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1 | INTRODUCTION
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiology
of coronavirus disease 2019 (COVID-19) pandemic. Current variants including
Alpha, Beta, Gamma, Delta, and Lambda increase the capacity of infection and
transmission of SARS-CoV-2, which might disable the in-used therapies and vac-
cines. The COVID-19 has now put an enormous strain on health care system all
over the world. Therefore, the development of animal models that can capture
characteristics and immune responses observed in COVID-19 patients is urgently
needed. Appropriate models could accelerate the testing of therapeutic drugs
and vaccines against SARS-CoV-2. In this review, we aim to summarize the cur-
rent animal models for SARS-CoV-2 infection, including mice, hamsters, non-
human primates, and ferrets, and discuss the details of transmission, pathology,
and immunology induced by SARS-CoV-2 in these animal models. We hope this
could throw light to the increased usefulness in fundamental studies of COVID-
19 and the preclinical analysis of vaccines and therapeutic agents.
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range of epidemic areas. At the time of writing, the ongo-
ing outbreak has caused over 200 million cases and more

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) with zoonotic origin emerges in 2019 and causes
mild to severe respiratory illness in humans.! The high
transmission and mutation endow the ability of the novel
coronavirus to develop unprecedentedly in the spatial

than 4 million deaths (https://covid19.who.int/). Clini-
cal features are always initially characterized by fever,
fatigue, dry cough, diarrhea, and chest pain.l’2 The dis-
ease may progress to a severe SARS-CoV-2-induced acute
lung injury (ALI) and acute respiratory distress syndrome
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Animal models for SARS-CoV-2. Mouse, nonhuman primates (rhesus macaque, African green monkey, and cynomolgus

macaque), hamster, and ferret are most used for studying the transmission, pathogenesis, and medical countermeasures. Mouse requires
genetically modification for introducing hACE2 or adapted virus by serial passaging for SARS-CoV-2 infection. Animals of cat, mink, fruit
bat, and Chinese tree shrew are susceptible to the virus infection, while dog, pig, chicken, and duck have the minimal infections; these
animals are not usually used as models for SARS-CoV-2. The figure is created with BioRender.com

(ARDS), which causes the majority death in COVID-
19 patients.® The lethal features include hyperinflamma-
tory response, lymphopenia and microthrombosis, and so
forth, leading to the diffuse alveolar damage and exten-
sive pulmonary injury.*> In addition, factors of age, cardio-
vascular disease, obesity, hypertension, and diabetes may
advance the individual’s risk when infected with SARS-
CoV-2.577

Testing medical countermeasures, including therapeu-
tic agents and vaccines that reduce COVID-19 morbidity
and mortality, becomes an emergency scientific event.'%!!

Advancing studies on different animal models for COVID-
19 are imperative for this effort, and provide measur-
able readouts for the pathogenic mechanisms and poten-
tial interventions. To this end, several animal species,
including mice, nonhuman primates (NHPs), hamsters,
ferrets, and cats, have been well utilized in the studies
for SARS-CoV-2 (Figure 1). In this review, we provide
an overview of the current literatures on animal mod-
els for SARS-CoV-2 infection and summarize the features
for harmonizing and improving the use of current mod-
els to investigate COVID-19. We hope this will throw light
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Strategies applied to the infection of mice. (A) Permanent genetic modifications are performed to introduce hACE2 to mice

via CRISPR/Cas9 knock-in technology or recombinant plasmid. The hACE2 expression is under the control of mouse ACE2 (mACE2)
promoter, human epithelial cell cytokeratin-18 (K18) promoter, or human lung ciliated epithelial cell-specific HFH4/FOXJ1 promoter. (B)
Ad5-hACE2 or AAV-hACE2 which expresses hACE2 is introduced to mice and sensitizes the respiratory tract of mice to SARS-CoV-2
replication. (C) Viruses are adapted to infect wide-type mice by serial passaging or directly using reverse genetics. (D) SCID mouse-human

lung xenograft model of SARS-CoV-2 by surgically grafting human fetal lung tissue under the dorsal skin of SCID mice. The human lung
xenografts can develop mature structures closely resembling the normal human lung and show a high viral replication with spreading to the
whole lung tissue when infected with SARS-CoV-2. The figure is created with BioRender.com

to the preclinical analysis of vaccines and therapeutic
agents.

2 | MOUSE MODELS

Mouse (Mus musculus) model has been well used for many
viral investigations, such as Middle East respiratory syn-
drome coronavirus (MERS-CoV)'>!® and SARS-CoV.!*15
The main impediment for SARS-CoV-2 infection in mice
is the lack of proper receptors, because SARS-CoV-2 enter-
ing host cells mainly relies on the human angiotensin-
converting enzyme 2 (ACE2) receptor not mouse ACE2.'°
Therefore, several strategies have been applied to resolve
the problem, such as development of genetical modifica-
tion and mouse adapted virus (Figure 2). We will detail the
current mouse models used in SARS-CoV-2 investigation
and discuss the pathogenic features below.

2.1 | Genetically modified mice
Generation of human ACE2 (hACE2) receptor expressing
mouse is considered as a forthright strategy for SARS-CoV-
2 infection in mice. To date, several methods including
introducing hACE2 into mice via adenoviral/adenoviral-
associated vectors, expressing hACE2 by mouse ACE2
promoter or heterologous gene promoters and clustered
regularly interspaced short palindromic repeats (CRISPR)
systems, have been used to develop genetically modified
mice. Notably, the varied expression of hACE2 among dif-
ferent organs in mice has led to the mild to severe disease
in these mouse models, adding further complexity as fac-
tor of investigation of SARS-CoV-2-induced pathogenesis
and evaluation of therapeutic agents and vaccines.

The first SARS-CoV-2 infected transgenic mice are
Institute of Cancer Research (ICR) background and
express hACE2 under the control of mouse ACE2
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promoter.” The mice intranasally infected with SARS-
CoV-2 result in the weight loss, high viral replication
in lung tissues, and exhibit interstitial pneumonia with
infiltration of macrophages and lymphocytes.” The
humoral immunity is induced on 21 days postinfection
(dpi). Neurological symptoms such as anosmia, con-
fusion and encephalopathy,'®!” and cardiac injury and
myocarditis’®*? are common features that have been
reported in COVID-19 patients. However, the virus is
not observed in other organs in this mouse model, such
as the heart and brain, except for the intestine.!” Using
CRISPR/Cas9 knock-in technology, hACE2 linking to
tdTomato gene is inserted to the first coding exon of
mouse ACE2 by homologous recombination, and the
expression is driven by the mouse ACE2 promoter.”* The
hACE2 mice are susceptive to the intranasal infection
of SARS-CoV-2 and present robust viral replications in
organs of lung, trachea, and brain, as well as the olfac-
tory epithelium, and develop the interstitial pneumonia
and olfactory dysfunction accompanied by -elevated
cytokines.”>** Notably, the aged mice show marked
decrease in weight loss and more severe pathology with
increased neutrophil infiltration than those in the young
ones, consistent with the clinical symptoms observed in
COVID-19 patients.”® In one study, researchers intratra-
cheally instill SARS-CoV-2 to the mice with CRISPR/Cas9
knock-in of hACE2.*> The hACE2 mice develop severe
pulmonary pathologies with hemorrhage, inflammatory
cell infiltration and hyaline membrane formation, and so
forth, recapitulating many features observed in COVID-19
patients with ARDS.? Recently, a strategy of rapid gener-
ation of hACE2 mice has been developed via combining
CRISPR-Cas9 system with tetraploid complementation.?®
The hACE2 gene is inserted into exon 2 and the expression
is driven by the mouse ACE2 promoter. The mice show
high viral replication in lung, airway, and small intestine.
Pulmonary injury, such as alveolar septal thickening,
inflammatory cell infiltration, hemorrhage, and hyaline
membrane formation, are observed in mice with back-
ground of C57BL/6 or BALB/c, but the severest injury
occurs earlier in the BALB/c mice,? indicating an earlier
inflammatory response.

K18-hACE2 transgenic mice, in which hACE2 expres-
sion is driven by the human epithelial cell cytokeratin-18
(K18) promoter,”’ has been used for studying the patho-
genesis of SARS-CoV?® and SARS-CoV-2%’ and can cause
lethal infection. K18-hACE2 mice exhibits high susceptible
to SARS-CoV-2 infection. Intranasal inoculation of SARS-
CoV-2 results in an approximate 25% of weight loss of
mice along with virus spreading to other organs of heart,
brain, kidney, spleen, duodenum, and colon.**~** High lev-
els of viral infection in lung tissues severely impair the
pulmonary structure and function, and cause thrombosis

and vasculitis.’>*'** Severe infiltration of activated neu-
trophils, monocytes and lymphocytes to lungs, and dys-
regulated type I/ II IFN response are observed during
SARS-CoV-2 infection in K18-hACE2 mice.***> Cytokine
storm directly correlates with pulmonary injury, multi-
ple organ failure, and an unfavorable prognosis, result-
ing in ARDS and systemic inflammatory response syn-
drome (SIRS).*® Cytokine storm has been found in the
lung, spleen, and even in the brain of K18-hACE2 mice
after intranasal inoculation with SARS-CoV-2, leading to
multiple organ injury.***” K18-hACE2 mice could develop
anosmia at early time points after infection,** followed by
virus neuroinvasion that occurs in mice through the olfac-
tory neuroepithelium or eye in a manner that virus trans-
ports only partially depending on hACE2,°>* a mecha-
nism observed in COVID-19 patients.*’ Interestingly, the
male mice show a higher lethality compared to the female
ones, perhaps because of the association with the higher
level of inflammatory cytokines.>! Notably, isolations of
SARS-CoV-2 in lung and brain tissues from infected K18-
hACE2 mice show differences in genetics and plaque mor-
phology; inoculation of these of lung and brain SARS-CoV-
2 isolations into new batches of K18-hACE2 mice results
in the lethal pulmonary and central nervous system infec-
tion, respectively.®> The highly tendentious pathogenicity
of genetic variants of SARS-CoV-2 in different organs may
provide an alternative approach to investigate the specific
features observed in COVID-19 patients. Recently, lethal
diseases have also been reported among K18-hACE2 mice
infected with SARS-CoV-2 variants (B.1.1.7 and B.1.351),*°
suggesting that K18-hACE2 mice can be used as a robust
mouse model against the rapid evolution of SARS-CoV-2.
Therefore, K18-hACE2 transgenic mice have been widely
used in the preclinical evaluation of vaccines*~** and
antiviral drugs®® against severe SARS-CoV-2 infection
and COVID-19 disease.

Another genetically modified mice, that is, HFH4-
hACE2 mice, express hACE2 under the control of a lung
ciliated epithelial cell-specific HFH4/FOXJ1 promoter.**->
HFH4-hACE2 mice have been used for investigating the
SARS-CoV°%3! and SARS-CoV-2 pathogenesis.”>> The
hACE2 expression level is varied among different organs
and is higher in lung tissues.”* Intranasal infection of
SARS-CoV-2 induces high viral replication in lung tissues
of HFH4-hACE2 mice, and causes interstitial pneumo-
nia accompanied by elevated cytokines and infiltration of
macrophages and lymphocytes and fibrin exudation.>* The
HFH4-hACE2 mice are also susceptive to the infection of
SARS-CoV-2 with D614G mutation.”> Notably, two infec-
tion outcomes have been observed: (1) those that lost more
than 20% of body weight often accompanied by noticeable
neurological symptoms and died eventually; (2) those that
lost less than 10% of body weight and survived. Moreover,
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the HFH4-hACE2 mice exhibit a gender-dependent pro-
gression that the males develop more lethal disease,”* shar-
ing some features observed in K18-hACE2 mice. Besides,
the preexposure to SARS-CoV-2 protects HFH4-hACE2
mice from severe pneumonia,” indicating an adaptive
immunity response in mice. Nevertheless, only some lim-
ited studies evaluate the therapeutic agents and vaccines
using the HFH4-hACE2 transgenic mice.’*>

The CAG-hACE2 transgenic mice have ever been used
for investigating the SARS-CoV infection.””*® A recent
study reports the generation of CAG-hACE2 mice, which
express HA-tagged hACE2 drove by the CAG promoter
and is flanked by HS4 insulators.”® High level of hACE2
expression in organs of lung, brain, and kidney endows
the CAG-hACE2 mice the susceptibility to the SARS-CoV-
2 infection.”” Intranasal infection with low dose virus
(1000 plaque-forming units, PFU) results in an absolute
mortality with severe pulmonary pathologies, and the
male CAG-hACE2 mice exposed to SARS-CoV-2 infec-
tion exhibit much more weight loss than the female
mice,” which is consistent with the sex-biased response
observed in K18-hACE2 mice and HFH4-hACE2 mice
as described above. In addition, another study reports
the C57BL/6-Tgtn Smoc mice, which express hACE2 that
links to luciferase driven by the CAG promoter (CAG-
human ACE2-IRES-Luciferase-WPRE-polyA), as models
for SARS-CoV-2 investigation. The hACE2 expression is
high in organs of heart, kidney, stomach, lung, spleen, and
liver. Intranasal inoculation with 3 X 10* PFU of SARS-
CoV-2 induces viral replication in lung and intestine tis-
sues, and causes the interstitial pneumonia characterized
by alveolar septa thickening and interstitial infiltrates.’"
Some medical countermeasures such as vaccines and
antiviral drugs are under evaluation using the CAG-hACE2
mice.%0-0!

Finally, instead of permanent genetic modification, ade-
novirus or adeno-associated virus that expresses hACE2,
that is, Ad5-hACE2 or adeno-associated virus (AAV)-
hACE2 which can transduce a large proportion of pul-
monary epithelial cells, is introduced to mice to sensi-
tize the respiratory tract for SARS-CoV-2 replication. The
wide-type mice intranasally®® or oropharyngeally®® inocu-
lated with Ad5-hACE2 show high hACE2 expression con-
fining to the alveolar epithelium and occasional expression
in the airway epithelium. The transient effect of hACE2
expression can sustain for several days for SARS-CoV-2
infection and induces high viral replication in lung tis-
sues, which terminally results in a rapid 20% of weight
loss and impairs the pulmonary functions.®*% A vari-
ety of lesions including inflammatory infiltrates, hem-
orrhage, alveolar edema, and necrotic cell debris with
markedly elevated cytokines such as TNF-a and IL-6, are
observed.®>"%* Type 1 IFN response is observed during

SARS-CoV-2 infection in Ad5-hACE2-transduced mice,
accompanied by upregulation of signal transducer and
activator of transcription 1 (STAT1) signaling, which is crit-
ical in protection against SARS-CoV-2.°%% Interestingly,
pulmonary endothelial cells show viral replication and
are induced endotheliopathy in Ad5-hACE2 mice®; other
organs of liver and intestine, and so forth, do not exhibit
viral replication.®*% The responses between C57BL/6 mice
and BALB/c mice, such as the weight loss, viral repli-
cation, and the degree of pulmonary lesson, are slightly
different.®? In a recent study, intranasal inoculation of Ad5-
hACE2 causes the SARS-CoV-2 infection in peripheric
leukocytes of mice as early as 1 dpi, which contributes to
the systemic viral dissemination.®® AAV-mediated expres-
sion of hACE2 in mice also endows the viral replica-
tion in lung tissues, and increases the pulmonary infil-
tration of monocytes, neutrophils and lymphocytes, and
Type I IFN response and humoral immunity.”-°* However,
adenovirus-mediated delivery results in viral replication
to lower titers and mild clinical signs of infection com-
pared to those of K18-hACE2 mice.®” The adenovirus or
adeno-associated system circumvents the problem of time-
consuming process of breeding multiple generations and
represents an easily and rapidly strategy for the currently
urgent need of small animal models for COVID-19. Coun-
termeasures of new therapies and vaccines against SARS-
CoV-2 have been under evaluation using the Ad5-hACE2-
or AAV-hACE2-based mouse model.?>7°~73 A limitation of
these mice is that hACE2 is expressed ectopically, which
may change the tissue or cellular tropism of the virus.

2.2 | Mouse-adapted viruses

Virus can be adapted to infect wide-type mice by serial pas-
saging, which may more closely resemble the natural host-
pathogen interactions in mice. This strategy is successful
because of a swarm of related viral quasi species in the pop-
ulations of RNA viruses. The rare viruses in the swarm that
contain mutations in the key protein that increase their
binding affinity to entering receptors of mice are expected
to be selected, owing to their higher levels of replication in
lung tissues. This strategy has been successfully applied to
investigate the SARS-CoV'*”* and MERS-CoV,!? and has
generated highly infective viruses and caused lethal pul-
monary diseases.

Recently, evolution in vivo via serial passage of SARS-
CoV-2 in the mouse lung tissue generates highly infec-
tive virus, that is, MASCp6, with increased virulence in
both young and aged mice.”” The mice intranasally inocu-
lated with MASCp6 develop the interstitial pneumonia and
inflammatory response. MASCp6 infection causes severe
pulmonary pathology and higher inflammation in the aged
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mice than those in young ones.” Also, MASCp36, derived
from MASCp6 virus by serial passaging again, obtains
robust affinity to mouse ACE2 and exhibits age and gender-
related skewed distribution of mortality with 50% of mor-
tality in aged, male mice when inoculation with only 100
PFU of MASCp36.”° Another mouse-adapted virus, that is,
SARS-CoV-2 MAI1O, recapitulates the age-related disease
severity observed in humans as well, and causes lethal fea-
tures of ALI and ARDS, and death in wild-type mice.”’
Interestingly, BALB/c mice suffer more sorrows compared
with C57BL/6] mice, which may because of the different
immune paradigms induced by the virus in these two back-
ground mice. Other mouse-adapted SARS-CoV-2 viruses,
such as HRB26M,”® MAC03,”” and rSARS2-N501Y5p;,%"
have been reported the caused moderate to lethal disease.

In addition, some researchers have directly devel-
oped mouse-adapted virus using reverse genetics, includ-
ing SARS-CoV-2 MA (precursor of SARS-CoV-2 MA10)®!
and rSARS2-N501Yp, (precursor of rSARS2-N501Yps).5°
These mouse-adapted viruses can replicate in the upper
and lower airways of mice; however, the viruses are only
able to cause mild disease in mice even intranasal inocu-
lation with a high dose of the adapted viruses. Therefore,
evolution in vivo via serial passaging of modified SARS-
CoV-2 using reverse genetics may be an ideal approach to
develop SARS-CoV-2 strain with high infective and lethal
to the general laboratory mice.

Some trials including potential medical countermea-
sures against SARS-CoV-2, have been in progress or done
using the mouse model with mouse-adapted virus.>-%*
However, the mouse model has limitations: (1) The mouse-
adapted virus may cause the infection that does not reca-
pitulate many aspects of human disease and may induce
injury via unique pathogenesis; (2) The occurrence of
key mutations in immunogen such as receptor-binding
domain (RBD) which is the primary target for the neutral-
izing antibody response, may lead to the noneffective neu-
tralizations for the mouse-adapted virus.

2.3 | Other mouse models

Several studies have applied the immunodeficient mouse
to investigate the pathogenesis in human-specific viral
infections, such as SARS-CoV.®>% Recently, researchers
have developed a severe combined immunodeficiency
(SCID) mouse-human lung xenograft model for SARS-
CoV-2 by surgically grafting human fetal lung tissue under
the dorsal skin of SCID mice.?” The human lung xenografts
can develop mature structures closely resembling the
normal human lung and show a high viral replication
with spreading to the whole lung tissue when injected
with SARS-CoV-2.*” The SARS-COV-2 infection in this

mouse model confines to epithelial cells and causes a
severe pulmonary damage with elevated pro-inflammatory
response.®”” The immunodeficient mouse can also be used
for studying the role of immune effectors combining the
human immune system and ACE2 expression; however,
this strives has not been used for evaluating the vaccines
and therapies.

The high mortality of SARS-CoV-2 infection closely
associates with the disease progression to a severe COVID-
19-induced ARDS.*® The mortality rate in COVID-19
patients with ARDS is up to 50% and reaches 94% in
those who received mechanical ventilation.’ To this end,
mouse models that recapitulate the features of COVID-19
patients with ARDS should be highlighted. We have ever
established a mouse model via intratracheal instillation of
SARS-CoV-2 (4 x 10° PFU) to hACE2 mice (Figure 3).%
The transgenic mice are generated using CRISPR/Cas9
knock-in technology. Severe gross lesions involve the big-
ger size with the bilateral congestion and edema, and
patched hemorrhage of lung on 5 dpi. The infected
mice develop severe bronchopneumonia, diffuse intersti-
tial pneumonia, and vasculitis. Histopathological changes
in lung tissue include reduction of airway space, thickened
alveolar septa, pulmonary edema, necrosis, proteinaceous
debris in the alveolar space, formation of hyaline mem-
brane, occasional thrombus in pulmonary capillary lumen,
consolidation, diffuse hemorrhage, and alveolar dam-
age. Inflammatory infiltrates include massive neutrophils,
and scattered monocytes, macrophages, and lymphocytes
throughout the lung tissue. Notably, the neutrophils are
infiltrated to lung as early as 6 h post inoculation of SARS-
CoV-2, and present the predominant cell infiltration until 3
dpi. The dead cells are mostly shown in the background of
the inflammatory cell infiltrates. In addition, a recent study
has reported an animal model for SARS-CoV-2-induced
ARDS in genetically unaltered CD-1 mice.*” Bleomycin or
ricin-pretreated mice show highly susceptible to SARS-
CoV-2 infection, accompanied by sustained body weight
loss and more than 50% of mortality rates. Notably, the viral
replication is observed in the upper and lower respiratory
tracts and in the organs of lung and heart, and in serum
samples. The deleterious effects induced by SARS-CoV-2
infection include severe pulmonary damage characterized
by extensive peribronchial and perivascular inflammatory
cell infiltrates. This genetically unaltered mouse might be
infected via a novel mechanism other than the canoni-
cal ACE2-mediated uptake route. Besides, some strategies,
such as intratracheal instillation of Poly I:C and SARS-
CoV-2 spike protein® and intravenous injection of SARS-
CoV-2 envelope (2-E) protein,” have also been reported
to induce ARDS-like pathological damages in genetically
unaltered mice. Finally, the K18-hACE2 mice can develop
lethal disease after SARS-CoV-2 infection as describe
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(A) hACE2 mice

A SARS-CoV-2
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FIGURE 3

(B)

The pulmonary features of a mouse model for SARS-CoV-2-induced ARDS. (A) An illustration for route of the establishment
of a mouse model for ARDS. (B) The gross observation for pulmonary morphology on 5 dpi. (C-D) Images of H&E staining for pulmonary
pathological changes of mice on 5 dpi. (E) Images of TUNEL staining for cell apoptosis in lung tissue on 5 dpi. (F-G) Images of H&E staining
(F) and immunofluorescence staining for Ly6G (G) indicate the neutrophils as the predominant cell infiltration with 60% of the lung tissue.

(H-L) SARS-CoV-2 infection induces apparent hemorrhage (H), inflammatory cells (I), proteinaceous debris (J, red arrow), hyaline
membranes-like changes (K, red arrow), and thrombi (L, red arrow) in the lung tissue of the mouse model. (M) Images of
immunofluorescence staining for SARS-CoV-2 spike protein in the lung section of a mouse with SARS-CoV-2-induced ARDS. Scale bars
represent 2000 um (C) or 20 um (D-M). Reprinted with the permission from a published reference®

previously, and may be an alternative model for the ARDS-
like pathological investigation.

Chronic diseases, such as obesity, cardiovascular dis-
ease, hypertension, and diabetes, are closely correlated
to the severe COVID-19 disease and advance the SARS-
COV-2-induced mortality.”° Genetic or dietary modifi-

cation that induces features of these human chronic
diseases has been implemented in mice.””** Efforts of
developing the risk-related models for studying SARS-
CoV-2 infection may involve mouse-adapted SARS-CoV-2
virus or mice humanized with hACE2 combining related
chronic diseases. For example, low dose of mouse-adapted
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SARS-CoV-2 which is generated through serial passing in
the mouse lung, has been reported to cause the enhanced
morbidity in aged and diabetic obese mice (generated
by dietary modification), resembling the clinical fea-
tures observed in COVID-19 patients.” Nevertheless, these
chronic disease-related mouse models for SARS-CoV-2
infection need to be fully explored, which may provide a
robust platform for the efficiency evaluation of potential
vaccines and drugs to combat with SARS-CoV-2 infection.

Although appropriate mouse models for studying SARS-
CoV-2 transmission have not been reported, the emerged
variants might impart cross-species transmission of SARS-
CoV-2 to naive mice by enhancing receptor binding,
such as the currently reported N501Y, E484K, and K417N
variants.”>"”® The mutations render effective binding of
the RBD to mouse ACE2 and lead to fusion of neigh-
boring membranes and effective infection,?’ which have
been found in the mouse-adapted viruses as well, espe-
cially the N501Y mutation.”>° Further investigations on
the potential implications for SARS-CoV-2 transmission,
such as mouse-to-mouse, or mouse as an intermediate
host, need to be made to clarify the possible routes whereby
viruses are transmitted and limit the mouse-mediated
transmission.

In summary, several mouse models have been used or
under development for investigating the pathogenesis of
SARS-CoV-2infections. These mouse models develop mild
to lethal diseases; however, none of these models can
replicate all features observed in COVID-19 patients, espe-
cially the unusual aspects such as the pulmonary vascu-
lar disease. Furthermore, more efforts on using mouse
models need to be made to demonstrate the roles of risk-
related factors, such as cardiovascular disease and obesity
in SARS-CoV-2 infection.

3 | SYRIAN HAMSTER MODELS

Syrian golden hamsters (Mesocricetus auratus) are small
mammals that have been used for decades to study
the infections of human respiratory viruses, including
influenza virus, SARS-CoV,””~'°! and genetically modified
animals generated for MERS-CoV.!°> The ACE2 domain of
human that interacts with SARS-CoV-2 RBD of S protein
closely resembles that of hamsters,'%* suggesting that ham-
sters could be suitable as a natural model for studying the
SARS-CoV-2 transmission and infection. As expectedly,
intranasal inoculation with 5 x 10* TCID50 (median tis-
sue culture infective dose) of SARS-CoV-2 induces approx-
imately 15% of weight loss and viral replication in upper
and lower respiratory tracts and organs of lung, heart,
brain, spleen, and liver of hamsters.'’*!°> The virus in the
lung tissue is mainly presented in the bronchial epithe-

lium, macrophages, and alveolar epithelial cells (type I
and II), followed by rapid viral clearance between 6 and
7 dpi.!?>!% The hamsters develop mild clinical scores and
recover on 14 dpi.!’>'% However, intranasal inoculation
with high dose of SARS-CoV-2 (5 x 10° TCID50) induces
a severe pulmonary injury in hamsters that shares many
features with COVID-19 patients, including bilateral and
multilobular ground glass opacity, severe weight loss, and
increased mortality.!%*19719% Multiple organ damages are
also observed in the severe SARS-CoV-2 infected ham-
ster model, accompanied by higher level of viral replica-
tion in tissues of lung, heart, brain spleen, liver, lymph
node, kidney, adrenal gland, different segments of alimen-
tary tract, ovary, prostate, and vesicular gland, which even-
tually leads to the systemic injury.'%® Notably, the focal
lesions still exist in part tissues of liver, lymph node, and
heart after prolonged infection,'’® suggesting a sustaining
damage. The diseases of genital system and digestive sys-
tem induced by SARS-CoV-2 in hamsters would provide a
suitable aspect in related human diseases. Besides, olfac-
tory epithelium is also damaged by SARS-CoV-2 infection,
resulting in the olfactory dysfunction in hamsters as early
as 2 dpi.!””"!!! In one study, hamsters are orally inoculated
with SARS-CoV-2 (1 x 10° PFU) and develop no sign of
disease compared to the equal viral quantity of intranasal
inoculation.!? The viral replication in organs of lung and
small intestine are much lower and the body weight shows
no change,'"? suggesting the respiratory infection with less
efficiency when oral acquisition of SARS-CoV-2 in ham-
sters.

In hamsters, SARS-CoV-2 infection causes mild to
lethal pathologic changes. Multifocal bronchiolar epithe-
lial necrosis and inflammatory infiltrates of lung occur
as early as 2 dpi,'”* consisting of many neutrophils,
macrophages, monocytes, and a few lymphocytes, and
develop the most severe on 4 dpi.'?>1°%!3 The infection
can progress to interstitial pneumonia characterized by
massive pulmonary consolidation after infection.!%4-19
In addition, endothelialitis, alveolar hemorrhage, and
pulmonary edema are also observed in severe infected
hamsters.'%>!"* Infiltration of lymphocytes, pneumocyte
hyperplasi, and fibrosis are main features in the later
progression.'0>114

SARS-CoV-2 infection in the hamster model is a closely
gender- and age-dependent progression. The old ham-
sters show more pronounced weight loss and severe pul-
monary disease, such as alveolar and perivascular edema,
more pulmonary inflammatory infiltrates, and consolida-
tion, compared to the young ones when infected with
SARS-CoV-2.!° However, the response to the infection
is quite different, that the young hamsters exhibit earlier
viral replication and spreading and immune cell influx to
lung, while the old hamsters show a delayed and more
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adverse response to the SARS-CoV-2 infection.!’® Resem-
bling the age-dependent progression, male hamsters show
a high viral replication, weight loss, and severe pulmonary
disease.''* The manifestations are coincident with those of
COVID-19 patients.

Importantly, the hamsters are suitable as models to
investigate the transmission of SARS-CoV-2. SARS-CoV-
2 can be transmitted by direct contact or via aerosols
(respiratory droplets or airborne droplet nuclei) between
humans. To date, several studies have launched this ani-
mal model for the efforts to prevent the SARS-CoV-2
transmission. For example, SARS-CoV-2 can be transmit-
ted efficiently from infected hamsters to naive hamsters
via aerosols or by direct contact; using surgical mask
could well reduce the infected proportion of hamsters
(from 66.7% to 16.7%),"> suggesting the potential benefit of
using surgical mask against the SARS-CoV-2 transmission.
Intranasal inoculation of SARS-CoV-2 causes the viral
replication in epithelial cells of the duodenum and viruses
in faeces, suggesting the hamsters as models for study-
ing the oral-faecal route of transmission of SARS-CoV-2.!%
Notably, transmission via fomites such as soiled cages is
not as efficient and the communicable period is short and
closely correlates with the infectious virus.!> However,
unlike the challenged hamsters, infected naive hamsters
show minimal clinical symptoms, lower viral replication in
respiratory tract, and milder disease, and can recover to the
original condition. Therefore, the infected naive hamsters
may not fully recapitulate the features observed in SARS-
CoV-2-infected humans.

Expression levels of chemokines and cytokines, which
link to COVID-19 in humans including IL-6, IL-10, IFN-
A, IFN-y, CXCL-10, MX-2, and TNF-a, and so forth, are
robustly increased in hamsters on 4 dpi, and are grad-
ually resolved on 7 dpi.'®!"® Type I and IIT IFN sig-
naling has been involved in the restricting infection of
many respiratory viruses including SARS-CoV and SARS-
CoV-2.18119 1 STAT2-knockout hamsters, the immune
responses including Type I and III IFN signaling are
decreased with a reduced injury of immune pathology;
however, the viral replication is increased and dissemi-
nate to several peripheral tissues without the keeper of
STAT2."® Besides, a study on RAG2-knockout hamsters
shows that the absence of the functional B and/or T cells
can exacerbate pathology at the early stage of SARS-CoV-2
infection.!?’ IL-2 receptor knockout in hamsters results in
the prolonged viral persistence, suggesting the susceptibil-
ity of SARS-CoV-2 to adaptive immune control.'® Like the
observations in COVID-19 patients, adaptive response is
induced and neutralizing antibodies are produced as early
as 7 dpi in hamsters.!’>!?! Passive immunization or anti-
body therapy shows benefits of reduction of viral dissemi-
nation and progression in hamsters.'?7120:122.123 Therefore,

the hamster model may be used as an alternative plat-
form to investigate the immune response, therapies, and
vaccines.

4 | NHP MODELS

NHPs are desirable models with similar anatomy, phy-
logeny, and immunology to humans. There are a number of
researches that have applied those NHP modes, including
rhesus macaques (Macaca mulatta), African green mon-
keys (Chlorocebus aethiops), and cynomolgus macaques
(Macaca fascicularis), for investigating the pathogenesis
involved in SARS-CoV-2 infection and also for developing
the medical countermeasures (Figure 4). The ACE2 pro-
tein in NHP especially in rhesus macaques gives an over-
all homology of 91% compared with hACE2.!* Analysis of
NHP single-cell RNA-sequencing data sets reveals that the
cell subtypes of type Il pneumocytes, nasal goblet secretory
cells, and absorptive enterocytes co-express ACE2/type II
transmembrane serine protease 2 (TMPRSS2),'*> suggest-
ing the potential as cellular targets of SARS-CoV-2. Previ-
ous studies have demonstrated that African green monkeys
are more susceptible to the SARS-CoV infection than rhe-
sus and cynomolgus macaques that cause severe disease.'*
The species differences are slightly varied when infected
with SARS-CoV-2. For example, SARS-CoV-2 infection
have been reported to cause only minimal to mild clini-
cal features, such as reduced appetite, dehydration, tran-
sient fever (occurs between 1 and 2 dpi), mild weight loss,
and occasional coughing, with peaking on 7 days in rhe-
sus macaques and recovery between 9 and 17 days respond-
ing to SARS-CoV-2 infection'?’'?; the African green mon-
keys have a spectrum of responses from minimal to
severe disease,'?’""3! while the cynomolgus macaques have
a milder decreased physical activity or asymptom.'3*134
Rhesus macaques, African green monkeys, and cynomol-
gus macaques are all susceptible to the SARS-CoV-2 infec-
tion, but differences in time-shifted viral replication and
clearance are found among the three kinds of NHPs.!3*7134
Intranasal or combined intratracheal and intranasal inoc-
ulation of SARS-CoV-2 induces the robust viral replica-
tion in the upper respiratory tract including nasal turbinate
and throat, with peaking between 1 and 3 dpi and persist-
ing until 5-7 days before dropping below detection lim-
its between 14 and 18 dpi.’*> In two studies, SARS-CoV-
2 infection causes a second wave of viral replication in
nasal swab samples on 5 dpi, with prolonged viral shedding
period in nasal tissues that can persist for 4 weeks.!?%13¢
The viral replication in the lower respiratory tract such as
trachea and in lung tissues increases on 3 dpi and peaks
on 9 dpi in one study.'”® Extrapulmonary organs includ-
ing brain, spleen, liver, heart, kidney, eye, gastrointestinal



BIET AL.

557

(A)

’/ |

Virus load

oo

- g

ahmeiy &

Clinical symptoms and
pathological features

(B) Extrapulmonary infection for
SARS-CoV-2 in Non-human primates

Heart

African green monkey  +++ Minimal to serve (ARDS is found
in old)
. = Liver Gastrointestinal tract
S g
oy S g
Y 8
Rhesus macaque +++ Minimal to mild
Spleen
U8
e
++ Asymptomaticl to minimal

1. Aerosol inoculation
S —
2. Intranasal or combined | «

intratracheal and W M

intranasal inoculation

e
Jareeeaiii

FIGURE 4

Lymph node Reproductive system

High virus loads
are dected in
upper, lower

& respiratory
\ tracts and
lungs

Very low virus
loads are dected
- inupper, lower

ﬁ m respiratory
tracts and lungs

3.Intracheal
noculation

PG S

SARS-CoV-2 infection in nonhuman primates. (A) Rhesus macaques, African green monkeys, and cynomolgus macaques

are all susceptive to SARS-CoV-2 infection. Asymptomatic to minimal clinical features and minimal to mild clinical features are observed in
cynomolgus macaques and rhesus macaques, respectively. The African green monkeys have a spectrum of responses from minimal to severe
disease, in which the aged could progress to ARDS. (B) Viral replication is observed in extrapulmonary organs including brain, spleen, liver,
heart, kidney, gastrointestinal tract, uterus, urogenital tract, and lymph node. (C) The route of aerosol, intranasal, or combined intratracheal
and intranasal inoculation of SARS-CoV-2 causes high viral loads in the upper and lower respiratory tracts and lungs in nonhuman primates.
Only intratracheal inoculation causes much lower viral loads in the upper and lower respiratory tracts and lungs. The figure is created with

BioRender.com

tract, uterus, bladder, central nervous system, urogenital
tract, and lymph node, are also observed viral replication,
suggesting the potential of systemic injury.!?%13#135137-140
However, some studies negate the viral replication in extra-
pulmonary organs, except for gastrointestinal tract and
lymph node.'?” Notably, only intratracheal inoculation of
SARS-CoV-2 does not induce the viral replication in nasal
tissue and much lower viral loads are observed in the nose
and throat swab and in lung tissue compared to the route
of intranasal or combined intratracheal and intranasal
inoculation.'*! The difference suggests that nasal infec-

tion congregates more virus in the upper respiratory tract
and aggravates the viral transmission and infection in the
lower respiratory tract that may cause more severe disease.
Besides, investigators also use the LMA mucosal atomiza-
tion device that resembles the human infection; this route
causes the similar viral replication expect for the prolonged
viral loads compared to the nasal infection.'*> In aged
NHPs, the viral replication in the upper respiratory tract
persists for 10 days with peaking loads and is much higher
in lung tissues compared to the young ones'**; while the
gender might be not the risk factor in severe disease.'>*
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In NHPs, SARS-CoV-2 infection causes minimal to
severe pathologic changes. Inflammation in the upper
airways is characterized by multifocal squamous meta-
plasia of the respiratory epithelium and infiltration of a
small number of neutrophils. Severe gross lesions involve
pulmonary punctate hemorrhage and red lesion.'?%!134142
Bronchopneumonia and interstitial pneumonia occur as
early as 3 dpi that frequently center on small bronchus
and terminal bronchioles, respectively.'?”-'*° Multifocal
clusters of virus-infected cells are presented through-
out the pulmonary parenchyma.'** Histopathological
changes in lung tissues include thickened alveolar septa,
diffuse alveolar damage, formation of hyaline mem-
brane, occasional diffuse hemorrhage, collagen deposi-
tion, pulmonary edema, consolidation, minimal necro-
sis, and pneumocyte hyperplasia. One study has shown
the thrombus in pulmonary capillary lumen accompa-
nied by endothelial cell swelling and perivasculitis.'*®
Inflammatory infiltration of monocytes, macrophages,
neutrophils and eosinophils aggregates in alveoli, pul-
monary parenchyma and in the respiratory epithelial sub-
mucosa of larger airways, and a small number of lympho-
cytes are confined predominantly to perivascular sites.'*?
SARS-CoV-2 antigen is presented in NHPs associated with
pulmonary lesions, especially in the alveolar epithelial
cells and macrophages.'*>'** The NHPs develop the most
severe pathology between 4 and 5 dpi, and the diseases
of those alleviate gradually but display moderate to mild
alveolar inflammation.'?®!33 The infection causes long-
standing pulmonary injury accompanied by multifocal
chronic interstitial pneumonia even on 34 dpi.'*> However,
some in vivo studies demonstrate the recovery undergo
SARS-CoV-2 infection in NHPs.!?”-'*” Extrapulmonary tis-
sues, such as brain, heart, liver, spleen, kidney, stomach,
ileum, colon, testis, and lymph node, have been reported
to present mild histopathological lesions.'?%*+136 Those
organs show varied levels of edema, infiltration of inflam-
matory cells on the early stage of infection, while the
sustained systemic inflammatory response is devoid. For
example, microhemorrhages and neuropathology that is
consistent with hypoxic injury are presented in SARS-
CoV-2-infected NHPs.'*> Besides, lymph nodes of mesen-
teries and lung, and spleen display increased immune
activity by enlarging germinal centers in response to
viral infection.'”®3* Like the observations in COVID-19
patients, the aged NHPs develop more severe diffuse inter-
stitial pneumonia compared to the young ones,"*"'*3 and
the aged African green monkeys are reported to progress to
ARDS, 3% which has been noted as the main cause of mor-
tality induced by SARS-CoV-2. These findings highlight
the importance of including age in the selection of animals.

Involved chemokines and cytokines including IL-1Ra,
IL-13, IFN-y, IFN-o TNF-a, IL-6, IL-2, IL-4, IL-5, RANTES,

G-CSF, GM-CSF, CCL2, and IP-10, and so forth, are
increased at a range scale of time and space.!?%130:133-135
Activation of innate immune response occurs between 1
and 3 dpi accompanied by type I IFN response; then the
Th1/Th2 response and adaptive response are induced at the
middle and late stage of infection. Neutralizing antibodies
are produced as early as 5 days after SARS-CoV-2 infection
in NHPs and peak between 15 and 21 dpi.'?”'** The induced
immune response protects those of NHPs from adverse
effects when rechallenged the SARS-CoV-2, including
lower viral replication, no remarkable lesion in the upper
and lower respiratory tracts and no significant bronchop-
neumonia, and produces significantly higher neutralizing
antibody titers."****4 Notably, the aged NHPs present
a delayed immune response with more severe cytokines
and chemotaxis, but lower titers of SARS-CoV-2-specific
IgG antibody levels and weaker antiviral functions com-
pared to the young ones.'*®!*” Taken together, although
the NHPs have failed to recapitulate the severe diseases
such as ARDS (only observed in a few aged African green
monkeys) and SIRS, these animals still present the priority
as models for studying the immunopathology and evaluat-
ing the protective efficacy of vaccines and drugs to combat
with SARS-CoV-2 infection. #8152

5 | FERRET MODELS

Ferrets (Mustela putorius furo) are mammals that have
been well used as models to study the infection and trans-
mission of human respiratory viruses, including influenza
virus, SARS-CoV."*"1% The respiratory tract of ferrets
anatomically resembles that of humans, such as the glan-
dular density in the bronchial wall, terminal bronchi-
oles, and proportions of the upper and lower respiratory
tract.®>” ACE2 is mainly expressed on glandular and
type-II alveolar epithelial cells of ferrets and shows affin-
ity to the SARS-CoV infection.!”®!” Intranasal inocula-
tion of SARS-CoV-2 induces the clinical symptoms that
observed in COVID-19 patients, including reduced activ-
ity, nasal discharge, sneezing, wheezing, occasional cough,
and increased body temperature in infected ferrets.'°%!6!
The clinical symptoms are manifested on 2 dpi and recover
to the initial state on 12 dpi. The body weight loss is
controversial in several studies on SARS-CoV-2-infected
ferrets.'®"1%* High levels of SARS-CoV-2 are detected in
the upper respiratory tract, such as nasal turbinate and
throat, with peaking between 3 and 4 days and persist-
ing until 8 days before dropping below detection lim-
its on 10 days after inoculation.'®"1 The viral repli-
cation is also observed in the trachea, lung, intestine,
and brain,'°"'%* suggesting the possibilities of central ner-
vous system injury and oral-faecal route of transmission.
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Interestingly, intratracheal inoculation of SARS-CoV-2, a
route which is reported to cause more severe disease in
ferrets when infected with influenza virus''” and in
hACE2 mice* when infected with SARS-CoV-2, shows
a low efficient in establishing an infection with milder
diseases in ferrets compared to the route of intranasal
inoculation.'®* The poor outcome may be caused by the
relative lower expression of receptor in lower respiratory
tract of ferrets for SARS-CoV-2 entering. Furthermore,
studies on gender and age-related SARS-CoV-2 infection
suggest that the aged ferrets, especially the males, suf-
fer more illnesses, such as higher viral loads, longer viral
replication, more severe pulmonary disease, and clinical
features.!°0-19%:1° The skewed distribution captures some
features observed in COVID-19 patients.

In ferrets, SARS-CoV-2 infection causes minimal to
mild pathologic changes. The nasal cavity develops a mild
inflammation with few necrosis of epithelial cells and
occasional hemorrhage.'°>1%” Moderate bronchopneumo-
nia occurs as early as 3 dpi, accompanied by infiltration
of neutrophils, mononuclear cells, macrophages and lym-
phocytes into the bronchiolar lumina, and mild necrosis
of the bronchiolar epithelial cells.!*!%” The bronchopneu-
monia only affects no more than 15% of the lung section
on 3 dpi and decreases to less than 5% on 7 dpi.'®® Thick-
ness of the interalveolar septa and alveolar hyperplasias
are observed during SARS-CoV-2 infection.!®>1%* More-
over, multifocal hepatitis occurs after inoculation, suggest-
ing the liver damage.'®?

The ferrets are suitable to study the transmission of
SARS-CoV-2.'70 Efficient viral transmission between fer-
rets agrees with recent SARS-CoV-2 outbreaks in mink
farms. Direct contact with SARS-CoV-2-infected ferrets
can induce the transmission of virus to the naive ferrets,
which occurs as early as 2 dpi.'"'”5'7? Transmission via
respiratory droplets and/or aerosols is efficient between
ferrets over more than 1 m distance,'”* but shows a delayed
infection for 3-7 days'’? compared to the direct contact.
However, in one study, the respiratory droplet shows a
low efficiency with only 25% of infection between naive
ferrets.””! The pattern of clinical features, viral replica-
tion, pathology, and immune response of the infected naive
ferrets resemble those of inoculated ferrets.'®"72 To date,
the ferrets are well used as models to measure the coun-
termeasures against SARS-CoV-2 transmission. For exam-
ple, treatment with a lipopeptide fusion inhibitor, which
blocks membrane fusion between the virus and host cell,
completely prevents the direct contact of transmission of
SARS-CoV-2 between ferrets,'”* suggesting the potential to
reduce community transmission of SARS-CoV-2. Besides,
MK-4482/EIDD-2801, a ribonucleoside analog inhibitor,
also mitigates SARS-CoV-2 infection and blocks transmis-
sion in the ferret model.'”
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Involved immune responses include activated T cells,
macrophages, and Type I IFN signaling.!°®!6%170 The
adaptive response is induced and neutralizing antibod-
ies are produced as early as 8 dpi in ferrets.'> The
induced immune response protects ferrets from adverse
effects when rechallenged the SARS-CoV-2, including
lower viral replication, no remarkable lesion in the
upper and lower respiratory tracts, and no signifi-
cant bronchopneumonia.'%>'%*!7! However, lack of ferret-
specific immunological reagents severely impedes the fur-
ther investigation of immunological mechanisms in this
animal model. Some new technologies such as single-
cell RNA (scRNA) sequencing,'”® have been employed to
resolve this dilemma. The ferret model has been used in
the preclinical evaluation of vaccines'””'® and antiviral
drugs.”’

6 | OTHER SPECIES

6.1 | Cats

Several studies have demonstrated the transmission from
human to domestic cats (Felis catus).'®"134 Cats are highly
susceptible to airborne transmission and SARS-CoV-2
infection, and those who infected by their human own-
ers could transmit the virus to the naive cats.'®>'% How-
ever, the efficiency of transmission from infected cats
to the naive ones could be attenuated by serial passag-
ing of the virus between cats,'®”'®® and reinfected cats
also show no transmissibility.'®” Intranasal inoculation of
SARS-CoV-2 induces the viral replication in upper and
lower respiratory tract with peaking on 3 dpi and persist-
ing until 5-7 dpi before dropping below detection limits
on 14 dpi.'8>188.190.190 The viral replication is also observed
in the spleen, lymph node, liver, heart, olfactory bulb, and
gastrointestinal tract.'*>!”! None of clinical feature of dis-
ease is found during the infectious period in the current
studies, except for one reported loss of body weight,'®®
suggesting the minimal to mild disease in infected cats.
Pathological analysis shows that inflammation in nasal
turbinate and trachea and moderate interstitial pneumo-
nia accompanied by diffuse alveolar damage occur during
the SARS-CoV-2 infection.'8#!38-1°! Characteristic changes
in lung tissue include swelling and degeneration of bron-
chiolar epithelial cell, cellular debris, thickened alveo-
lar septa, collagen deposition, mild pulmonary edema,
mild-to-moderate bronchiolitis with infiltration of mono-
cytes, neutrophils and lymphocytes which are confined
predominantly to perivascular sites. The thrombosis is not
the common feature in the infected cats.!®* In addition,
SARS-CoV-2infection also causes the gastrointestinal tract
injury, such as multifocal inflammation with infiltration
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of neutrophils and lymphocytes in the intestinal submu-
cosa and muscularis.'®® The viral antigen expression is
observed mainly in epithelial cells of the alveolar and nasal
turbinate, enterocytes of the small intestine and submu-
cosal gland of the trachea.'®®'% The adaptive response is
induced and neutralizing antibodies are produced as early
as 7 dpi and maintained or increased in titer even on 28 dpi
in cats.'”’ Rechallenged cats exhibit faster and more robust
humoral immunity against the viral infection.'®” Although
cats may be a potential candidate for studying the asymp-
tomatic to moderate COVID-19, we should take care of the
feasibilities of cats as models for demonstrating the respi-
ratory disease of humans. Additional studies on transmis-
sion efficiency need to be further explored, especially cat as
an intermediate host between SARS-CoV-2 and humans,
inflammation and how this mirrors human disease.

6.2 | Mink

The mink (Neovison vison) are mammals that present
highly susceptive to the infection of SARS-CoV'®? and
SARS-CoV-2.!* The first outbreak of SARS-CoV-2 in the
mink farm occurs in the Netherlands,'”* and then infec-
tions are reported in more countries.'*>!*>"1°7 Studies have
demonstrated the high transmission among mink through
direct contact or airborne, accompanied by adapted
mutations.'”*2%? Notably, the transmission can cause the
“back to human” infection and subsequently leads to the
prevalence among humans.'?%292293 Therefore, measures
of prevention and control should be tailored to avoid the
potential large-scale community transmission, regarding
the impact of mutants on viral fitness pathogenicity and
contagiousness between mink and humans. Intranasal
inoculation of SARS-CoV-2 induces robust replication of
virus in upper and lower respiratory tract, including nasal
turbinate, tonsil, soft palate, and trachea, and in lung tis-
sue with peaking on 2 dpi and persisting until 8 dpi before
dropping below detection limits on 14 dpi.’* The viral
replication is also observed in gastrointestinal tract, but
not in other organs. Infected mink show mild to severe
clinical features, such as decreased feed intake and a max-
imum 20% of body weight loss.”** Pathological analysis
shows that inflammation in nasal turbinate is character-
ized by infiltration of neutrophils, epithelial degeneration,
and necrosis.'**?94205 Mucus is the main character that
enhances the transmission and causes the olfactory func-
tion impairment.?’° Viral infection results in the severe dif-
fuse interstitial pneumonia as well. Characteristic changes
in lung tissue include swelling and degeneration of
bronchial epithelial cells, thickening of alveolar septa,
cellular debris, collagen deposition, hemorrhages, pul-
monary edema, pneumocyte proliferation, consolidation

and multifocal to diffuse alveolar damage with infiltration
of macrophages, monocytes and neutrophils throughout
the lungs, and lymphocytes around the vessels.!?*204205
The viral infection can cause lethal disease in mink with
no gender-related skewed distribution; however, the naive
mink transmitted by the inoculated ones show alleviated
clinical features.'°*?%* Nevertheless, there is scarcely any
study on mink as models to investigate the pathogenesis,
therapies, and vaccines evaluation.

6.3 | Fruit bats

The bats are mammals that have been shown as natural
reservoirs for a variety of RNA viruses, including SARS-
CoV and MERS-CoV.?’"~?!l These viruses have caused seri-
ous transmission between animals and humans and led
to the lethal disease. The currently emerged SARS-CoV-2
among humans is closely related to S-coronaviruses which
is found in bats,”'*?!* suggesting that SARS-CoV-2 might
originate in bats. Intranasally inoculated fruit bats (Rouset-
tus aegyptiacus) with SARS-CoV-2 induces viral replication
in upper and lower respiratory tract including nasal epithe-
lium, trachea, and in lung and lung-associated lymphatic
tissue with no clinical feature.'”’ The viral replication in
other organs of duodenum, skin, heart, and adrenal gland
tissue is at low levels.'’ However, the transmission can
only be found in part of bats at nasal epithelium and tra-
chea. Pathological analysis shows minimal to mild patho-
logical lesions accompanied by cellular debris, edema, and
infiltration of neutrophils and lymphocytes, and no patho-
logical change is observed in other organs.”’ The adap-
tive response is induced by SARS-CoV-2 and neutralizing
antibodies are produced as early as 8 dpi in fruit bats.'”
Although fruit bats are not used in the therapies and vac-
cines of countermeasures against SARS-CoV-2, studies on
the bat model may be required for the pathogenesis and
transmission between bats and the potential animals else,
or humans, and the evolution.

6.4 | Chinese tree shrews

The Chinese tree shrews (Tupaia belangeri chinensis) are
mammals that are genetically closer to humans than to
rodents, and have been used as models for viral infections,
including hepatitis viruses (e.g., HBV and HCV),?4216
arboviruses (Zika virus and dengue virus)*?*® and res-
piratory viruses (e.g., influenza viruses and human ade-
novirus B),?*??Y and so forth. The receptor ACE2 gives
an overall homology of 85.47% compared with that of
humans and shows affinity to the SARS-CoV-2, and is
highly expressed in the organs of kidney, lung, liver, spleen,
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and spinal marrow.””’ The TMPRSS2and type II trans-
membrane serine protease 4 (TMPRSS4), two receptors
for SARS-CoV-2 infection, are also expressed in lung,
liver, esophagus, intestine, and kidney.””! Combined oral,
intranasal, and ocular inoculation of SARS-CoV-2 induces
viral replication in lung tissues, especially in pneumocytes
of young tree shrews (1 year old) with peaking on 3 dpi
and gradually dropping below detection limits on 14 dpi;
the aged tree shrews (5 to 6 years old) are less susceptible
to SARS-CoV-2 infection compared to the young ones and
show a longer duration of virus shedding in lung tissues
with peaking on 7 dpi.?*? Interestingly, the male and aged
tree shrews have more efficiency in virus shedding than the
females.?”* Viral loads in extrapulmonary organs and sera
are low or below detection limits.?**??* No clinical features
are observed expect the increased body temperature par-
ticularly in female animals.’”* Pathological analysis shows
the thickened alveolar septa and interstitial hemorrhage in
infected tree shrews, accompanied by mild inflammatory
infiltrates.?2%22> However, some observations such as the
injury of extrapulmonary organs (brain, heart, liver, kid-
ney, and spleen) are inconsistent, perhaps because of the
difference in inoculation route and challenge stocks.??%%23
Although there is scarcely any study on tree shrews as
models to investigate the pathogenesis, therapies, and vac-
cines evaluation against SARS-CoV-2 infection because of
their disability to recapitulate the most features observed
in COVID-19 patients, more efforts on tree shrews need
to be made to demonstrate the potential intermediate host
between animals or humans.

6.5 | Dogs, pigs, chickens, and ducks
Several studies have shown that animal models
including dogs (Canis lupus familiaris),*** pigs (Sus
scrofa  domesticus),”%?**  chickens (Gallus gallus
domesticus),'’%*2422% and ducks (Anatinae),?*® are not
susceptible to the SARS-CoV-2 infection, despite of in silico
dock of affinities to SARS-CoV-2 for pigs, dogs,”*”**® and
chickens.’” Inoculation of SARS-CoV-2 induces no clini-
cal features or pathologic changes in these animal models,
and the viral replication in chickens, ducks, or pigs which
has been reported the infection with SARS-CoV,** is not
observed. Therefore, these animal models may be not
suitable for investigating the pathogenesis, therapies, and
vaccines evaluation against SARS-CoV-2.

7 | CONCLUSIONS

There are a variety of animal models that have been
developed to demonstrate the transmission, pathogenesis,

and immunology induced by SARS-CoV-2, and to evalu-
ate the immunomodulatory and antiviral drugs and vac-
cines against COVID-19. The most important criterion for
animal models is to well recapitulate the features that
observed in COVID-19 patients. Genetically modified mice
that express hACE2, especially the K18-hACE2 and CAG-
hACE2 transgenic mice which characterize the severe dis-
ease of COVID-19 patients with ARDS or SIRS, and Syrian
hamsters are widely used as rapid models. These animal
models are easy to obtain, and have good operability and
reproductivity. However, some limitations must be high-
lighted, such as the different expression of hACE2 among
organs in hACE2 transgenic mice, ectopically expressed
hACE?2 via adenoviral/adenoviral-associated vectors that
may change the tissue or cellular tropism of the virus,
the occurrence of key mutations in immunogen such as
RBD domain that may lead to the noneffective neutral-
izations for the mouse-adapted virus, and the minimal
disease in infected naive hamsters. Moreover, NHPs have
similar phylogeny and immunology to humans and are
widely used for evaluating the protective efficacy of vac-
cines and drugs; the receptors for SRAS-CoV-2 shows dif-
ferent expression in upper and lower respiratory tract,
which affects the viral transmission and infection. The
association between the expression manner of ACE2 recep-
tors and disease phenotypes need to be considered. Further
studies should be required to standardize the challenge
stocks, route, and method of viral inoculation, which may
lead to the various of diversities in clinical feature, pathol-
ogy, immunology, and caused mortality.

Understanding the transmission of SARS-CoV-2 is
vitally important for control of the epidemic disease. At
present, Syrian hamsters and ferrets are well characterized
as models to study the transmission prevention of SARS-
CoV-2, because of the comparability of transmission to
humans. The cats, mink, fruit bats, and tree shrews are
also susceptive to the SARS-CoV-2 infection. Moreover, the
emerged variants might impart cross-species transmission
of SARS-CoV-2 to naive mice by enhancing receptor bind-
ing. Therefore, the potential implications in SARS-CoV-
2 (naiveté and variants) transmission, such as animal-to-
animal or animal-to-human, and the evolution should be
warranted.

To data, all reported animal models cannot completely
recapitulate the characters, especially the immunology
changes in COVID-19 patients. It may be beneficial for
investigators to apply appropriate options of animal mod-
els depending on the scientific goals. Although several
models such as mouse and hamster, show age and gender-
related skewed distribution when infected with SARS-
CoV-2, other risk factors of chronic disease-related mod-
els that correlate to the severe COVID-19 disease and
SARS-CoV-2-induced mortality, including hypertension,
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diabetes, obesity, and cardiovascular disease, should be
further tailored to explore the advanced pathogenesis and
the prevention against SARS-COV-2. Taken together, ani-
mal models provide a fundamental platform to investi-
gate the transmission, pathogenesis, and countermeasures
against SARS-CoV-2.
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