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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.
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Аннотация
Введение. Несмотря на окончание пандемии COVID-19, проблема вакцинопрофилактики этого заболе-
вания сохраняет актуальность. Появление и широкое распространение варианта SARS-CoV-2 Omicron и 
его сублиний привело к резкому снижению эффективности вакцинопрофилактики COVID-19. Возможным 
подходом к решению этой проблемы является разработка назальной живой аттенуированной вакцины, 
способной активировать гуморальный, мукозальный и клеточно-опосредованный иммунитет, обеспечивая 
стойкий иммунный ответ и перекрёстную защиту от различных антигенных вариантов вируса.
Целью исследования была оценка эффективности иммунизации аттенуированным холодоадаптирован-
ным Ухань-подобным штаммом SARS-CoV-2 D-D2 при гомологичном и гетерологичном заражении.
Материалы и методы. Исследование проведено на животной модели коронавирусной пневмонии на ос-
нове золотистых сирийских хомячков. Эффективность иммунизации оценивали путём сравнения дина-
мики веса, вирусной нагрузки в органах и гистопатологических изменений лёгких у иммунизированных и 
неиммунизированных животных.
Результаты. Однократная интраназальная иммунизация золотистых сирийских хомячков штаммом D-D2 
показала его высокую иммуногенность: сероконверсия проявилась у всех иммунизированных животных. 
Аттенуированный Ухань-подобный штамм D-D2 обеспечивал высокоэффективную защиту хомячков от 
развития продуктивной инфекции и пневмонии при заражении как родительским вирусом, так и гетероло-
гичными штаммами, относящимися к вариантам Delta (AY.122) и Omicron (сублинии BA.1.1 и BA.5.2).
Заключение. Аттенуация SARS-CoV-2 является перспективной стратегией для разработки высокоэффек-
тивной назальной живой вакцины против COVID-19.

Ключевые слова: живая аттенуированная вакцина против COVID-19, холодоадаптированный SARS-
CoV-2, эффективность иммунизации, интраназальная иммунизация, гетерологичное заражение, пере-
крёстная протективная активность, золотистые сирийские хомячки
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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 23ºC), we obtained its cold-adapted 
(ca) variant called D-D2 strain [18]. D-D2 strain exhib-
ited a temperature-sensitive (ts) phenotype (it did not 
replicate at 39ºC), which determined its reduced repli-
cation in the lungs of golden Syrian hamsters and, thus, 
an attenuated (att) phenotype. During intranasal immu-
nization of hamsters, D-D2 strain exhibited high immu-

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 ts and 
att phenotype, which we obtained earlier by adapting 
the Dubrovka strain for growth in Vero CCL-81 cell 
culture at lower temperature (23ºC), 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 
37ºC (Dubrovka, Podolsk, Otradnoe and FEB2 strains) 
or 23ºC (D-D2 strain) for 3-8 days (depending on virus 
strain) in an atmosphere of 5% CO2. Virus-containing 
culture medium was clarified by centrifugation and 
stored at –80ºC 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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the Reed–Muench method using an online-calculator1 
and expressed as log10 TCID50/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 Taq-polymerase 
reaction mixture reagent kit and MMLV reverse tran-
scriptase (Syntol) were used to perform one-step reverse 
transcription real-time PCR reaction. 50 µL reaction 
mixture contained 5 units of Taq DNA polymerase, 30 
units of MMLV reverse transcriptase, 10 pmol of each 
primer and 5 pmol of probe. Thermal cycling process 
included 45ºC — 10 min (1 cycle); 95ºC — 5 min (1 
cycle); 95ºC — 5 sec, 55ºC — 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 × 102 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 103 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 × 3.5348X, 
where Y is Ct value; X is concentration of viral RNA 
(Log10 copies/mL). 

1 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 log10 TCID50 
in 100 μL 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 log10 TCID50 in 
100 μL 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 0 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 µg/mL) using a “Tissue 
Lyser LT homogenizer” (“Qiagen”), and centrifuged at 
10,000 rpm for 5 min at 4ºC. Supernatants were col-
lected and stored at –80ºC 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],  

Table 1. SARS-CoV-2 strains used in the study

Strain Collection date GenBank ID Variant Pangolin 
lineage

Passage 
level

Cultivation 
temperature, ºC

Dubrovka June 2020 MW514307.1 Wuhan-like (wild-type) B.1.1.317 17 37

D-D2 June 2020 ON040961.1 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
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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 log10 TCID50 per animal. 

Immunogenicity evaluation
After 21 days p.i., IgG 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 

Fig. 1. The design of the experiment for evaluating the immunization efficacy. 
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most virulent and resulted in weight loss of 14.6%  
(p = 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 FEB2 strains, weight loss was not significant  

(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-

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. 

а b
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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 

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. 

*р < 0.05; **р < 0.01; ***р < 0.001.

Fig. 6. Virus titer in lungs, nasal passages, and brain of immunized and unimmunized hamsters. 
The limit of detection was 2.0 log10 TCID50/mL.

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 
(p < 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).
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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 log10 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 log10: 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.

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 
log10 TCID50/mL, and in the nasal passages from 4.78 
до 6.74 log10 TCID50/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 

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 log10 RNA copies/mL. *p < 0.05; **p < 0.01; ***p < 0.001.

а

b
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In the lungs of unimmunized animals (groups G5–
G9), the concentration of viral RNA ranged on average 
from 7.60 to 9.25 log10, in the nasal passages from 8.22 
to 9.34, and in the brain from 3.76 to 7.46 log10 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 log10 
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, а). 
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 × 105. 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 lo wer 
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 log10 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 a result, 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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LAV, 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 isola ted 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 

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 
atte nuated 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 IgA-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.
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