than third dose
booster in healthy vaccinees. Virol. Sin. 2023;38(2):233-43.
DOI: https://doi.org/10.1016/j.virs.2022.12.008

Jacobson R.M., Poland G.A. Universal vaccination of healthy
children against influenza: a role for the cold-adapted intranasal
influenza vaccine. Pediatr. Drugs. 2002;4(1):65-71.

DOI: https://doi.org/10.2165/00128072-200204010-00007
Nian X., Zhang J., Huang S., et al. Development of nasal vaccines
and the associated challenges. Pharmaceutics. 2022;14(10):1983.
DOI: https://doi.org/10.3390/pharmaceutics 14101983



50

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(1)

DOI: https://doi.org/10.36233/0372-9311-496

Information about the authors

Evgeny B. Faizuloev™ — Cand. Sci. (Biol.), Head, Applied virology
laboratory, I. Mechnikov Research Institute of Vaccines and Sera,
Moscow, Russia; senior lecturer, Department of virology, Russian
Medical Academy of Continuous Professional Education, Moscow,
Russia, faizuloev@mail.ru, https://orcid.org/0000-0001-7385-5083

Anastasiia V. Gracheva — researcher, Applied virology laboratory,
I. Mechnikov Research Institute of Vaccines and Sera, Moscow, Rus-
sia, https://orcid.org/0000-0001-8428-4482

Ekaterina R. Korchevaya — junior researcher, Applied virology labo-
ratory, I. Mechnikov Research Institute of Vaccines and Sera, Mos-
cow, Russia, https://orcid.org/0000-0002-6417-3301

Yulia I. Ammour — Cand. Sci. (Biol.), Head, Oncolytic viruses labora-
tory, 1. Mechnikov Research Institute of Vaccines and Sera, Moscow,
Russia, https://orcid.org/0000-0003-0223-5738

Daria I. Smirnova — junior researcher, Applied virology laboratory,
I. Mechnikov Research Institute of Vaccines and Sera, Moscow, Rus-
sia, https://orcid.org/0000-0001-7325-0834

Darya M. Khokhlova — junior researcher, Applied virology laboratory,
I. Mechnikov Research Institute of Vaccines and Sera, Moscow, Rus-
sia, https://orcid.org/0009-0003-5745-7589

Andrey O. Drokov — intern, Applied virology laboratory, I. Mechnikov
Research Institute of Vaccines and Sera, Moscow, Russia,
https://orcid.org/0009-0006-3300-8078

Andrey A. Pankratov — Cand. Sci. (Biol.), Head, Department of ex-
perimental pharmacology and toxicology, P.A. Hertsen Moscow On-
cology Research Institute, Moscow, Russia,
https://orcid.org/0000-0001-7291-9743

Galina V. Trunova — Cand. Sci. (Biol.), senior researcher, Depart-
ment of experimental pharmacology and toxicology, P.A. Hertsen
Moscow Oncology Research Institute, Moscow, Russia,
https://orcid.org/0000-0003-2917-4496

ORIGINAL RESEARCHES

Varvara A. Khokhlova — junior researcher, Department of experi-
mental pharmacology and toxicology, P.A. Hertsen Moscow Oncolo-
gy Research Institute, Moscow, Russia,
https://orcid.org/0000-0002-0339-2068

Maria S. Vorontsova — Cand. Sci. (Biol.), junior researcher, Depart-
ment of experimental pharmacology and toxicology, P.A. Hertsen
Moscow Oncology Research Institute, Moscow, Russia,
https://orcid.org/0000-0002-9320-1746

Irina A. Leneva — D. Sci. (Biol.), Head, Experimental virology labo-
ratory, I. Mechnikov Research Institute of Vaccines and Sera, Mos-
cow, Russia, https://orcid.org/0000-0002-7755-2714

Oksana A. Svitich — D. Sci. (Med.), Prof., Corresponding Member of
RAS, Director, I. Mechnikov Research Institute of Vaccines and Sera,
Moscow, Russia; Professor, Department of microbiology, virology and
immunology, .M. Sechenov First Moscow State Medical University
(Sechenov University), Moscow, Russia,
https://orcid.org/0000-0003-1757-8389

Vitaly V. Zverev — D. Sci. (Biol.), Prof., Academician of RAS, Scien-
tific director, I. Mechnikov Research Institute of Vaccines and Sera,
Moscow, Russia; Head, Department of microbiology, virology and
immunology, .M. Sechenov First Moscow State Medical University
(Sechenov University), Moscow, Russia, https://orcid.org/0000-0001-
5808-2246

Author contribution: Faizuloev E.B. — research conception, me-
thodology, writing and editing the manuscript; Gracheva A.V. —
research design, experiments; Korchevaya E.R., Smirnova D.l.,
Drokov A.O., Khokhlova D.M. — experiments, data collection, sta-
tistical analysis; Pankratov A.A., Trunova G.V., Khokhlova V.A., Vo-
rontsova M.C. — histology; Ammour Y.I., Leneva I.A., Svitich O.A.,
Zverev V.V. — methodology, revision of the manuscript. All authors
confirm that they meet the International Committee of Medical Journal
Editors criteria for authorship, made a final approval of the version to
be published.
The article was submitted 05.01.2024;
accepted for publication 20.01.2024;
published 28.02.2024


https://orcid.org/0000-0001-7385-5083
https://orcid.org/0000-0001-8428-4482
https://orcid.org/0000-0002-6417-3301
https://orcid.org/0000-0003-0223-5738
https://orcid.org/0000-0001-7325-0834
https://orcid.org/0009-0003-5745-7589
https://orcid.org/0009-0006-3300-8078
https://orcid.org/0000-0001-7291-9743
https://orcid.org/0000-0003-2917-4496
https://orcid.org/0000-0002-0339-2068
https://orcid.org/0000-0002-9320-1746
https://orcid.org/0000-0002-7755-2714
https://orcid.org/0000-0003-1757-8389
https://orcid.org/0000-0001-5808-2246
https://orcid.org/0000-0001-5808-2246

KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMNI. 2024; 101(1) 51

DOI: https://doi.org/10.36233/0372-9311-496

OPUTVHANbHbBIE NCCJTIEAOBAHNA

UHpopmayusi 06 aesmopax

®atisynoes EszeHull baxmueposuy™ — k.6.H., 3aB. nab. npuknas-
How Bupyconorun HUMBC um. U.N. MeunukoBa, Mocksa, Poccus;
cTapwui npenogasatent kadpeapsl Bupyconorum PMAHIMO, Mo-
ckBa, Poccus, faizuloev@mail.ru,
https://orcid.org/0000-0001-7385-5083

lpayesa AHacmacusi BsiuecnagogHa — H.c. nab. npvknagHowm BUpY-
conorum HUMBC um. N.N. Meunnkoea, Mockea, Poccus,
https://orcid.org/0000-0001-8428-4482

Kopuesas ExamepuHa PomaHo8Ha — M.H.c. nab. npuknagHomn Bupy-
conorun HAMBC um. N.U. MeuHukosa, Mockaa, Poccus,
https://orcid.org/0000-0002-6417-3301

Ammyp HOnus NeopesHa — K.6.H., 3aB. Nnab. OHKONMUTUYECKUX BUPY-
coB HUMBC nm. N.N. MeuHunkoBa, Mocksa, Poccus,
https://orcid.org/0000-0003-0223-5738

CmupHosa [apbs UnbuHUYHa — M.H.C. nab. npuknagHon B1pycoro-
rum HAMBC nm. U.N. MeuHukoBa, Mockea, Poccus,
https://orcid.org/0000-0001-7325-0834

Xoxnosa Japbsi MuxatisiogHa — M.H.c. nab. npuknagHon BUPYcomno-
rmm HAMBC um. N.U. Meunukosa, MockBa, Poccus,
https://orcid.org/0009-0003-5745-7589

[pokoe AHOpeli Onezosuy — cTaxep nab. NpuknagHoON BUPYCOIo-
rmmn HIMBC um. N.N. MeuHukosa, Mocksa, Poccus,
https://orcid.org/0009-0006-3300-8078

lMaHkpamoe AHOpeli AnekcaHOposud — K.6.H., 3aB. oTAeneHvem
3KCNepuMeHTanbHon dapmakonorun u Tokeukonorun MHAOW mm.
M.A. F'epueHa, Mocksa, Poccus,
https://orcid.org/0000-0001-7291-9743

TpyHosa [anuHa BnadumuposHa — K.6.H., C.H.C. OTAeNneHus
3KCnepvMeHTanbHou dapmakonorum u Tokcukonormm MHNOU
um. MN.A. l'epueHa, Mockea, Poccus,
https://orcid.org/0000-0003-2917-4496

Xoxnosea Bapsapa AHOpeesHa — M.H.C. OTOENEHUSI IKCNEPUMEH-
TanbHow hapmakonorumn u Tokemukonorin MHUOW um. M.A. l'epueHa,
Mocksa, Poccus, https://orcid.org/0000-0002-0339-2068

BopoHuoea Mapus CepeeesHa — K.6.H., M.H.C. OTAENeHNs aKcnepu-
MeHTanbHow gapmakonorum n Tokeukonorum MHUOW mnm. T1.A. Tep-
ueHa, Mocksa, Poccus, https://orcid.org/0000-0002-9320-1746

JleHesa VipuHa AHamornbeeHa — A.6.H., 3aB. fab. akcnepMMeHTanb-
Howu Bupyconorum HUMBC um. U.UN. MeuHukoBa, Mocksa, Poccus,
https://orcid.org/0000-0002-7755-2714

Ceumuy OkcaHa AHamornbesHa — A.M.H., Npodeccop, YneH-Kopp.
PAH, gupektop HUMBC nm. .M. MeuHukoBa, MockBa, Poccus; npo-
deccop kad. Mnkpobronorum, BUpyconornm u uMMmyHonorun Meau-
Ko-npodunakTuyeckoro dakynsreta MNepsoro MIMY um. U.M. Ceve-
HoBa (CeueHoBckuii YHuepcutet), Mockea, Poccus,
https://orcid.org/0000-0003-1757-8389

3sepes Bumanuli Bacunbesuy — p[.6.H., npodeccop, akageMuk
PAH, HayyHbIn pykoBoautens HUMBC um. U.U. MevnnkoBa, Mocksa,
Poccus; 3aBegyrowimin kaceapo Mukpobuonorum, BUPYconorum u
nMmyHonorun Mepaumko-npodpunaktuyeckoro gakynsreta [lepsoro
MIMY um. N.M. CeueHoBa (CeveHoBckui YHuepcuteT), Mockea,
Poccus, https://orcid.org/0000-0001-5808-2246

Y4yacmue aemopos: ®alizynoese E.b. — koHUenuus uccregosa-
HWUsI, METOOONOrNsA, HanucaHue u pedakTupoBaHue crTatbu; [pa-
yeea A.B. — am3ainiH uccnenoBaHus, dKCNEpUMEHTanbHas YacTb;
Kopuesasi E.P, CmupHosa [.U. [pokos A.O., Xoxnosa .M. — akc-
nepuMeHTanbHas 4acTb, cOOp M aHanu3 AaHHblX, BU3yanusauus;
lNMaHkpamos A.A., TpyHosa I.B., Xoxnoea B.A., BopoHyosa M.C. —
rmcTonoruyeckoe nuccnegoBanue nerkux; Ammyp HO.U., fleHesa U.A.,
Cesumuy O.A., 36epes B.B. — meTtogonorusi, pegakTupoBaHue cra-
Tbu. Bce aBTOpbl NoATBEpPXOAlOT COOTBETCTBME CBOEro aBTOpPCTBA
KpuTepusMm MexayHapogHOro KoMmuTeTa peaakTopoB MEAUMLMHCKUX
XYpHanoB, npoynu u ogobpunu uHanbHylo Bepcuio Ao nybnvka-
Lmu.
Cratbsi noctynuna B pepakumto 05.01.2024;
npvHsTa k nyénukauum 20.01.2024;
ony6nukosaHa 28.02.2024


https://orcid.org/0000-0001-7385-5083
https://orcid.org/0000-0001-8428-4482
https://orcid.org/0000-0002-6417-3301
https://orcid.org/0000-0003-0223-5738
https://orcid.org/0000-0001-7325-0834
https://orcid.org/0009-0003-5745-7589
https://orcid.org/0000-0001-7291-9743
https://orcid.org/0000-0003-2917-4496
https://orcid.org/0000-0002-0339-2068
https://orcid.org/0000-0002-9320-1746
https://orcid.org/0000-0002-7755-2714
https://orcid.org/0000-0003-1757-8389
https://orcid.org/0000-0001-5808-2246

