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SARS, SARS again, and MERS. Review of animal models of human
respiratory syndromes caused by coronavirus infections
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Since the beginning of the 21th century, major outbreaks of human respiratory syndromes caused by coronavirus
infections have caused more that a million deaths on the planet. Despite the fact that the first wave of the
coronavirus infection took place back in 2002, even now there is not any adequate animal model that would meet
the needs of the scientific community for reproducing the pathogenesis, clinical manifestations, immunogenicity,
development and testing of preventive and therapeutic compounds specific to Severe Acute Respiratory
Syndrome, Middle East Respiratory Syndrome, and Coronavirus Disease 2019 (COVID-19).

The purpose of the study is to provide relevant information on known animal models of human respiratory
syndromes caused by coronavirus infections and to focus the reader's attention on their adequacy, which consists
in the most accurate imitation of clinical signs and pathomorphological changes.
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SARS, cHoBa SARS n MERS. O630p *XMBOTHbIX Mogaenen
pecnnpaTopHbIX CMHAPOMOB YeNioBeKa, Bbi3biBaeMbIX
KOPOHaBUPYCHbIMU MH)eKLMAMN

HaropHbix A.M.”, TiomeHueB A.W., TiomeHueBa M.A., AKUMKIH B.T.

®BYH «LleHTpanbHbI Hay4YHO-MCCef0BaTENIbCKUN UHCTUTYT anvuaemuonorum» PocnotpebHaasopa,
111123, MockBa, Poccus

KpynHble BCMbILWKM pPecnupaTopHbIX CUHOPOMOB YESOBEKA, BbI3bIBAEMbIX KOPOHaBUPYCHLIMU MHMEKLMSMU, C
Hadana XXI B. ctanu npuynHoi rmbenun Gonee MunnmMoHa YenoBek Ha nnaHete. HecMoTpsi Ha To YTO nepeas
BOITHA KOPOHABMPYCHOM MHekuun crnyymnacb ewe B 2002 r., 4O CEroAHSILHEro OHSA He CyLecTBYET HU of-
HOW ajleKBaTHOW >XMBOTHON MOAENU, OQHOBPEMEHHO YAOBMNETBOPSAOLLEN NOTPEOHOCTM Hay4YHOro coobLuecTBa B
BOCMNPOU3BEAEHNMN NaToreHe3a, KNMHUYECKNX NPOSIBNEHNIA, MMMYHOTEHHOCTH, pa3paboTke 1 UCNbITaHUN CPEACTB
crneundryeckor NponNakTUKA 1 Tepanumn TSHXKENOro OCTPOro PeCcnmMpaTtopHOro CMHApPoMa, GrMKHEBOCTOYHOTO
pecnupaTopHOro cMHApoMa 1 KopoHaBupycHoro 3abonesaHus 2019 r. (COVID-19).

Llenb paboTbl — npeacTaBnTb akTyanbHY MHOPMaLMIO MO N3BECTHBIM XUBOTHBIM MOZENSAM PECNUPATOPHbIX
CVHOPOMOB YernoBeka, Bbl3bIBAEMbIX KOPOHABUPYCHBIMU MHADEKLMSIMM, U aKLLEHTMPOBaTb BHUMaHUe yntatens Ha
UX alekBaTHOCTM, 3aKMoYatoLencs B MakCumarnbsHO TOYHON UMUTALMK KITMHUYECKUX NMPU3HAKOB 1 natomopdo-
NIOrNY4ECKMX UBMEHEHUA.

KnroueBble cnoBa: kopoHasupyc, SARS-CoV; MERS-CoV; SARS-CoV-2; xueomHsbie modesu; 0630p.
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Introduction

The worldwide notoriety of coronavirus infections
is due to the registration of the disease outbreak that
occurred in the southern provinces of China in 2002.
At that time, according to some politicians, the lev-
el of infection in the human population did not reach
alarming proportions because the authorities of China
poorly informed the competent divisions of the World
Health Organization. In 2002-2003, the outbreak of
severe acute respiratory syndrome (SARS) killed
774 people, which amounted to 9.6% of the total num-
ber of cases (8096 laboratory-confirmed diagnoses)
[1]. The eating habits of the population were consid-
ered to be the cause of the outbreak: the traditional
food in the southern regions of China includes meat
from masked palm civets (Paguma larvata), raccoon
dogs (Nyctereutes procyonoides), domestic cats (Felis
catus), red foxes (Vulpes vulpes), Chinese ferret-bad-
gers (Melogale moschata), and other representatives
of the indigenous fauna. There are markets in Chinese
settlements where these animal species are sold, both
wild and breeded at special farms. The first cases of
infection known as "atypical pneumonia" were report-
ed among the personnel of these retail markets, as well
as among visitors of these retail locations.

The next center of coronavirus infection with an
acute respiratory syndrome was the Middle East. In
2012, the coronavirus of the Middle East Respiratory
Syndrome (MERS-CoV) was isolated from a Saudi
Arabian, and later cases were reported in 20 more
countries around the world. In 2012-2013, more than
1900 cases of MERS-CoV infection were identified,
36% of which were lethal [2]. The exact transmission
route of the virus is still not completely clear, and the
pathoanatomical data of the patients who died from
MERS are not available. To date, the working theory
of MERS-CoV transmission is considered to be the
human-camel contact. In turn, camels become infect-
ed from bats of the Pipistrellus and Nycteris genera.
Although the virus transmission route from chiropter-
ans, which are insectivorous animals, to camels also
remains unclear.

For the third time, the coronavirus manifested it-
self again in the southern provinces of China in No-
vember 2019. The pathogen had signs similar to SARS-
CoV, so it was named SARS-CoV-2. Since the first
cases were reported until now, almost 40 million cases
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have been recorded in the world, more than 1.1 million
thereof lethal'.

Coronaviruses are widespread among representa-
tives of the animal world. They have adapted to infect
a variety of animal species, including birds, members
of the feline and canine families, ungulates, mice, ce-
taceans, primates, ferrets, and camels. There have been
described hundreds of coronaviruses that are classified
into four genetically different genera: alpha and beta,
affecting mainly mammals, while gamma and delta
mainly infect birds [3]. Alpha, beta and delta corona-
viruses can be found in domestic animals, among the
etiological agents of the coronavirus infection [4].

Alphacoronaviruses affect dogs (intestinal form),
cats, pigs (transmissible gastroenteritis), minks, and
ferrets (intestinal and systemic forms). Betacoronavi-
ruses initiate disease in cattle (BCoV), dogs (respiratory
form), horses, and pigs (hemagglutinating encephalo-
myelitis), while deltacoronavirus affects pigs. It should
be noted that vaccines have been developed and are ac-
tively used against a few diseases only, i.e. alphacoro-
naviruses of dogs and cats, as well as betacoronaviruses
of cattle and pigs. These vaccines partially increase the
host's resistance to spike glycoproteins of coronavirus-
es. However, the spikes themselves differ even within
the same genus of coronaviruses, primarily in the re-
ceptor-binding domain, which specifically recognizes
angiotensin-converting enzyme 2 (ACE2) of its host
[5]- Thus, the bovine coronavirus and the pathogens of
acute respiratory syndromes belong to the same genus,
however BCoV belongs to Betacoronavirus lineage
2a, SARS-CoV viruses refers to Betacoronavirus lin-
eage 2b, and MERS-CoV is the only known pathogenic
human coronavirus of lineage C [6]. These lineages of
coronavirus are so genetically different from each other
that they stimulate the production of completely differ-
ent antibodies that do not cross-react.

Despite such an apparently wide variety of an-
imals that seem prospective as models for simulating
the pathogenesis of human coronavirus infections, the
number of adequate animal models is highly restricted.
The problem is that the range of animals susceptible to
spike glycoproteins of human coronaviruses is narrow.

! WHO. Novel Coronavirus (2019-nCoV). Available at: https://
www.who.int/emergencies/diseases/novel-coronavirus-2019/situa-
tion-reports
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Animal models of SARS

The specific target for SARS-CoV is angioten-
sin-converting enzyme 2 [7]. Once in the host, the ac-
tively replicating virus causes damage to the lung tissue
and sometimes the intestinal epithelium, manifesting
itself as the interstitial pneumonia with fever and di-
arrhea.

Naturally, the first animal models were based on
laboratory rodents, in particular mice. The data pub-
lished suggest that the results of using mice as mod-
els for SARS are ambiguous. Thus, D. Wentworth
and colleagues used four-week female BALB/c mice
to inoculate them intranasally and orally with 2 x 10°
TCID,/ml SARS-CoV (Urbani strain). Clinical signs
of the disease were manifested in the loss of up to 6%
of body weight and ruffied hair in animals from the ex-
perimental group. Virus neutralizing antibodies were
detected from 7th to 28th days after infection, and their
maximum titer was reached on the 28th day. Accord-
ing to the members of the research team, serological
data, as well as the detection of subgenomic RNA in
the lungs and intestines of mice, evidenced that SARS-
CoV replicated in these tissues. The results of this study
demonstrated the early achievement of peak values of
the virus concentration in the lung tissue and intestines
(3-5 days after infection) and the subsequent clearance,
which completed by the 10th day after the inoculation
of the pathogen [8].

According to statistics, SARS has the most severe
progression in the elderly, which prompted researchers
to use aged wild-type mice as models. Thus, A. Roberts
et al. carried out intranasal infection of 12—14-month
old BALB/c mice with 1 x 10° TCID,; SARS-CoV
(Urbani strain). Clinical signs similar to SARS, with
the exception of fever, which was never diagnosed, ap-
peared 3 days after the inoculation of the virus. Howev-
er, clearance began by the 7th day, and no lethal cases
were reported at all [9].

The absence of a high level of specific lethality,
as well as the late onset of the seroconversion peak in
wild-type animals, led to the development of transgenic
mice capable of expressing human ACE2 (hACE2). In
2007, two research groups independently published the
results of inoculation of SARS-CoV in hACE2 trans-
genic mice [10, 11]. In both cases, the intranasal infec-
tion of the developed models was carried out using the
Urbani strain. During the study, the infected transgenic
mice showed a decrease in body weight, lower activity
and shortness of breath on the 3—5th day after the in-
oculation of the pathogen. On the 7-8th day after the
infection, all mice from the experimental groups died,
and earlier death was observed in animals with the
highest number of copies of the hACE2 transgene (fist
deaths were reported on the 4th day) [10]. The histolog-
ical examination showed infiltration of the lungs with
macrophages and lymphocytes, as well as increased ex-
pression of proinflammatory cytokines and chemokines

in the lungs and brain, which is similar to the SARS
scenario in humans [11]. In addition, to demonstrate the
moderate adequacy of the obtained models, the authors
carried out a study of the effectiveness of preemptive
therapy of the infected animals with human monoclonal
antibodies specific to SARS-CoV. It was found that the
intravenous administration of monoclonal antibodies at
a dose of 25 mg/kg of body weight 1 day before the
inoculation of the pathogen completely prevented death
in mice [10].

Even this model is not completely adequate, al-
though it was a big step in understanding the pathogen-
esis of SARS: despite a tenfold decrease in the titer of
the administered virus [10], the lethality in transgenic
mice was much earlier than it was observed in humans.

Another research team carried out intranasal in-
fection with recombinant strains of SARS-CoV with
deletions of the ORF7ab region in the amount of 1 X
10° TCID, /ml of immunodeficient Syrian hamsters, in
which the immunosuppression was induced by cyclo-
phosphamide, and an increase in the dose and frequen-
cy of administration of cyclophosphamide increased
the body weight loss and lethality in direct proportion.
On the other hand, the cause of the increase in these
indicators remained unclear, i.e. increased or prolonged
viral replication or increased tissue damage caused by
cytokines. At the same time, the histological assessment
of the organs of infected immunodeficient hamsters
revealed the existence of chronic interstitial broncho-
pneumonia on the 19th day after the inoculation of the
virus. The changes found in the heart, kidneys and nasal
cavity were sporadic, with a small degree of damage. It
is doubtful that this model would be useful in vaccine
research, but it may be adequate in assessing the effec-
tiveness of antiviral compounds or therapies [12].

Domestic cats and ferrets with their own corona-
virus pathogens have also been susceptible to carriage
of SARS-CoV. To support this theory, cats and ferrets
were intratracheally inoculated with 1 x 10°TCID, of
isolate obtained from patient 5568, who died of SARS;
the isolate was four-time passaged in vitro using the Ve-
ro 118 cell line. During the observation, the cats did not
show clinical signs of the developing infection, while 3
ferrets developed a state of lethargy on days 2—4 after
the infection, 1 of them died on the 4th day after the
inoculation of the pathogen. Starting from day 2 after
the infection, SARS-CoV was detected in both cats and
ferrets in the examination of pharyngeal swabs using
the reverse transcription polymerase chain reaction
technique. Virus shedding lasted until the 10th day in
cats and until the 14th day in ferrets, and the total vi-
rus shedding was reported until the 8th day only. As for
the examination of nasal and rectal swabs, only 2 cats
were confirmed to have virus shedding on the 4th and
6th days after the infection. The quantification in lung
homogenates demonstrated lower viral titers in the cats
(1 x 10° £ 0.51 TCID,/ml), while in the ferrets titers

433


https://scholar.google.com/citations?user=vSK6WmsAAAAJ&hl=ru&oi=sra

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2020; 97(5)

DOI: https://doi.org/10.36233/0372-9311-2020-97-5-6

were higher (1 x 10° + 0.70 TCID,/ml). The titers of
neutralizing antibodies in all the animals reached the
level of 40-320 by the 28th day. At the same time, the
cats from the control group, not infected with SARS-
COV, kept together with the animals from the experi-
mental group, showed a lower level of seroconversion
(titers of neutralizing antibodies were 40 and 160) by
the same time without clinical signs of the disease.
The uninfected ferrets developed torpidity and con-
junctivitis and died on the 16th and 21st days, while
there was no confirmation that the animals died from
SARS-CoV-associated pneumonia, despite the posthu-
mous virus isolation from lung samples in one of the
dead ferrets [13]. Certainly, the results of this experi-
ment were useful for understanding the possibilities of
virus transmission from animals to humans, however,
the rapid clearance of the virus and the absence of evi-
dent clinical signs characteristic of a patient with SARS
did not allow these models to become adequate for the
evaluation of therapy protocols.

The synthesized monoclonal antibody IgGl
CR3014 was tested on ferrets infected with the HKU-
39849 strain that can be hosted by humans, ferrets, and
rhesus monkeys. Administration of monoclonal anti-
bodies 1 day prior to the infection significantly reduced
the viral replication in the lung tissues, and the SARS-
CoV isolation with pharyngeal secretions was com-
pletely excluded in 75% of the treated animals. How-
ever, the remaining 25% of the animals were shedding
the virus at the same rate as the untreated ferrets [14].

As for the experimental infection of the animals
that are physiologically and anatomically the closest
ones to humans and accessible in laboratory — non-hu-
man primates (NHP), the largest amount of data was
obtained from studies on rhesus monkeys (Macaca mu-
latta), African green monkeys (Chlorocebus sabaeus)
and crab-eating macaques (Macaca fascicularis). The
extensive study [15] used all three of the aforemen-
tioned primate species. The infection was performed in
two ways — intranasally and intratracheally with the
Urbani strain, 1 ml 1 x 10° TCID,/ml. Monitoring of
the condition of animals showed that the virus was able
to replicate in the lung tissue of NHP, while the lev-
el of serum neutralizing antibodies correlated in direct
proportion with the level of viral replication in the re-
spiratory airway. None of the monkeys was reported to
show signs of a febrile respiratory illness. It is of inter-
est that the highest level of viral replication in the upper
and lower respiratory airways was in the African green
monkeys (mean value 10° TCID, /ml), and the lowest
one was in the rhesus monkeys. The mean titer values
of neutralizing antibodies in the rhesus monkeys were
1:27, in the crab-eating macaques — 1: 31, and in the
African green monkeys — 1: 57 [15].

Another research team limited their model se-
lection to crab-eating macaques. The animals were in-
fected with the Urbani strain, however, there were se-
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lected several methods of inoculation of the pathogen
in the organism of the models. The animals of the first
group were infected intranasally and intrabronchially,
the second group — intranasally and conjunctivally,
the third group was administered an intravenous injec-
tion of the virus. As noted, the animals of the first two
groups had clinical signs of mild to moderate disease,
they showed the production of antibodies and radio-
graphically confirmed pneumonia, however, like in
the previous study, the primates did not have the main
symptom of SARS, i.e. fever. The virus titer by day
28 after the infection was zero in the vast majority of
crab-eating macaques [ 16]. Additional studies showed
that the African green monkeys and crab-eating ma-
caques could not be re-infected with SARS-CoV, at
least in the short term.

Considering the aforesaid, the usefulness of NHP
models is certainly high, but the demonstrated clinical
signs impose restrictions on the use of primates for
studying the pathogenic or immunogenic properties of
SARS-CoV.

Animal models of MERS

It is absolutely clear that infecting naturally sus-
ceptible animals such as camels with the MERS virus
strain is a very expensive study, especially since cam-
els will not be able to reflect the entire pathogenesis
of the infection. In addition, experimental infection of
animal respiratory airway cell cultures, which is used to
simulate human respiratory diseases (wild-type mice,
hamster, ferret) in order to identify prospective candi-
dates for the role of animal model, showed the inability
of MERS-CoV to replicate in these cells [17]. This is
caused by differences in amino acid composition in the
extracellular domain of dipeptidyl peptidase 4 (DPP4),
which is a specific receptor for the MERS-CoV S-gly-
coprotein. The phylogenetic analysis of the DPP4 vi-
rus-binding domain allowed grouping human DPP4
(hDPP4), DPP4 of macaque, horse, and rabbit with
DPP4 of cattle, pig, and bat, despite their great differ-
ence according to the results of the phylogenetic anal-
ysis of the complete DPP4 [18]. Therefore, attempts to
reproduce MERS in immunodeficient mice strains were
also unsuccessful [19].

On the other hand, the preliminary, 5 days before
infection with MERS-CoV, transduction to young and
elderly C57BL/6 and BALB/c mice of an adenoviral
vector carrying human DPP4 (Ad5-hDPP4) allowed
reaching a viral replication level of 7 x 107 plaque-form-
ing units (PFU) per 1 g in the lung tissue by the 2nd or
3rd day after infection. At the same time, by the 7th day
after the inoculation of the virus, the interstitial pneu-
monia was reported in animals, within 10 days after
the infection, the young BALB/c mice were not gain-
ing weight and the elderly animals of both strains were
losing weight, but no deaths were reported. The young
mice reached the virus clearance by the 6th to 8th days



*KYPHAJ1 MUKPOBNONOTUW, SNMUAEMMNONOTUUA N UMMYHOBWUOJTOTUN. 2020; 97(5)

DOI: https://doi.org/10.36233/0372-9311-2020-97-5-6

OB30PbI

after the infection, and the elderly mice — by the 10th
to 14th days [20].

Accordingly, further research of MERS-CoV could
continue in three main areas: the search for suitable ani-
mal species, the modification of traditional animals, and
the adaptation of the virus to resistant animals.

Cell culture studies showed that the insertion of
two amino acids corresponding to 288 and 330 in the
human sequence of the mDPP4 receptor supports the
attachment, entry and replication of MERS-CoV [21].
Therefore, in one series of experiments, the genome
of wild-type C57BL/6]J mice was edited using the
CRISPR/Cas9 technology, and the pathogen was pas-
saged 15 times in mice to impart pathogenic properties.
The feature of this model is the absence of neurological
signs [22]. In another study, the adaptation of the virus
strain was carried out through 30 consecutive passages
in mice carrying a DPP4 gene locus replaced by the
human one. As a result, the obtained virus was differ-
ent from the original EMC-2012 at 3 loci, one of them
being characteristic of the virion spike (T1015N) [2].

On the one hand, the indisputable usefulness of
these studies consists in the development of a lethal
mouse model adapted for the MERS-CoV infection, but
on the other hand, the virus strain was changed. As a
result, it gave a genetically modified mouse that reaches
80% lethality when infected with a genetically modified
virus. Even ignoring Koch's postulates, there are many
critics of this approach to the study of the pathogenesis
of the disease that is deadly for some categories of peo-
ple. However, any data that help understand the mecha-
nism of the disease will be useful for the study of infec-
tions so much threatening the health of the population.

In 2017, the results of a successful development of
thelethalmousemodel of MERS by inoculationofatrans-
genecontaininghDPP4cDNAintozygotesof B6C3F1/Jx
C57BL/6J or C57BL/6J mice were published. After
the infection with MERS-CoV, the resulting Tg*-mice
developed progressive pneumonia characterized by ex-
tensive inflammatory infiltration, while brain lesions
were minor [23]. The resulting transgenic mice had a
dose-dependent lethal outcome with 100% mortality:
after the intranasal administration of the EMC-2012
MERS-CoV strain at a dose of 1 x 10° TCID, , the mice
died within 4-6 days after the inoculation, while after
the administration of a dose of 1 x 10> TCID, the death
of 100% of animals occurred within 6-12 days [24].

Currently, the hDPP4 transgenic mouse is the only
available lethal small animal model of severe MERS-
CoV infection. Although these mice express hDPP4
globally in all cell types, in contrast to the normal DPP4
expression in humans, however, this model can be used
to screen the effectiveness of antiviral drugs and vac-
cines for mitigation or prevention of the MERS-CoV-
induced respiratory disease.

Taking into account that ferrets demonstrated a
relative susceptibility to SARS-CoV, as well as to some

other respiratory infections [25, 26], some attempts
were made to reproduce the pathogenesis of MERS-
CoV on these animals. However, the intranasal and
intratracheal infection of ferrets with MERS-CoV at a
dose of 1 x 10°TCID, did not induce seroconversion
and the infective virus itself was not detected in the
animals [18].

Since the virus binding domain of rabbit DPP4
have much in common with the similar domain in hu-
mans [18], the possibility of MERS-CoV infection of
rabbits was investigated. The resulting model is of lim-
ited value, because the rabbits shed the virus from the
upper respiratory airway, but they did not show symp-
toms of infection, so it was impossible to study the dis-
ease in the context of the development and increase of
its clinical signs. The virus was typically detected in
nasal swabs within 7 days after the infection [6].

Although the above models were undoubtedly a
huge contribution to the study of the pathogenesis of
MERS-CoV and provided the basis for screening stu-
dies of antiviral therapeutic drugs and effectiveness
of vaccines, it should be recalled that rhesus monkeys
were the first animal model that fulfilled Koch's pos-
tulates for MERS-CoV. 6 to 12 year old animals were
infected with the virus at a dose of 7 x 10° TCIDin
a combined manner using intranasal, intratracheal,
conjunctival, and oral inoculation of the pathogen [27,
28]. All the animals developed clinical signs, such as
decreased appetite, fever, rapid breathing, cough, and
hunched posture, within 24 hours. The signs lasted for
4 days. Severe lesions, such as dense, edematous, light
or dark red foci, developed in the Iungs only. The infec-
tive virus was also isolated from the lungs and MERS-
CoV RNA was found in some tissues of the upper and
lower respiratory airways. MERS-CoV RNA was also
identified in nasal swabs, bronchoalveolar lavage sam-
ples, and several oropharyngeal swabs. Despite the
presence of the viral RNA and evidence of virus shed-
ding from the upper respiratory airway, lesions and vi-
ral replication were observed only in the tissues of the
lower respiratory airway, and the viral replication took
place in pneumocytes of types I and II. The immuno-
histochemical assay showed that the viral antigen in the
lungs was present only in the areas of pneumonia. No
viral RNA was detected in the blood, as in any organs
of the abdominal cavity [6].

Also, a Chinese research team showed that the
production of specific antibodies against MERS-CoV
in rhesus monkeys began on the 7th day after the in-
fection and the antibody titer increased over time. In
addition, the produced virus-neutralizing antibodies
provided protection by preventing the development of
the infection upon repeated inoculation of rhesus mon-
keys [29].

Based on the absence of differences between the
14 amino acid residues of human DPP4 and that of the
common marmoset (Callithrix jacchus) in the interac-

435



JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2020; 97(5)

DOI: https://doi.org/10.36233/0372-9311-2020-97-5-6

tion regions of the receptor-binding domain of the spike
glycoprotein, D. Falzarano et al. suggested the possi-
bility of binding of the S-glycoprotein MERS-CoV to
DPP4 of the common marmoset. Starting from the 1st
day after the inoculation of the EMC-2012 strain us-
ing a combined method similar to that described ear-
lier for rhesus monkeys, the animals showed the onset
and progression of clinical signs of infection: rapid and
labored breathing, decreased appetite and activity. The
peak values of these clinical indicators were observed
between the 4th and 6th days after the infection, and
on the 13th day, the indicators returned to the baseline.
Starting from the 3rd day after the infection, the an-
imals showed a decrease in body temperature, which
returned to normal by the 9th day after the inoculation
with the pathogen. No clinically significant changes in
the chemical composition and cytological parameters
of blood were observed in any of the animals, in com-
parison with the rhesus monkey model [30].

Unlike the rhesus monkeys, the main sites of vi-
ral replication were pneumocytes of type I and alveolar
macrophages, and the immunohistochemistry showed
that these cell types were expressing DPP4. High levels
of viral RNA were found in the lungs, while lower le-
vels of RNA were present in the tissues of the upper re-
spiratory airway and swabs taken from the nasal cavity
and oropharynx, as well as in blood and some internal
organs, including kidneys. The infective virus was iso-
lated from the tissues of both upper and lower respira-
tory airways. The detection of viremia and viral RNA in
the systems of several organs showed that MERS-CoV
was widely distributed throughout the body of the mar-
mosets, however, lesions were present in the respiratory
airway only [6].

Animal models of COVID-19

At the time of the SARS-CoV-2 infection spread,
the research community already had an idea of possi-
ble animal models for researching this new disease.
Although SARS-CoV outbreaks occurred more than
15 years ago, research continued after their end. There-
fore, models that are effective in the study of SARS-
CoV were used first based on the 79—82% identity of
the nucleotide sequences of SARS-CoV-2 and SARS-
CoV [31, 32], and taking into account the dynamics of
the increase in the number of cases and deaths caused
by COVID-19, even reputable journals took the risk of
publishing unreviewed reports.

One of these reports referred to the intranasal
infection of hACE2-transgenic mice with the HB-01
strain of SARS-CoV-2 at a dose of 10° TCID, /mouse.
5 days after the infection, these mice showed ruffled
hair and 8% weight loss, with no other signs of the
developing infection observed. The viral RNA was de-
tected in the lungs and intestines 1 day after the infec-
tion. The histological examination also showed foci of
interstitial pneumonia in the infected animals, while
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no damage was found in other organs, including the
brain [33]. Similar to the vast majority of studies cited
above in this review, this model is not lethal. More-
over, starting from the 7th day after the infection, the
foci of pneumonia began to arrange, which places this
model in the category of those suitable for studying
the pathogenesis of SARS-CoV-2, but leaves many
questions about its suitability for studying post-vac-
cination immunity.

Susceptibility testing by combined inoculation
(intranasal and intravenous) of the USA-WA1/2020
SARS-CoV-2 strain at a dose of 10° focus-forming units
to immunocompromised strains of laboratory mice
(BALB/c, DBA/2J, Statl”~ C57BL/6, AG129, Ragl~"~
C57BL/6) showed no weight loss in all animals during
the 1st week of the study, and the amount of viral RNA
in the lungs collected 10 days after the infection was
very low [34].

In continuation of this study, the same dose of the
USA-WA1/2020 SARS-CoV-2 strain was inoculated
to BALB/c mice by intranasal and intravenous ways
5 days after the introduction of the hACE2-encoding
adenovirus (AdV-hACE2). During the 1st week, the
animals lost 10-25% of their body weight. On the 4th
day after the infection, high levels of SARS-CoV-2 and
viral RNA were found in the lung tissue, while lower
levels were present in the heart, spleen, and brain and
were virtually absent in the tissues of kidneys, gastro-
intestinal tract and blood serum. Since the transduction
of AdV-hACE2 initiates only transient sensitization of
hACE2 in mice, 1000-fold decrease in the viral RNA
levels occurred by 8th—10th days after the infection, al-
though they were still easily detected. Of course, the
disadvantage of this model is the use of the adenoviral
vector, because it can act as an independent initiator or
a protagonist of lung damage [34].

Another way to deliver hACE2 to the respirato-
ry airway of C57BL/6J (B6J) mice is through an ad-
eno-associated virus. The inoculation was performed
intranasally with a dose of 10° PFU/mouse of the
USA-WA1/2020 strain. No weight loss or death was
reported in the mice for 14 days. The authors state that
the infection process remained productive in the infect-
ed mice, but the illustrations presented demonstrate a
decrease in the amount of viral RNA starting from the
2nd day after the inoculation of the pathogen and with
virtually the same level of progression as in animals not
infected with SARS-CoV- 2. Histopathological chang-
es in the lungs were characterized by the presence of
mild diffuse peribronchial infiltrates [35].

At present, the culmination in the development of
humanized mouse models of human coronavirus dis-
eases expressing hACE2 is the use of genome editing
technology applying CRISPR/Cas9. Using this techno-
logy, the hACE2-coding cDNA sequence was integrat-
ed into exon 2, which is the first coding exon of the
mouse ACE2 gene (mACE?2). Thus, it modified the gene
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and stopped its expression. A guide RNA, Cas9-encod-
ing mRNA, and donor sequence encoding hACE2 were
injected into the zygotes of C57BL/6 mice. Successful
insertion was confirmed in almost 22% of the result-
ing progeny. Further, the founders were backcrossed
with C57BL/6 mice and the resulting F1* progeny were
screened. Additional studies showed the absence of
random insertions in all the resulting mice, while the
mACE2 gene was completely absent in homozygous
individuals, but the #14CE2 gene was consistently ex-
pressed in sufficient quantities in the lungs, small in-
testine, spleen, and kidneys. The resulting mice were
named hACE2-KI/NIFDC (hACE2-mice) [31].

To confirm the susceptibility of humanized mice,
they were intranasally infected with SARS-CoV-2 at a
dose of 4 x 10° PFU. It should be noted that not only
young animals at the age of 4.5 weeks were infected,
but also elderly mice at the age of 30 weeks, which is
very important, because it is elderly people and people
with chronic diseases that are at risk. Starting from the
3rd day after the inoculation of the pathogen, a decrease
of up to 10% of body weight was recorded in elderly
mice, but after that they recovered and no evident clin-
ical signs of SARS-CoV-2 progression were observed
in any of the animals. A sustained viral RNA replica-
tion was found in the lungs, trachea and brain tissues
of hACE2-mice, regardless of their age, while the viral
RNA was not detected in the spleen, kidney, liver, blood
serum, and intestines, despite the fact that the feces of
elderly mice contained a high level of viral RNA (2.9 x
10° copies/g). The detection of RNA in feces was con-
sistent with data on patients who had gastrointestinal
symptoms after infection with SARS-CoV-2 [36, 37].
The oral administration of the virus to hACE2-mice al-
so led to viral replication in the trachea and lungs in
40% of animals in the amount comparable to that in an-
imals infected by the intranasal route. Although clinical
signs of the developing disease in animals were still not
observed [31].

The histological examination showed the presence
of age-independent interstitial pneumonia characteri-
zed by infiltration of inflammatory cells, thickening of
the alveolar septum, and typical damage to the vascular
system. In addition, the elderly mice showed extensive
lesions of alveolar epithelial cells and focal hemor-
rhages, as well as increased tissue infiltration with
neutrophils and macrophages, and the direct infection
of macrophages in the lungs led to significant apopto-
sis [31], which reproduces the clinical signs in most
patients affected by COVID-19. Unfortunately, the
authors of the publication do not specify whether the
developed model was lethal, because the animals were
removed from the experiment on the 6th day after the
infection. In this regard, we can talk about the uncon-
ditional value of the resulting model, but its adequacy
is in doubt, and, perhaps, we will see a refutation of
these doubts soon.

Based on the similarity to SARS-CoV, golden
Syrian hamsters are used as models for COVID-19.
Most studies on them are carried out to demonstrate the
pathogenesis and possible transmission routes from an
infected animal to naive hamsters [38—40]. Both intra-
nasal administration of the virus [41] and its combina-
tion with the conjunctival route [40] were effective, and
the combined route was recognized as more effective.
All published results note quite a conditional manifes-
tation of clinical signs of COVID-19, the disease often
progresses with a slight loss of body weight by 10-15%,
mainly in elderly animals. Gradual recovery of the body
weight goes on within 7 days. The infectious viral load
in the upper respiratory airway reached its peak on days
2-3 after the infection, after which it decreased rapidly
[38], and the viral clearance was achieved by the 7th
day. The viral antigen of the COVID-19 pathogen was
detected in the epithelial cells of the duodenum on the
2nd day after the infection in the absence of signs of
inflammation. In addition, viral RNA was detected in
fresh fecal samples collected from days 2 to 7 after the
inoculation of the pathogen [38].

The histological examination showed the pres-
ence of inflammatory infiltrates in the lung tissue of
infected animals characteristic of the mild course of
COVID-19 [39].

Although the initially infected hamsters were
shedding the viral RNA from the nasal cavity for 10-14
days, they were able to infect healthy animals by con-
tact and aerosol routes only during the first 3 days after
the inoculation of the pathogen [38].

The study of the dose-dependent effect demon-
strated the occurrence of extensive lesions to the
lower respiratory airway at earlier stages in animals
receiving an increased amount of viral particles, al-
though the sizes of the lesions were the same as in the
animals receiving a moderate dose by the 6th day after
the infection [41].

The re-infection of hamsters with SARS-CoV-2,
at least in the short term, was not possible due to the
formation of virus-neutralizing antibodies [42]. They
were isolated from convalescent hamsters 14 days after
the infection, and their average titer was at least 1:427.
The use of the sera obtained in this way significantly
reduced the viral load on the lungs of the infected ham-
sters, but could not prevent the development of the pa-
thology in them [39].

To date, few reports on simulating COVID-19 in
ferrets have been published [43, 44]. The model deve-
loped by Y.I. Kim [44] demonstrated greater adequacy,
although it is not lethal either. It differs from the previ-
ous animal models of COVID-19 by the manifestation
of fever with intermittent cough, sustained weight loss
and decreased activity for 4 to 6 days after the intrana-
sal inoculation of the pathogen. Ferrets infected with
SARS-CoV-2 were shedding the virus with nasal ex-
cretions, saliva, urine, and feces during 8 days after the
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inoculation of the pathogen, and the greatest replication
was achieved in the turbinates, trachea, lungs, kidneys,
and intestines [44].

Moreover, the model could show the possibility
of infection of naive ferrets by direct contact with the
animals demonstrating clinical signs of the disease, al-
though the infected naive ferrets showed only increased
body temperature and reduced activity without loss of
body weight. The naive animals that had indirect con-
tact with the infected ferrets did not develop clinical
signs, but the viral RNA was detected in several ani-
mals, which indicates the possibility of airborn trans-
mission.

The developed model has already demonstrated
its practical significance. It was used to test the anti-
viral effectiveness of drugs approved by the U.S. Food
and Drug Administration (FDA) against COVID-19:
lopinavir/ritonavir, hydroxychloroquine and emtricit-
abine/tenofovir [45].

A comparative analysis of the ACE2 receptor
variations in different primate species showed that all
the Old World monkeys (Catarrhini) are more likely
to be highly susceptible to SARS-CoV-2, in contrast
to the New World monkeys (Platyrrhini). This feature
consists in 3 differences in amino acid residues, 2 of
which — H41Y and E42Q — are the most significant
[46].

REVIEWS

The choice of NHP to simulate the COVID-19 in-
fection is usually limited to standard NHP species: cr-
ab-eating macaques, rhesus monkeys of the Old World,
and common marmosets as a New World endemic. Al-
though there are reports of SARS-CoV-2 studies on ba-
boons, including Papio cynocephalus [47].

Gender and age did not affect the development
and clinical manifestations of COVID-19 in NHPs [48,
49], which confirms the hypothesis that not the old age,
but the presence of concomitant diseases is the cause
of high mortality among the elderly people. After the
infection, the Catarrhini showed an increased body
temperature, for example, it rose to 40.9°C in rhesus
monkeys, while in one third of crab-eating macaques
and marmosets the body temperature rose insignificant-
ly. The disease is accompanied by a decrease in body
weight: in rthesus monkeys by 6-29%, and in crab-eat-
ing macaques by 2—11% [49], while the re-infection of
rhesus monkeys did not cause a relapse of COVID-19
[50]. Starting from the 10th day after the inoculation of
the virus, the X-ray studies show a pulmonary patholo-
gy in Catarrhini. In the swabs, a high level of viral RNA
is observed already on the 2nd day after the inoculation
of the virus, and it reaches its peak on the 6th—8th days
after the infection and can be detected until the 14th day
after the inoculation. Compared to the anal and nasal
swabs, less viral RNA is found in the laryngeal swabs,

Table 1. Characteristics of animal models of human respiratory syndromes caused by coronavirus infections from the point of
view of their adequacy and capability to simulate clinical features

Observed adequate clinical features

Animal

SARS

MERS COVID-19

Mice BALB/c, young Weight loss [8]

BALB/c, aged Weight loss [9]
C57BL/6 -

Transgenic Lethal outcome [10]
Golden Syrian hamsters Lethal outcome [12]

Rabbits —

Ferrets Lethal outcome [13]

Cats -

Respiratory distress
symptoms [20]

Weight loss [34]

Respiratory distress -
symptoms [20]

Respiratory distress symptoms -
[21], lethal outcome [2, 22]

Weight loss [23],
lethal outcome [24]

Weight loss [33]

- Weight loss [38], respiratory
distress symptoms [39, 41]

- Respiratory distress
symptoms [44]

Non-human Rhesus monkeys

primates

African Green
monkeys

Cynomolgus

Common marmosets

Respiratory distress
symptoms [16]

Ruffled hair [28],
weight loss [27-29]

Ruffled hair, weight loss,

respiratory distress
symptoms [30]

Respiratory distress
symptoms [47, 49]

Respiratory distress
symptoms [47, 49]
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although not all the Old World primates shed the virus
in feces. The viral RNA appears in the peripheral blood
on the 2nd-6th days after the infection and disappears
by the 10th day still remaining in the spleen [49]. Un-
like the Catarrhini, low levels of viral RNA are detected
in the swabs of the New World primates during 2 weeks
after the infection.

Histopathological changes in the Catarrhini range
from extensive pulmonary hemorrhages [49] to multi-
focal interstitial pneumonia [47]. Edema of the bron-
chopulmonary and mediastinal lymph nodes, exudative
pericarditis and inflammation of the mesenteric lymph
nodes complete the pathological scenario. Unlike the
Old World primates, the Platyrrhini showed a slight in-
filtration of the destroyed alveolar septa with inflamma-
tory cells. Minor hemorrhages are present in the spleen

parenchyma, the germinal center of which was in a
state of active proliferation [49].

Despite a relatively successful simulation of the
COVID-19 infection by the macaques, which consti-
tuted the basis for the study of the expected antiviral
effectiveness of, for example, hydroxychloroquine
[51], it is believed that baboons are a better model
because the pathology that develops in them is more
extensive and accompanied by more widespread and
severe inflammatory lesions as compared with rhesus
monkeys [47]. At the same time, the use of the New
World primates, for example, common marmosets, is at
least irrational, because the number of allowed control
procedures is limited, clinical signs of the disease are
not pronounced, and viral RNA is not detected in tissue
samples obtained from the necropsy [49].

Table 2. Characteristics of animal models of human respiratory syndromes caused by coronavirus infections from the point of
view of their adequacy and capability to simulate pathomorphological changes

Animal

Detected adequate pathomorphological changes

SARS

MERS COVID-19

Mice BALB/c, young -

BALB/c, aged Damage to the organs of the upper

and lower respiratory system [9]

C57BL/6 -

Transgenic Damage to the organs
of the lower respiratory system,
gastrointestinal tract and central

nervous system [10]

Golden Syrian hamsters Damage to the organs

of the upper and lower
respiratory system [12]

Rabbits -

Ferrets Damage to the organs
of the upper and lower
respiratory system [13]

Cats Damage to the organs

of the upper and lower
respiratory system [13]

Damage to the organs
of the lower respiratory
system [20]

Damage to the organs
of the lower respiratory
system [34]

Damage to the organs -
of the lower respiratory
system [20]

Damage to the organs of the lower Damage to the organs of the lower
respiratory system [2, 20, 22] respiratory system [35]

Damage to the organs of the
lower respiratory system [23, 24],
gastrointestinal tract and central
nervous system [24]

Damage to the organs of the lower
respiratory system [31, 33]

- Damage to the organs of the lower
respiratory system [38, 39, 41]
and gastrointestinal tract [39]

Damage to the organs of the lower -
respiratory system [6]

- Damage to the organs
of the lower respiratory
system [44]

- Damage to the organs
of the upper and lower
respiratory system [43]

Non-human Rhesus
primates monkeys

African Green
monkeys

Cynomolgus

Common
marmosets

Damage to the organs
of the lower respiratory
system [15]

Damage to the organs
of the lower respiratory
system [15]

Damage to the organs
of the lower respiratory
system [15]

Damage to the organs
of the lower respiratory
system [27-29]

Damage to the organs
of the lower respiratory
system [30]

Damage to the organs
of the lower respiratory
system [47, 49]

Damage to the organs
of the lower respiratory
system [47, 49]
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Conclusion

As for the vast majority of human diseases, there
is no unambiguous adequate animal model for corona-
virus infections accompanied by acute respiratory syn-
drome. This article is an attempt to clarify the animal
models that adequately reproduce clinical (Table 1),
pathological (Table 2) and other signs of human respi-
ratory syndromes caused by coronavirus infections.

Perhaps the study of the natural reservoirs of
pathogens would shed light on the etiology of the emer-
gence of such mutations in them that are so dangerous
for humans. Unfortunately, the animals, which are main
suspected sources of infection, have a hidden way of
life and are insufficiently studied. In addition, it is quite
difficult to provide them with appropriate care in the
conditions of research vivaria for their humanitarian
study. Therefore, we can only use models based on
standard types of laboratory animals so far, studying
pathogenesis and symptoms on one spices, and specific
therapy and immunoprophylaxis on others. Thus, the
model of transgenic mice expressing hACE2 proposed
by P.B. McCray [10] proved to be the most adequate
among the SARS small laboratory animal models, be-
cause it demonstrates clinical signs and lethality simi-
lar to humans. The hDRR4-transgenic mice possessed
similar qualities in the MERS study [24], although the
rhesus monkeys also showed a clinical scenario similar
to human patients [27, 28], and their virus neutralizing
antibodies provided protective immunity that prevented
the development of infection upon re-infection [29]. As
for COVID-19, it is possible to distinguish NHP mod-
els, especially rhesus monkeys and baboons [47], which
demonstrated a high level of similarity of clinical man-
ifestations and pathological scenario to human patients.
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