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Abstract

Introduction. Animal models for SARS-CoV-2 infection, reproducing the clinical features of COVID-19 in
humans, are important tools for studying the pathogenesis of the disease, transmission of the pathogen and are
indispensable for testing antiviral drugs and vaccines.

The aim of the study was to assess the virulence and tissue tropism for golden Syrian hamsters of SARS-CoV-2
strains belonging to different variants of concern: Wuhan-like, Delta, Omicron BA.1.1 and Omicron BA.5.2.
Materials and methods. Hamsters were intranasally infected with different SARS-CoV-2 strains. Virulence and
tissue tropism of SARS-CoV-2 strains were assessed by comparing the dynamics of weight, viral load in organs
and histopathological changes in lungs in infected and uninfected animals.

Results. The Wuhan-like Dubrovka strain had the greatest virulence for hamsters, which was manifested by the
development of severe pneumonia and a delay in weight gain by 14.6%, high virus content in the lungs, nasal
passages and brain — 6.2, 5,9 and 3.7 log10 TCID,/ml of homogenate, respectively. Presumably, it was the
infection of the Wuhan-like virus of the central nervous system that negatively affected the weight and general
condition of the animals. When hamsters were infected with viruses belonging to the Delta and Omicron variants,
the observed minor weight loss in animals was uninformative, so indicators such as lung histopathology, viral load
in the lungs, nasal passages, heart and other organs played a decisive role in assessing the virus pathogenicity.
A score assessment of lung histopathology was of particular value in assessing the severity of pneumonia,
since it reduced subjectivity in evaluating the results of histological examination and provided a semi-quantitative
assessment of the pathological process.

Conclusion. Despite the revealed lower virulence for hamsters of viruses belonging to the Delta and Omicron
variants compared to the ancestral Wuhan virus, this animal model for COVID-19 retains its value for conducting
preclinical trials of antiviral drugs.

Keywords: animal model for COVID-19, golden Syrian hamsters, virulence, tissue tropism, epidemiologically
significant SARS-CoV-2 variants
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AHHOMauyus

BBepeHue. XXuoTHble mogenu wuHdekumm SARS-CoV-2, BocnpousBogsilimMe KrivHudeckme ocobeHHOCTU
COVID-19 y yenoBeka, ABMSATCA BaXKHbIMU MHCTPYMEHTaMM M3y4YeHns natoreHesa 3abonesaHunsi, TpaHCMUCCUK
BO3OyaMNTENS M HE3AMEHUMBbI NPU UCMbITAHUAX NMPOTUBOBUPYCHbBIX NIEKAPCTBEHHbLIX NPENapaToB U BaKLWH.
Llenbto vccnenoBaHusl sIBNsSNacb OLEHKA BUMPYNEHTHOCTU M TKAHEBOW CNeundUYHOCTU AN 30M0TUCTbIX CU-
PUACKMX XOMSAYKOB WTaMMOB SARS-CoV-2, OTHOCALWMXCA K pasHbIM 3NUOEMUYECKM 3HAYMMbIM BapuaHTaM:
YxaHb-nogobHomy, Delta, Omicron BA.1.1 n Omicron BA.5.2.

MaTtepuanbl u MeToabl. XOMSYKOB MHTPaHa3anbHO 3apaxanu pasHbiMu wtammamu SARS-CoV-2. BupyneHT-
HOCTb M TKaHeBylo crneunduyHocTb WwTamMmmoB SARS-CoV-2 oueHvnBanu nyTéM CpaBHEHWUS AMHAMMKW Macchbl,
BMPYCHOWM Harpy3ku B OpraHax v BbIPa)KEHHOCTN NaToMOPEONOrMyecknx U3MEHEeHUN B NErknx y 3apaxeHHbIX 1
He3apaXEHHbIX XUBOTHbIX.

PesynbraTtbl. HanGonbLue BUPYNEHTHOCTLIO AN XOMSIYKOB obnagan YxaHb-nogo6HbIN WTamm, YTo NposiBns-
NOCb B pa3BUTMMN TSHXKENON MHEBMOHUN 1 3aAepXKKe B MPUpOCTe macchl Ha 14,6%, BLICOKOM COAepXaHum Bupyca
B JIErKMX, HOCOBbIX XOAax M rofioBHOM Mosre — 6,2, 5,9 n 3,7 Ig T, /mn romoreHata cooteetcTeeHHo. MNpea-
MOMNOXWTENBHO MMEHHO NOpaXeHue YxaHb-Nogo6HbIM BUPYCOM LiEHTpanbHOW HEPBHOW CUCTEMbI HEFaTUBHO MO-
BMMAIO Ha NoKa3aTenu Maccbl U obLiee COCTOSIHNE XMBOTHbIX. [py 3apaXeHMn XOMSYKOB LUTaMMaMU, OTHOCS-
wmmMmcs k BapmaHtam Delta 1 Omicron, He3HaunTenbHas NOTepst Macchbl XXMBOTHLIMMK Gblina HEMHOPMAaTUBHOWN,
NMO3TOMY MPW OLEHKE NaTOreHHOCTW BMpyca peLualoLLyto pofib Urpanu Takue nokasaTenu, Kak rmctonatonorus
NErkux, BUpyCHas Harpyska B JTErKMX, HOCOBbIX Xo4ax, cepaue n apyrnx opraHax. Ocobyto LLeHHOCTb Mpu cpas-
HEHUM THKECTU NMHEBMOHMM UMena GannbHas oLeHKa BblpaXXeHHOCTU NaToOMOPdONOrMYeckMx N3aMeHeHUIN B Nér-
KMX, NMOCKOSIbKY OHa CHmana cybbekTMBM3M B OLEHKE Pe3yrnbTaToB MMCTONOrMYECKOro NccnefoBaHvs 1 gaeana
NONyKONMYECTBEHHYHO OLIEHKY NMaTornorMyeckoro npouecca.

3aknroveHune. HecmoTps Ha BbIsIBNEHHYO Gonee HU3KYH BUPYNEHTHOCTb ANsi XOMSYKOB LUTAMMOB, OTHOCSILLIMX-
ca Kk BapuaHTam Delta u Omicron, no cpaBHeHWIO C poAoHaYanbHbIM YXaHbCKMM BUPYCOM, AaHHasi )KMBOTHas
mogens COVID-19 coxpaHsieT CBOK LIeHHOCTb AN NPOBeAEHUS AOKIIMHUYECKMX UCNBbITAHUA MPOTUBOBUPYCHBIX
npenaparos.

KnioueBble cnosa: xugsomHasi modernb COVID-19, 3omomucmsie cupulicKue XOMSIYKU, 8UPY/TIEHMHOCMb, MKa-
Hesas crieyuguyHoCcmb, INUdemMuyecKu 3Ha4umble sapuaHmsl SARS-CoV-2

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COONIOAEHNE UHCTUTYLIMOHANbHBIX Y HaLMOHAaNbHbIX CTaHaap-
TOB MO MCMNOMb30BaHMIO TabopaToOpPHbIX XXUBOTHLIX B coOTBETCTBUU ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NMpotokon nccnegosaHusa ogobpeH Otuveckum komutetom HUMBC nm. N.U. MeyHukoBa (npo-
Tokon Ne 2 ot 24.05.2021).
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uven B nuue MuHobpHaykm Poccum.
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Introduction

Modeling viral diseases in laboratory animals is
one of the most important problems of medical virology.
The emergence in 2019 and global spread of SARS-
CoV-2 coronavirus (Severe acute respiratory syndrome-
related coronavirus species, Betacoronavirus genus,
Coronaviridae family), accompanied by a high rate of
hospitalization and mortality among those who became
ill, necessitated the urgent development of treatments
and specific prophylaxis for COVID-19, which is
impossible without preclinical testing in adequate
animal models of the disease. Since the beginning of
the pandemic, considerable efforts have been made to
develop effective and safe vaccines and therapeutic
agents, and studies of the pathogenesis and features
of the immune response to SARS-CoV-2 infection
have been conducted [1]. The success of these studies
largely depended on the availability of animal models
for coronavirus infection developed in the first decade
of the 2000s against the background of the threat of
worldwide spread of SARS-CoV-1, the causative agent
of severe acute respiratory syndrome [2], which belongs
to the same species as SARS-CoV-2. Animal models for
infection that reproduce clinical and pathological features
of COVID-19 in humans are important tools for studying
the pathogenesis of the disease, pathogen transmission
and are indispensable for testing new antiviral drugs and
vaccines [3-5].

To date, there are several animal models for
COVID-19, primarily based on representatives of pri-
mate, carnivore and rodent groups. However, the prob-
lem of selecting the most adequate, informative and
convenient model remains relevant. The value of pri-
mate-based animal models for coronavirus pneumonia
lies in the fact that monkeys are similar to humans in their
physiological characteristics and immune regulation.
Rhesus macaques, African green monkeys, baboons, and
common marmosets are most often used for COVID-19
modeling [1, 6, 7]. The main drawbacks of such models
are the huge demand for animals, high cost, shortage of
trained personnel and primate vivariums equipped ac-
cording to biosafety level 3 requirements [1, 6].

Mink, ferrets and cats are also susceptible to
SARS-CoV-like coronaviruses [7-11]. Notably, SARS-
CoV-2 is found in the nasal cavity of ferrets and they
can be infected by indirect contact, indicating the abili-
ty of ferrets and mink to transmit the virus by mimick-
ing the SARS-CoV-2 transmission pathway in humans.
A disadvantage of such models is that these animals are
relatively large carnivores, so handling them is difficult.
Therefore, there is a need for models based on small
laboratory animals that are susceptible to the virus.

Mice and other rodents are most commonly used
to model COVID-19. However, wild-type mice are not
susceptible to infection with the ancestral Wuhan-like
virus SARS-CoV-2 [5, 6, 12] because the virus is
able to bind efficiently to the human ACE2 receptor

ORIGINAL RESEARCHES

(hACE2) but not to murine ACE2 (mACE?2). Our pre-
vious findings indicate that Wuhan-like virus does not
cause productive infection in BALB/c mice and, in con-
trast, when infected with Omicron-like virus multiplies
in lungs, brain tissue, and other organs [5].

Several lines of genetically modified mice with
hACE2 receptor are known, which have been adapted
for studies on the pathogenesis of cardiovascular diseas-
es and modeling of coronavirus infection [6, 12]. These
transgenic mouse lines, with different origin, are capable
of stable hACE2 expression in many organs. The mouse
model also has some serious limitations, including dif-
ferences in hACE2 expression patterns in different or-
gans and tissues in humans and mice. Because hACE2
expression in transgenic mice is not physiologic, infec-
tion with SARS-CoV-2 can cause clinical manifestations
and pathologic changes uncharacteristic of humans [1].
In addition, transgenic mice are not widely available in
Russia and are characterized by high cost.

Among SARS-CoV-2 susceptible animals, the
golden Syrian hamster (Mesocricetus auratus; hereafter
hamsters) is of particular interest. Genetic comparison
of hACE2 with analogous receptors of other mammals
showed that the amino acid sequence of hamster ACE2
is very similar to that of the analogous human receptor,
with which it has only 3-4 differences. In addition, ham-
ster ACE2 has shown high affinity for the S-protein of
SARS-CoV-2 and SARS-CoV in several studies [1, 3, 7].

The hamster model for coronavirus pneumonia is
widely used in preclinical studies of vaccines and drugs
[13]. Symptoms, disease pathogenesis and immune
responses characteristic of COVID-19 in humans are
well reproduced in hamsters [3, 14]. Hamsters are also
in demand for modeling other human respiratory viral
infections [14] caused by viruses such as SARS-CoV-1
[2], influenza viruses [15, 16] and adenoviruses [14,
17]. With advantages such as high reproduction rate,
easy handling, affordable cost and availability in nurs-
eries, hamsters are an optimal choice compared to other
small laboratory animals.

Coronavirus disease caused in hamsters by Wu-
han-like strains of SARS-CoV-2 has been well studied
and characterized to date [13, 18-20]. Since at the cur-
rent stage of the epidemic process, the ancestral SARS-
CoV-2 virus has been replaced by new variants of con-
cern (first Delta, then Omicron and its progeny), it is
of interest to study their virulence and disease patho-
genesis in infected hamsters. Previously, we conduc-
ted a study of the protective activity of a prototype live
attenuated vaccine against SARS-CoV-2 in hamsters,
which included their infection not only with the pa-
rental Wuhan-type virus, but also with strains belong-
ing to Delta and Omicron variants [21]. In this article,
we considered it appropriate to review and discuss the
results obtained in more detail in the context of the
pathogenicity of different virus variants for non-im-
munized hamsters.
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The aim of the study was to assess the virulence
and tissue specificity of SARS-CoV-2 strains belonging
to different variants of concern in Syrian golden ham-
sters.

Materials and methods

Virus

Laboratory strains of SARS-CoV-2 isolated at the
L.I. Mechnikov Research Institute of Virus Diseases
from patients with confirmed diagnosis of COVID-19
during different periods of the pandemic were used in
the study (Table 1). All works with SARS-CoV-2 virus
were conducted in the conditions of the biosafety level
3 laboratory.

SARS-CoV-2 was cultured in Vero CCLS1
(ATCC) kidney epithelial cell culture of African green
monkey (hereinafter referred to as Vero) at 37°C in
DMEM medium based on Earle's buffer (PanEco) with
5% fetal bovine serum (Gibco), 300 pg/mL L-gluta-
mine (PanEco), 40 pg/mL gentamicin (PanEco) in an
atmosphere of 5% CO,. A three-day-old monolayer of
Vero cells was infected with SARS-CoV-2 virus at a
multiplicity of infection MOI = 0.001. Virus adsorp-
tion was performed in a CO, incubator for 60 min, then
maintenance medium (DMEM, 300 pg/mL L-gluta-
mine, 40 pg/mL gentamicin) was added and incubated
at 37°C until the appearance of pronounced cytopathic
action (CPA) in an atmosphere of 5% CO,. After the
appearance of pronounced CPA, the culture fluid was
clarified by centrifugation at 4000 rpm for 10 min and
stored at -80°C until used in experiments.

The titer of SARS-CoV-2 was determined in Vero
cell culture by CPA endpoint. Tenfold dilutions of virus
in 4 repeats were added to the wells of a 96-well plate
with a 3-day-old monolayer of Vero cells and incubated
for 5 days at 37°C in an atmosphere of 5% CO.,. Titra-
tion results were evaluated by microscopic examination
of the cell monolayer for the presence of characteristic
CPA (rounding of cells and detachment of cells from
the monolayer). Virus titer was calculated as described
by M.A. Ramakrishnan et al. [22], and expressed in
log10 TCID, /mL.

Animal models

4-week-old female SPF hamsters (n = 30) weighing
40-45 g (SPP Nursery for Laboratory Animals, Branch of
the Institute of Bioorganic Chemistry of the RAS, Rus-

sia) were used in this work. Hamsters were randomly
distributed into groups. The animals were kept in accor-
dance with the rules for the arrangement, equipment and
maintenance of experimental and biological clinics. The
animals were fed with briquetted feed according to the
approved norms. The authors complied with institutional
and national standards for the use of laboratory animals
in conducting the experimental animal study. The con-
duct of the study was approved by the Ethical Commit-
tee of the I.I. Mechnikov Research Institute of Veterinary
Medicine (protocol No. 2 of 24.05.2021).

Study design

The study design is schematically presented in
Fig. 1. Hamsters were divided into 5 groups of 6 an-
imals each and intranasally infected with different
virus strains (Table 1) at a dose of 10* TCID, /head
(100 wl each). For intranasal infection, animals were
anesthetized and held in an upright position. The neg-
ative control group received an equivalent volume of
phosphate-salt buffer pH 7.2. Weight control was per-
formed daily. Four days after infection, the animals
were humanely euthanized. The right hamster lung was
fixed in 10% neutral buffered formalin for histologic
examination. Tissues of lung, brain, nasal passages,
heart, liver, spleen, kidney and blood were collected,
homogenized in 1 ml DMEM medium with gentamicin
(40 pg/ml, PanEco) using a Tissue Lyser LT homoge-
nizer (Qiagen) and centrifuged at 10,000 rpm for 5 min
at 4°C. The supernatant was collected for measurement
of virus titers and viral RNA concentration and stored at
—80°C until examination. Changes in body weight from
day 1 to day 4 after infection, virus titer and viral RNA
content in organs and tissues, and severity of inflam-
matory changes in the lungs of animals on day 4 after
infection reflected the virulence of the strain, and the
distribution of viral RNA and infectious virus in organs
and tissues reflected its tissue specificity.

SARS-CoV-2 RNA quantification

The accumulation of viral RNA in organs and
tissues was assessed by quantitative reverse transcrip-
tion polymerase chain reaction as described previously
[23]. Viral RNA was isolated from samples using the
MagnoPrime UNI reagent kit (NextBio). To detect viral
RNA, primers and probe designed for the SARS-CoV-2
nucleocapsid (N) gene were used, as proposed by
J. Chan et al. [24].

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

Strain Collection date GenBank ID Variant Pangolin lineage Passage level Titer, log10 TCID,/ml
Dubrovka 04.06.2020 MW514307.1 Wuhan-like B.1.1.317 17 7,85
Podolsk 10.08.2021 ON032860.1 Delta AY.122 16 7,0
Otradnoe 25.01.2022 ONO032857.1 Omicron BA.1.1 8 6,0
FEB2 11.10.2022 OP920753.1 Omicron BA.5.2 4 6,5
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Fig. 1. Study design.
The infection dose of 4.0 log10 TCID,; per animal.

Histologic examination of the lungs

The right hamster lung was fixed in 10% neutral
buffered formalin (BioVitrum) for 24 h, dehydrated
according to the standard histological technique and
placed in Histomix paraffin medium (BioVitrum). On
the Leica RM 2125 RTS rotary microtome we made
stepwise longitudinal sections 3-5 microns thick, the
preparations were stained with hematoxylin and eosin,
enclosed in Canadian balsam (Sigma-Aldrich). Histo-
logical preparations were examined using a BX51 light
microscope (Olympus). Photofixation of the obtained
lung histologic preparations was performed with the
help of an Olympus XC10 camera. Pathomorpholog-
ic changes in the lungs were evaluated by 2 specialists
using a blind method, using a combined severity score
from 0 to 3 for each of the morphologic criteria pro-
posed by A.D. Gruber et al. [25]. The maximum possi-
ble score was 60.

Statistical processing of data

Statistical analysis was performed using the
Graphpad Prism v. 8.0.01 software. Data are presented
in graphs as mean, standard deviation (SD), standard
error (SE), median, upper and lower quartiles. In box
plots, the boundaries of the box are the upper and lower
quartiles of the sample (25% and 75%), the ends of the
whiskers are the boundaries of a statistically significant
sample (without outliers), the line in the box itself is
the median of the data. Statistical processing of the ob-
tained results was carried out using the nonparametric
method (Mann-Whitney U-test). Differences were con-
sidered statistically significant at p < 0.05.

Results

Morphologic changes were absent in histologic
preparations of the right lung of uninfected animals
(Fig. 2).

On the 4th day after infection, broncho-interstitial
pneumonia was detected in histologic preparations of

hamster lungs of all groups (Fig. 2). However, there
were significant differences in the severity and preva-
lence of alterative-inflammatory changes between the
groups.

On the 4" day after infection, the groups of an-
imals infected with Wuhan-like Dubrovka strain and
FEB2 strain (BA 5.2) showed similar in nature and se-
verity inflammatory changes, the morphological picture
of which corresponded to bronchointerstitial pneumo-
nia in the viral stage. The lumen of bronchi and bron-
chioles in the foci of pneumonia often contained cellu-
lar debris, macrophages and neutrophils. The integrity of
epithelial lining was focally disturbed due to migration
of lymphoid cells, dystrophy, necrosis and desquamation
of epitheliocytes. There were loci of epithelial hyperpla-
sia. The wall of bronchi and bronchioles was moderate-
ly infiltrated with lymphocytes, histiocytes with a small
admixture of polymorphonuclear lymphocytes. Dilated
lymphatic vessels located along the course of the bron-
chial tree contained clusters of lymphocytes. Large lym-
phoid accumulations (hyperplasia of bronchoassociated
lymphoid tissue) were found in the bronchial bifurcation
zones. Inflammatory changes were also observed in the
walls of medium and small branches of the pulmonary
artery accompanying the airways. Perivascular lym-
phoid tissue was in a state of sharp hyperplasia.

Large confluent foci of pneumonia were observed
in all lobes of the organ and were located along the
course of the bronchial tree, spreading to the periphery.
Their area, estimated at qualitative level, occupied 50-
90% of the histologic section area of the organ. Respira-
tory department in the pneumonia foci represented air-
less fields, lumen of alveoli in which were not defined,
interalveolar septa were destroyed due to expressed
lymphoid-histiocytic infiltrate with insignificant ad-
mixture of neutrophils. Remains of dead cells nuclei,
fibroblasts, erythrocytes were seen among the cells of
inflammatory infiltrate. In fresher areas of pneumonia
airiness of respiratory section was reduced due to sharp
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Uninfected

Fig. 2. Bronchointerstitial pneumonia in hamster on the 4" day post-challenge with different SARS-CoV-2 strains.

thickening of interalveolar septa and expressed exuda-
tion into the alveolar cavity of liquid blood and cells
of inflammatory infiltrate: macrophages, lymphocytes,
erythrocytes. Many alveoli contained eosinophilic fil-
amentous material (presumably fibrin). In the interal-
veolar septa there was microvascular hypertension,
interstitial edema and diffusely scattered lymphoid-his-
tiocytic infiltrate.

On the 4th day after infection with Podolsk (Del-
ta) strain, the severity and prevalence of inflammatory
changes in hamster lungs were lower compared to those
in the groups of animals infected with Wuhan-like vi-
rus and FEB2 strain (BA.5.2). Small foci of interstitial
pneumonia were not located in all lobes, were located
along the course of large lobular and segmental bron-
chi, and their area did not exceed 50% of the histolog-
ic section area of the organ. The lumen of bronchi and
bronchioles in the foci of pneumonia were mostly free,
contained single macrophages, lymphocytes, small
groups of desquamated epitheliocytes. The epithelial
lining looked preserved over a large length, with single
lymphocytes in the field of view of the 20 objective
lens among the cells of the mesenteric epithelium. Air-
iness of pulmonary parenchyma in the foci of pneumo-
nia was reduced due to thickening of interalveolar sep-
ta. Small groups of macrophages, lymphocytes, single

neutrophils, erythrocytes and few dead cells (presum-
ably, alveolocytes) were observed in the alveolar ca-
vity. Proteinaceous exudate in the lumen of the alveoli
was rare. At this period of the experiment airless and
confluent foci of pneumonia were practically absent.

In histologic preparations of hamster lungs eu-
thanized on the 4™ day after infection with Otradnoe
strain (BA.1.1), the least pronounced pathomorpholog-
ical changes were observed compared to other groups.
Small foci of interstitial pneumonia, which occupied no
more than 5-7% of the total section area, were located
in 2-3 lobes mainly in the root areas along the course
of lobular bronchi. Inflammatory changes in the wall
of bronchi and accompanying vessels were weakly ex-
pressed.

During histologic examination of the lungs of
infected and uninfected hamsters, the morphologic
manifestations of coronavirus pneumonia were graded
using the recommendations of A.D. Gruber et al. [25].
In infected animals, the cumulative score reflecting
the severity of the inflammatory process ranged from
20.8 to 49.8, while in uninfected animals it was close
to zero (Fig. 3). In the group of animals infected with
Wuhan-like virus, the mean value of the cumulative
severity score was 50 = 6, Delta — 30 £ 5, BA.1.1 —
21+7,BA.5.2—39+6.
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In addition to the severity of pathologic changes
in hamster lungs, weight dynamics was an important
criterion in assessing the virulence of different SARS-
CoV-2 strains. The greatest difference in weight of in-
fected and uninfected animals was observed on the 3rd
or 4th day after infection. In the group of animals in-
fected with Wuhan-like virus, the delay in weight gain
was 14.6% compared to uninfected animals. The simi-
lar figure in animals infected with Delta, BA.1.1 and
BA.5.2 averaged 2-3% (Fig. 4).

Since the main target organs for SARS-CoV-2 are
the lungs, nasal passages and brain, not only the viral
RNA content but also the infectious activity of the vi-
rus was investigated in these organs. The mean values
of virus titer in tissues and organs of animals differed
significantly depending on the strain used for infection.
Thus, on the 4th day after infection, the highest titer
values were observed in lung homogenates in groups of
animals infected with Delta and Wuhan-like viruses —
on average 7.4 logl0 and 6.2 log10 TCID, /mL of ho-
mogenate, whereas in groups infected with BA.1.1 and
BA.5.2, the virus titer was significantly lower — 4.6
and 5.0 logl0 TCID, /mL of homogenate, respective-
ly (Fig. 5). In nasal passages homogenates, infectious
virus was detected in animals of all groups at a titer
of 4.9-6.8 log10 TCID, /mL of homogenate. In brain
tissue, infectious virus was detected only in animals
infected with Wuhan-like virus (on average 3.7 logl0
TCID,/mL of homogenate). It should be noted that
the tissue homogenates were toxic to the Vero cells in
which the titration was performed; therefore, the limit
of sensitivity was 2.0 log10 TCID, /mL of homogenate.
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Fig. 3. Histopathology score of hamster lungs on day 4
post-infection with different SARS-CoV-2 strains.

*p < 0.05; **p < 0.01.

In the lungs of infected animals, the concentration
of viral RNA varied depending on the strain from 7.6
to 9.3 on average, in the nasal passages from 8.3 t0 9.3,
and in the brain from 3.8 to 7.6 log10 RNA copies/mL
of homogenate (Fig. 6). The highest level of viral RNA
in the lungs, nasal passages, brain and other organs of
hamsters was observed in the groups of animals infect-
ed with Wuhan-like virus and Delta. The concentration
of viral RNA in brain homogenates of animals infected
with Wuhan-like virus was 7.6, Delta — 5.6, BA.1.1
and BA.5.2 — 3.8 and 4.1 logl0 RNA copies/mL, re-
spectively.

Viral RNA was also detected in the heart, liver,
kidney, spleen, and blood of most infected animals,
but at much lower levels than in the lungs and nasal

Fig. 4. Weight dynamics in hamsters infected intranasally with different SARS-CoV-2 strains.
K— — uninfected hamsters.
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Fig. 6. Distribution of viral RNA in the organs of hamsters infected with different SARS-CoV-2 strains.
*p < 0.05; **p < 0.01.

passages (Fig. 6). The concentration of viral RNA in
the above organs of animals infected with BA.1.1 and
BA.5.2 was significantly (p < 0.05) lower than in Wu-
han-like virus and Delta infection (Fig. 6). The lowest
viral RNA content in organs was observed in BA.5.2 in-
fection, while no viral RNA was detected in the blood,
kidney and spleen of most animals. It is noteworthy that
in all groups of infected animals a significant content of

viral RNA was observed in the heart — from 4.7 to 6.1
log10 RNA copies/mL of homogenate.

Discussion

The design of the study implied equality of all
conditions, including a single dose of 10* TCID, /head,
except that different virus strains were administered to
animals of different groups. Since SARS-CoV-2 is a re-
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spiratory virus and is transmitted by airborne droplets,
the correctness of our choice of intranasal route of virus
administration in COVID-19 modeling is undoubted.
This method of administration mimics the natural route
of infection and is the simplest, fastest and non-invasive
way to infect small laboratory animals such as mice and
hamsters [4].

Our study revealed differences in virulence and
tissue specificity of SARS-CoV-2 strains belonging to
different variants of concern. The greatest virulence
was possessed by the Wuhan-like Dubrovka strain,
which was manifested by the development of subtotal
pneumonia and maximum weight gain delay by 14.6%
on average. Hamsters infected with Podolsk (Del-
ta), Otradnoe and FEB2 strains (Omicron BA.l1 and
BA.5.2) lost significantly less weight, 2-3% (p > 0.05).
Greater weight loss and severe pneumonia in hamsters
infected with Wuhan-like virus was associated with
increased virus content in organs and viral damage to
the brain. The neurovirulence of Wuhan-like virus was
manifested by significantly higher viral RNA content
in the brain and isolation of infectious virus from brain
homogenates. A number of studies [26, 27] revealed
different tropism of SARS-CoV-2 variants to brain cells
and lower neurovirulence of the Omicron variant com-
pared to Wuhan-like virus and Alpha and Delta vari-
ants, which were dominant earlier [26, 27]. Comparison
of the literature data with our own data on the increased
tropism of Wuhan-like virus to brain tissues suggests
that it was the lesion of the central nervous system that
could negatively affect the weight and general condi-
tion of the animals [28].

The results of histological examination of the
lungs confirmed the data on the different virulence of
the virus strains used to infect hamsters. Wuhan-like vi-
rus caused the most severe lesions in the lungs with ex-
tensive foci of bronchointerstitial pneumonia (cumula-
tive severity score of 50) than Delta- and Omicron-like
viruses (cumulative severity score of 21 to 39); p <
0.05. The results obtained, indicating lower virulence
for hamsters of Omicron-like strains compared to the
ancestral Wuhan virus, are consistent with the lower
pathogenicity of the Omicron variant for humans [29],
as confirmed by the lower reproductive activity of the
virus in human Calu-3 lung cell culture [30]. On the
other hand, early conclusions about the lower virulence
of Omicron-like strains may have overestimated their
attenuation for humans, since they did not separate the
real decrease in virulence from the effect of prior im-
munity, since vaccinated and re-infected individuals
naturally carry the disease more easily.

The severity of pathological changes in the lungs
during infection with different strains of Omicron and
Delta variants also differed significantly: the mean
value of the cumulative severity score was 21 £+ 7 for
BA.1.1, 39 + 6 for BA.5.2, and 30 + 5 for Delta. The
observed higher virulence of BA.5.2 compared to Delta

ORIGINAL RESEARCHES

(» <0.05) does not agree with the data presented in the
article by S. Mohandas et al. [31], who found greater
virulence of the Delta-like strain compared to the Omi-
cron variant BA.5.2 sublineage. In this connection, it
is important to note that the virulence of different virus
strains may be determined not only by their belonging
to a particular genetic variant, but also by strain-specific
differences and the number of passages the virus isolate
underwent in cell culture. It is known that virus isola-
tion and its passages in cell culture are accompanied by
the accumulation of mutations that promote virus adap-
tation to a new host, while virulence decreases for mod-
el laboratory animals [32]. Thus, the greater virulence
of strain FEB2 (BA.5.2) can be explained by the fact
that in our study this strain had undergone 4 passages in
Vero cell culture before infection of hamsters, whereas
the Podolsk (Delta) strain underwent 16 passages and
the Otradnoe (BA.1.1) strain underwent 8 passages.

It is noteworthy that a significant content of viral
RNA (up to 6.1 logl0 RNA copies/mL) was detected
in the heart of animals infected with different strains
of SARS-CoV-2. Heart damage by SARS-CoV-2 virus
in hamsters has been observed in a number of studies
[33, 34]. This observation is also interesting in the con-
text of the high probability of myocarditis in humans
after COVID-19. Since ACE2 receptor expression is
upregulated in human myocytes [35], the probability of
SARS-CoV-2 virus infection of cardiac tissues and the
risk of myocarditis development are increased [36, 37].

Among small laboratory animals, COVID-19
modeling is possible in various mouse lines, with the
K18-hACE2 transgenic mice being the most suscepti-
ble to SARS-CoV-2 [5]. However, at the moment this
line of mice is difficult to access, and effective repro-
duction of the virus in organs other than lungs makes
it difficult to use this animal model for modeling viral
pneumonia, because these animals have a high percent-
age of mortality due to causes unrelated to pneumonia.
Thus, the main cause of death in K18-hACE2 mice is
central nervous system damage and development of vi-
ral encephalitis and other neurological diseases due to
high expression of ACE2 receptor in brain cells [18, 38,
39]. The disease in K18-hACE2 mice is more severe
and has differences in the character of clinical manifes-
tations compared to those in humans.

In view of the above, the hamster model for coro-
navirus pneumonia is one of the most adequate, acces-
sible and informative among small laboratory animals.
Hamsters, when infected with SARS-CoV-2, show
clinical signs of respiratory disease and develop mild
to moderate pneumonia [18, 40]. Furthermore, they
have the ability to spread the virus with infection of
contact naive animals [3, 39]. The hamster-based ani-
mal model has been widely used in preclinical trials of
antiviral drugs and vaccines because it reproduces the
development of viral pneumonia without animal death
[13, 18,41, 42]. This study showed that the modeling of
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COVID-19 caused by new virus variants (Delta, BA.1.1
and BA.5.2) in hamsters remains relevant. These virus
variants retained the ability to cause pneumonia with
extensive lesions in hamsters. While weight dynamics
as an indicator of virulence has become less informa-
tive, such indicators as viral load (virus infectivity and
viral RNA content in organs) and severity of inflam-
matory changes in the lungs have retained their infor-
mative value in assessing the severity of the disease.
Scoring of the severity of pathomorphologic changes in
the lungs is of particular value in comparing the sever-
ity of pneumonia, because it reduces subjectivity in the
evaluation of the results of histologic examination and
gives a semi-quantitative assessment of the pathologic
process.

Conclusion

The results of this study showed that infection in
Syrian golden hamsters infected with SARS-CoV-2
strains belonging to different evolutionary lineages pro-
ceeds differently. The Wuhan-like virus was found to be
more virulent and neurotropic than the Delta and Omi-
cron variants, which became widespread later. Model-
ing on hamsters of COVID-19 caused by sublineages
of the Omicron variant remains relevant, despite insig-
nificant weight loss of animals, in contrast to infection
with Wuhan-like virus. Histologic examination and
such indicators as viral load in the lungs, nasal passa-
ges, brain, heart and a number of other organs continue
to play a decisive role in assessing the pathogenicity of
Omicron-like strains for hamsters.
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