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1  |  CLINIC AL FE ATURES OF COVID - 19

SARS- CoV- 2 is the etiological agent of COVD- 19 and has caused a 
devastating pandemic. SARS- CoV- 2 presents with upper and lower 
respiratory symptoms with the most common clinical signs being 
respiratory symptoms such as cough, sputum, sore throat, runny 
nose, earache, wheezing, and chest pain. In addition to the lungs, the 
virus damages other tissues, including heart, gastrointestinal tract, 
and central nervous system and can manifest as abdominal pain, 
vomiting, diarrhea, anosmia, and delusions. Up to 80% of patients 
with laboratory- confirmed cases have mild to moderate disease.1– 4 
However, people over 60 years of age and those with preexisting 
diseases (including hypertension, diabetes, cardiovascular disease, 

chronic respiratory disease, and cancer) are at the highest risk of 
severe disease and death, with a mortality rate of 2%– 5% for the 
disease in the early stages of COVID- 19 outbreak. To date, most 
patients have asymptomatic infections or are mildly ill and the cur-
rent mortality rate is approximately 1%.4– 6 In addition, patients 
may experience varying degrees of sequelae after recovery, known 
as ‘post- acute or long COVID’, with the most commonly reported 
symptoms including dyspnea, cough, palpitations, anosmia, loss of 
taste, anxiety, depression, concentration/memory problems, and 
chronic fatigue.7– 10 At the present time, most of the clinical features 
have been reproduced in animal models, but the comorbidities and 
the sequelase after recovery have not been fully stimulated in animal 
models for COVID- 19.
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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) is the causative 
agent of coronavirus disease 2019 (COVID- 19), the most consequential pandemic 
of this century, threatening human health and public safety. SARS- CoV- 2 has been 
continuously evolving through mutation of its genome and variants of concern have 
emerged. The World Health Organization R&D Blueprint plan convened a range of 
expert groups to develop animal models for COVID- 19, a core requirement for the 
prevention and control of SARS- CoV- 2 pandemic. The animal model construction 
techniques developed during the SARS- CoV and MERS- CoV pandemics were rapidly 
deployed and applied in the establishment of COVID- 19 animal models. To date, a 
large number of animal models for COVID- 19, including mice, hamsters, minks and 
nonhuman primates, have been established. Infectious diseases produce unique mani-
festations according to the characteristics of the pathogen and modes of infection. 
Here we classified animal model resources around the infection route of SARS- CoV- 2, 
and summarized the characteristics of the animal models constructed via transnasal, 
localized, and simulated transmission routes of infection.
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2  |  ANIMAL MODEL S ARE AN 
IMPORTANT TOOL FOR INFEC TIOUS 
DISE A SE RESE ARCH

In the 19th century Robert Koch used rabbits and mice to success-
fully construct the first animal model of anthrax and summarized 
the golden rule of infectious disease pathogen identification, Koch's 
law, laying the foundation for the establishment of a systematic 
approach to pathogen biology. In addition, through animal experi-
ments, Louis Pasteur confirmed that the rabies virus mainly invades 
the nervous system, and subsequently, developed a rabies vaccine.11 
In 1933, scientists successfully isolated the influenza A virus using a 
ferret model.12 Animal model research has made outstanding con-
tributions in clarifying pathogenesis and transmission mechanisms 
and screening effective vaccine and drugs and has played an impor-
tant role in combating infectious diseases. At the beginning of the 
COVID- 19 outbreak, the etiology, pathogenesis, and transmission 
mechanism of the disease were unknown and no drugs were avail-
able. The WHO Blueprint Group established an ad hoc expert work-
ing group focused on COVID- 19 disease modeling (WHO- COM). 
COVID- 19 animal models were developed with the aim of clarifying 
the pathogenic agent of COVID- 19, describing the pathogenesis and 
transmission mechanism of the emerging pathogen, analyzing the 
host immune response to the pathogen, and identifying molecular 
targets of pathogen infection. These results could then contribute to 
screening for effective vaccines and treatments against SARS- CoV- 2 
and promote a swifter application of effective drugs, antibodies, and 
vaccines.

3  |  ESTABLISHMENT AND 
CHAR AC TERISTIC S OF ANIMAL MODEL S 
FOR COVID - 19

The key to animal model preparation is animal selection. The scale 
of animal resources for establishing animal models of respiratory 
infectious diseases was initially established by comparative medi-
cal analysis based on the anatomical structure and physiological 
functions of the respiratory system. Bioinformatics analysis was 
used to identify angiotensin- converting enzyme II (ACE2) as the 
functional receptor for SARS- CoV- 2,13 and this was used to iden-
tify the animal species range that could be established as model 
target groups. Genetically modified animals with human receptors 
were established in model target groups, and non- human primates 
(rhesus monkeys, crab- eating monkeys, African green monkeys), 
hamsters, mink, and cats whose ACE2 receptors have homology 
to human receptors were identified as possible animal models of 
SARS- CoV- 2.14– 17 Infectious diseases are characterized by unique 
manifestations based on the biological features of the pathogen 
and modes of infection18; therefore, this paper will present a clas-
sification of animal models based on the mode of infection of 
COVID- 19.

3.1  |  Animal models via intranasal infection

SARS- CoV- 2 propagates by interpersonal transmission and continu-
ous circulation thereafter. Since SARS- CoV- 2 is a respiratory virus, 
intranasal challenge is the first choice for researchers aiming to 
establish animal models for COVID- 19. This method starts the life 
cycle of the respiratory virus in the nasal cavity, thus simulating the 
process of natural infection. In addition, the process of intranasal 
infection is easier than other methods, simple, rapid, stable, and 
noninvasive to the animals, with low equipment requirements, and 
is applied in models using small animals such as mice and hamsters.

3.1.1  |  Adenovirus- transducted mouse models with 
intranasal infection

Based on the experience of animal model development for MERS- 
CoV,19– 21 investigators used adenovirus or adenovirus- associated 
vector (AAV) to deliver exogenous human ACE2 (hACE2) into 
mice via the intranasal route to establish transiently transfected 
mouse models.22– 24 BALB/c and C57BL/6 mice administered with 
Ad5- hACE2 were intranasally infected with 105 plaque- forming 
units (PFU). SARS- CoV- 2 exhibited ruffled fur, hunching, and diffi-
culty breathing accompanied by weight loss after infection. SARS- 
CoV- 2 replication peaked in the lungs 1– 2 days post- infection (dpi) 
and then declined with time; histopathology showed inflammatory 
cell infiltration and congestive edema in lung tissue.22 Most AAV- 
constructed mouse models lacked clinical signs but showed viral 
replication in bronchial and alveolar epithelial cells and lung histo-
pathology indicative of mild pneumonia. These models can make 
all mouse strains susceptible to SARS- CoV- 2 and thereby could 
address the urgent need for a COVID- 19 animal model at the be-
ginning of the COVID- 19 epidemic; however, the infected models 
only showed mild symptoms, with a short viral maintenance, and no 
extra- pulmonary manifestations of COVID- 19.

3.1.2  |  Genetically modified mice models with 
intranasal infection

Genetically engineered mice have stable inheritance of engineered 
changes. A genetically modified hACE2 mouse model was achieved 
using different specific promoters to transfer hACE2 into mice. 
hACE2- ICR mice were inoculated intranasally with SARS- CoV- 2 
virus at a dose of 105 TCID50, and weight loss, viral RNA levels, and 
virus replication were subsequently monitored in lung tissue. Lung 
histopathology indicated moderate to mild interstitial pneumo-
nia, and SARS- CoV- 2- specific IgG could be monitored at 21 dpi.25 
hACE2- KI/NIFDC transgenic mice, where endogenous mouse ACE2 
was replaced with hACE2 using CRISPR/Cas9 technology, were in-
tranasally inoculated with 4 × 105 PFU SARS- CoV- 2 and exhibited 
weight loss with high viral levels in lung, trachea, and brain tissue. 
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Lung tissue showed interstitial pneumonia including inflammatory 
cell infiltration, alveolar septal thickening, and vascular damage.26 
These two strategies are murine promoter- driven animal models, 
both of which can be infected with SARS- CoV- 2 through the natural 
infection route and enable live viruses to be isolated in the lung tis-
sue. These animals developed moderate to mild pneumonia in the 
lung tissue with mild clinical signs and no mortality, and thus can 
mimic the symptoms seen in patients with clinical COVID- 19 with 
mild disease and be used to study pathogenesis and test thera-
peutics. K18 promoter- hACE2 transgenic mice (K18- hACE2) were 
highly susceptible to SARS- CoV- 2 and exhibited significant weight 
loss, even becoming moribund after intranasal inoculation with 
SARS- CoV- 2. Viral RNA was expressed in several tissues including 
lung, heart, brain, kidney, spleen, and duodenum, but the viral load 
in brain tissue was more prominent. The lung tissue of K18- hACE2 
mice showed mildly focal inflammation.23,27– 29 Lung and brain are 
the main target organs of SARS- CoV- 2 in CAG promoter- hACE2 
transgenic mice (CAG- hACE2) inoculated intranasally, and acute 
lung injury occurs in early infection due to dramatically elevated 
cytokine and chemokine levels, although with untypical histopatho-
logical features.30,31 A proportion of HFH4- hACE2 mice, in which 
the disease is regulated by the lung ciliary epithelial cell- specific 
HFH4/FOXJ1 promoter, experienced significant weight loss and 
death after SARS- CoV- 2 infection. Although the lung tissue of these 
mice showed typical interstitial pneumonia, the complementary 
metrics of pulmonary obstruction and bronchoconstriction, includ-
ing PenH and Rpef, were maintained at normal levels.32 hACE2 is 
widely distributed in the heterologous promoter- associated hACE2 
mouse model, thereby affecting the cellular tropism of SARS- CoV- 2. 
Enrichment of SARS- CoV- 2 in brain tissue from dead animals who 
exhibited significant neurological symptoms or neuronal damage 
indicates that respiratory infection was likely not a major driver of 
mortality. In addition, ACE2 is highly expressed in patients with co-
morbidities such as hypertension, cardiovascular disease, and diabe-
tes, and this model ignores the complex role of hACE2 expression, 
which may enhance viral susceptibility and induce the development 
of severe COVID- 19 disease.

3.1.3  |  Alternative virus strains in intranasally 
infected animal models

The animal models established above were developed using wild 
virus strains. Mouse- adapted or - modified viruses also can be used 
to establish animal models. Successive adaptive passages of SARS- 
CoV- 2 in mice generate mouse- adapted strains, whose pathogen- 
host interactions closely resemble those found naturally in mice. 
An intranasally inoculated SARS- CoV- 2 mouse- adapted strain, 
MASCp6, showed no obvious clinical signs, although the presence 
of viral RNA was monitored in the lung, trachea, heart, liver, spleen, 
brain tissue, and feces, and mild to moderate interstitial pneumonia 
was observed in lung tissue; moreover, aged mice experienced more 
severe lung tissue damage.33 MASCp36- infected mice experienced 

binary clinical phenotypes, including ruffled fur, hunching, and diffi-
culty breathing; high viral loads were evident in the lung and trachea, 
with the lung tissue developing necrotizing pneumonia and extensive 
diffuse alveolar damage, hyaline membrane formation, and pulmo-
nary fibrosis, and multi- organ damage occurred in extra- pulmonary 
organs such as the spleen and kidney.34 Mutations in virus- adapted 
strain MASCp6- 36 (N501Y/Q493H/K417N) may be key in enabling 
SARS- CoV- 2 to break through host restriciton. Furthermore, the 
mouse- adapted strain WBP- 1 with Q493K and Q498H mutations 
in RBD (receptor binding domain) can successfully infected BALB/c 
mice, resulting in severe interstitial pneumonia.35 In keeping with 
this, the investigators introduced the mutant site Q498Y/P499T into 
the RBD through reverse genetic techniques to establish a virus re-
placement strain (SARS- CoV- 2 MA). SARS- CoV- 2 MA (at 105 PFU) 
was then administered to BALB/c mice via the intranasal route. No 
obvious clinical signs were observed, and the virus was cleared from 
the lung tissue within 4 days while the indicators of lung function 
(Penh and Rpef) were abnormal, manifesting as mild pneumonia.36 
MA- 10- infected mice showed significant weight loss on intrana-
sal infection, developed diffuse alveolar injury with alveolar septal 
neutrophil infiltration accompanied by hyaline membrane formation 
in early infection.37 Substitution strain- infected animal models en-
able SARS- CoV- 2 infection to break the species restrictiveness, and 
the viral pathogenicity may gradually increase with the increasing 
adaptation over subsequent generations; this can simulate clinical 
mild to severe disease in patients and highlights the need to monitor 
the mutation sites that may occur during the natural course of an 
epidemic of SARS- CoV- 2. Meanwhile, animal models established by 
virus substitution strains can be used to assess the role of host ge-
netics and antiviral defense genes in virus pathogenesis and to test 
countermeasures. However, these models do not necessarily fully 
reflect the infection characteristics of wild- type viruses.38

3.1.4  |  Spontaneous animal models in 
intranasal infection

Hamsters are widely used in the study of respiratory infections.39,40 
All Syrian hamster models of COVID- 19 are inoculated transna-
sally. Infected hamsters display clearly apparent symptoms, such as 
lethargy, ruffled fur, hunching, and shortness of breath.41,42 Viral 
load can be detected in the respiratory tract (nose, turbinates, tra-
chea, and lung tissue) as well as in extra- pulmonary tissues (brain, 
heart, liver, spleen, lymph nodes, intestines, kidneys, adrenal 
glands, and reproductive organs), with diffuse alveolar damage,43 
severe interstitial pneumonia, and various degrees of multi- organ 
lesions in hamsters 3– 7 days after infection. The hamster model 
can also display other important clinical features, such as anos-
mia, neurotropism, and vascular inflammation, found in patients 
with COVID- 19.44– 46 The virus persists in the tissue for a longer 
time when compared with infections in mouse tissue, and patho-
logical changes in tissues and organs can still be examined at ap-
proximately 18 days in the hamster model, allowing this model to 
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be used for studies on the sequelae and assessment of therapeutic 
measures during the recovery period after the course of COVID- 19 
disease.43 The hamster model of COVID- 19 pneumonia can result 
in different phenotypes depending on age, sex, and strain.47– 49 
Currently, the Syrian hamster model is rapidly becoming a widely 
used animal model for SARS- CoV- 2 studies, including preclinical 
studies on the effectiveness of antiviral drugs50– 53 and vaccines54 
and evaluating the efficacy of surgical masks in blocking virus trans-
mission.55 However, hamster models also have limitations: the mod-
els lack the common extra- pulmonary manifestations of COVID- 19 
in human patients and may be unsuitable for simulating severe 
disease in patients with COVID- 19 comorbidities. Moreover, this 
model lacks advanced tools for immunology studies of, for example, 
the relationship between the severity of lung pathology and mild to 
moderate clinical signs.

A mink model of intranasal infection has also been constructed, 
and infected mink displayed significant weight loss, respiratory dis-
tress (manifested as infiltrative pneumonia), and even death.56 The 
nasal cavity of infected mink was filled with mucus- purulent secre-
tions, and viral RNA was detected in the nasal turbinates, soft palate, 
tonsils, all lung lobes and submandibular lymph nodes, and trachea. 
In addition, SARS- CoV- 2 was widely distributed in extra- respiratory 
tissues (cardiovascular, hepatobiliary, urinary, endocrine, digestive and 
immune systems), and multi- organ and systemic lesions were present 
with a significant increase in inflammatory response, consistent with 
reports of clinically critical patients.57 The mink model of infection 
presents moderate to severe pneumonia with diffuse alveolar damage, 
thrombosis, and pathological damage that appears very similar to that 
seen in humans and thus can mimic clinical patients with moderate to 
severe pneumonia. Our study found that SARS- CoV- 2- infected mink 
appear to have similar lipidomic and metabolomic gene expression 
differences to patients with severe COVID- 19 and provide evidence 
for melatonin as a potential therapeutic approach against COVID- 1957; 
additionally, mink models can be used to assess neutralizing antibody 
responses against SARS- CoV- 2 variants.58,59

Cats intranasally infected with SARS- CoV- 2 showed no obvious 
clinical signs and did not develop lower respiratory pathology asso-
ciated with human disease.60– 62 Viral loads were monitored in the 
upper and lower respiratory tract and intestine in 6-  to 9- month- old 
cats inoculated intranasally with the SARS- CoV- 2.63 Intestinal le-
sions showed multifocal inflammatory cell infiltrates in the submu-
cosa and muscularis of the intestine, and respiratory lesions mainly 
concentrated in the upper respiratory tract were closely associated 
with viral enrichment in the trachea.43 The cat model can therefore 
be used in the study of SARS- CoV- 2 transmission.

3.1.5  |  Animal models constructed based on 
comorbidities

To address the complex disease course of patients with underlying 
disorders such as hypertension, diabetes, and cardiovascular disease 
during SARS- CoV- 2 infection and to select appropriate life- saving 

treatment, animal models with compound diseases have been de-
veloped. hACE2 transgenic mice were used to create a hypertension 
model via high salt (1% NaCl) feeding and osmotic micropump subcu-
taneous infusion of angiotensin II (Ang II, 500 ng/mg/d) for 3 weeks. 
These mice were then infected with SARS- CoV- 2. Compared with 
control mice, hypertensive mice showed a higher viral load in the 
lungs and developed pulmonary edema with hemorrhage. Lung pa-
thology progressed into severe interstitial pneumonia with thick-
ened alveolar septa.64 The cardiovascular disease co- infection 
model increased the risk of myocardial injury on intranasal infec-
tion; meanwhile, ob/ob mice infected with SARS- CoV- 2 intranasally 
showed a higher blood glucose and lower insulin response, and dis-
played more severe pneumonia phentypes.65 Similarly, diabetic mice 
(BKS- leprdb, db/db) with SARS- CoV- 2 infection exhibited higher 
viral loads and more severe respiratory tissue damage.66 In addi-
tion, Western diet- fed hamsters had more pronounced weight loss 
and higher viral loads in lung tissue after infection.67 The presence 
of a prior comorbidity is a major risk factor for poor prognosis of 
COVID- 19. Therefore, establishing an animal model of risk factor- 
based co- infection that mimics the pathological features of co- 
infection to explore the pathogenesis of disease after SARS- CoV- 2 
infection provides a vehicle to study clinically complex disease and 
to evaluate specific and effective therapeutic measures for severe 
COVID- 19. However, comorbidities are difficult to model within ani-
mal experiments, except those in mice, and additional comorbidities 
associated with severe COVID- 19 (including platelet reaction and 
coagulation dysfunction) have not been studied in animal models.

3.1.6  |  Animal models of immunodeficiency

To date, the short viral maintenance time present in the existing 
animal models cannot reproduce the ongoing immunopathology of 
patients with severe disease. Animal models in which the virus repli-
cates to sufficiently high titers for extended periods of time without 
causing severe pathology are therefore required. Immunosuppressed 
hamster models were prepared by intraperitoneal injection of cy-
clophosphamide at a dose of 70 mg/kg from the day of attack and 
every 3 days until the end of the test. Immunocompromised ham-
sters experienced prolonged sustained weight loss, slow weight 
recovery, and suppression of lung tissue innate immune and inflam-
matory pathway genes, including IFNB, IFNL, NK cell activation, 
and hypercytokinemia.68 In addition, viral clearance of lung tissue 
in Ad5- hACE2- transduced STAT1−/− C57BL/6 or IFNAR−/− C57BL/6 
mice with SARS- CoV- 2 infection was delayed.22 Moreover, in in-
fected AAV- hACE2 transduced and humanized MISTRG6 mice high 
viral titers and RNA levels were prolonged for at least 35 dpi.69 The 
establishment and study of humanized or immunodeficient mouse 
models should facilitate the identification of viruses or host factors 
to improve the understanding of the molecular mechanisms under-
lying SARS- CoV- 2 lung pathogenesis and help to identify potential 
therapeutic targets for the treatment of SARS- CoV- 2- related lung 
diseases.
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3.1.7  |  Animal models for comparison of VOC 
pathogenicity

With the accumulation of SARS- CoV- 2 mutations, the virus has 
evolved into many variants. Mouse models are widely used to as-
sess the virulence and pathogenicity of VOC. In K18- hACE2 mice 
infected intranasally with wild- type (WT), Alpha, Beta, Delta, and 
Omicron variants, the Omicron- infected mice showed slight clini-
cal signs and the highest survival rate compared with WT-  and 
Delta- infected mice and had decreased viral load in the nasal tur-
binates and lung tissue. Lung histopathological changes were also 
less severe in mice with Omicron infection.70,71 In addition, ham-
sters infected with Omicron had delayed and mild weight loss and 
significantly lower clinical scores and viral load titers in lung tissue 
compared with Delta- infected hamsters. The Omicron virus strain 
was cleared from hamster lung tissue and trachea and inflamma-
tory cytokine and chemokine levels returned to normal at 7 dpi. 
Moreover, compared with the severe diffuse bronchial and alveolar 
inflammatory infiltrates in mice with Delta infection, lung injury in 
hamsters with Omicron infection was less severe and recovery was 
faster.72 However, current studies on the comparative pathogenicity 
of VOCs are limited by variation in experimental settings and viral 
strains, which has a significant impact on the experimental results. 
Comparative analysis studies are required using different animal 
model resources and different mutant strains under the same ex-
perimental conditions.

Mice models are widely used in studies of immunology and lung 
injury for a broader understanding of several different aspects of 
COVID- 19. The mice models for COVID- 19 are summarized in Figure 1.

3.2  |  Locating infection

Most animal models with transnasal infection show mild to moder-
ate interstitial pneumonia, whereas acute respiratory distress syn-
drome (ARDS), the pathological feature of severe COVID- 19, is rare.

Unlike the intranasally infected cat model, SARS- CoV- 2 trans-
tracheally inoculated domestic cats experience clinical signs of 
lethargy, shortness of breath, and cough; lung tissue showed 
edema, multifocal alveolar damage and necrosis, and perivascular 
inflammatory cell infiltration accompanied with the appearance 
of hyaline membranes.73 The cat model obtained by intratracheal 
inoculation showed clinical disease features consistent with the 
early exudative phase of acute COVID- 19. It is noteworthy that 
despite the transtracheal localization of lung tissue infection, 
high viral loads were not evident in lung tissue, and the patho-
genesis of the cat model of transtracheal infection still needs to 
be further explored.

To directly mimic the characteristics of pneumonia, large animals 
such as non- human primates, which have similar anatomical structure 
and physiological characteristics to humans, are used with transtra-
cheal infection to prepare pneumonia models. Most non- human pri-
mate models have been infected with combined mucosal exposure 
inoculations (intratracheal, intranasal, and conjunctival), and only 
two studies have used the transtracheal route alone. However, rhe-
sus monkeys can be successfully infected and showed patient- like 
histopathological changes, suggesting that transtracheal infection is 
an important route of SARS- CoV- 2 infection. Rhesus macaques with 
intratracheal SARS- CoV- 2 infection developed pulmonary infiltra-
tion visible on X- rays, which is a hallmark of infection in humans74– 76; 

F I G U R E  1  Mouse models for severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2)
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viral load was detected in nasopharyngeal swabs, viral shedding was 
monitored in the lower respiratory tract, and lung tissue showed mild 
to moderate interstitial pneumonia.77 The most common findings re-
ported using the non- human primate model were lung consolidation, 
edema, and hemorrhage. A proportion of models showed vascular 
changes,78– 80 epithelial pathology,81–83 or raised biomarker levels 
associated with coagulation, thrombosis, and vascular disease, and 
upregulated pro- inflammatory cytokines.78,82– 86 Meanwhile, the age 
dependence of SARS- CoV- 2 infection was reproduced in a rhesus 
macaque model. Adult monkeys aged 3– 5 years and elderly rhesus 
monkeys aged 15 years were transtracheally infected with 106 TCID50 
SARS- CoV- 2 HB- 01.77 SARS- CoV- 2 replicated in the upper and lower 
respiratory tracts and peripheral blood lymphocytes decreased, and 
while young monkeys developed typical interstitial pneumonia, old 
monkeys exhibited diffuse severe interstitial pneumonia, similar to 
the clinical presentation of COVID- 19 patients. Non- human primates 
are close to humans physiologically, genetically, and immunologi-
cally,87 and the moderate disease observed in rhesus macaques is thus 
in line with the majority of human COVID- 19 infections; the rhesus 
macaque model is therefore an ideal experimental animal for the de-
velopment of the COVID- 19 vaccine. The rhesus macaque model has 
been used to evaluate the immunogenicity and protective efficacy of 
inactivated, DNA, and vector vaccines, to comparatively analyze the 
protective efficiency of vaccines against different VOCs after immu-
nization, and to explore the effectiveness of sequential immunization 
and polyvalent vaccines, thus laying the foundation for the transla-
tional application of vaccines and epidemic control.88– 92 However, use 
of non- human primates has limitations such as high animal cost, low 
breeding efficiency, large body size, complicated operational man-
agement, and large individual differences, which make it difficult to 
conduct studies with large sample sizes. In addition, studies to explore 
comorbidities such as diabetes and cardiovascular diseases using non- 
human primate models are lacking, and some clinical symptoms of pa-
tients (e.g. thromboembolism) are rare in non- human primate models, 
which thus need further exploration and optimization.

3.3  |  Animal models for simulated transmission

SARS- CoV- 2 is zoonotic virus, and it is important to explore its trans-
mission potential for epidemic prevention and control and therefore 
to establish animal transmission models. hACE2 mice were inocu-
lated intranasally with SARS- CoV- 2 and placed in the same experi-
mental cage with wild mice at 1 dpi, and after cohabitation, weight 
loss, positive pharyngeal- anal swab virus RNA and specific antibody 
levels were monitored in the wild mice.93 In addition, SARS- CoV- 2 
has been shown to infect cohabiting hamsters, and pathological fea-
tures developed similar to those with direct infections.94 The above 
model simulated the close contact route, confirming that SARS- 
CoV- 2 could be transmitted by direct contact. The placement of wild 
hACE2 mice in a unidirectional airflow transmission cage resulted in 
several wild mice becoming positive for antibodies to SARS- CoV- 2.93 
When uninfected cats were placed in cages adjacent to infected cats, 

viral RNA was detected in the nasal turbinates, soft palate, tonsils, 
and trachea in the uninfected cats, and all cats produced neutraliz-
ing antibodies, confirming that SARS- CoV- 2 could be transmitted by 
droplet transmission.95 In addition, the SARS- CoV- 2 tandem trans-
mission model was established by serial passaging via cohousing a 
naive cat with infected or exposed cats in a ventilated isolator for 
2 days, to explore the transmission ability of the virus over differ-
ent generations in the cat population. This study confirmed that se-
rial passaging of the virus between cats dramatically attenuated the 
viral transmissibility and pathogenicity.43

Non- human primates are rarely used for transmission studies 
because of the limitations of the confinement facilities. The possi-
bility of oculoconjunctival and gastrointestinal transmission have 
been explored using rhesus macaque models. After oculoconjunc-
tival infection, the virus was mainly distributed to the nasal lacrimal 
gland and ocular tissues, the nose, pharynx, lower lobe of the left 
lung, tonsils, stomach, duodenum, and ileum. The virus was success-
fully isolated from the lower lobe of the left lung, with mild localized 
interstitial pneumonia in the lung tissue. However, compared with 
intratracheal inoculation, viruses were abundant in the nasolacrimal 
system, and lung pathology displayed mild localized lesions after 
transconjunctival inoculation,96 which indicated that SARS- CoV- 2 
may be a transmitted via the oculoconjunctival route. However, no 
viral load or SARS- CoV- 2- specific antibodies were detected in mon-
keys infected through the gastrointestinal route, and the possibility 
of SARS- CoV- 2 transmission through the digestive tract route still 
needs further exploration.

SARS- CoV- 2 infection via the intratracheal or intraocular route 
in non- human primate models requires direct contact mucosal in-
fection. To mimic the natural route of infection, African green mon-
keys, rhesus macaques, and cynomolgus macaques were exposed to 
SARS- CoV- 2 by the aerosol route, and, consistent with the results of 
infection via the transtracheal route, all animals showed respiratory 
abnormalities, virus shedding, and mild to moderate respiratory dis-
ease after aerosol infection.97 The animal models established by sim-
ulating the transmission route further have clarified the transmission 
route of SARS- CoV- 2, although most animal models established are 
based on transmission routes using the original SARS- CoV- 2 strain. 
Hamster models have been used to verify the transmission of the 
D614G variant,98,99 and studies on the transmission of VOCs in an-
imals in the presence of vaccine- induced immunity are needed for 
comparative analysis. In addition, current transmission animal mod-
els ignore risk factors such as age and gender complications, and the 
transmission models need improvement for further exploration.

4  |  CONCLUSION AND FUTURE COURSE

The currently established animal models –  non- human primate, ham-
ster, mouse, mink, and cat –  have made significant contributions to 
the exploration of the pathogenesis and transmission mechanism 
of SARS- CoV- 2. The hACE2 mouse model helped clarify the patho-
gen and receptor and determined the pathological characteristics of 
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COVID- 19 pneumonia, whereas hamster models with long disease du-
ration have simulated the recovery period of the disease. The rhesus 
macaque, hamster, mouse, cat, and mink models have clarified that 
SARS- CoV- 2 can be transmitted by contact, droplet, restricted aero-
sol, and conjunctival transmission. The monkey and hamster models 
have also been used to explore the risk of ‘reinfection’, which has im-
portant implications for patient management, serotherapy, and vac-
cine design during recovery.81,100 The mouse, hamster, and monkey 
models have been used to evaluate the efficacy of various drugs, vac-
cines, and antibodies,101–103 and vaccination duration, laying the foun-
dation for the selection and application of immunization strategies.

However, animal models for COVID- 19 cannot fully reproduce 
all key feature of severe COVID- 19. The mouse model shows mild to 
moderate pathological changes after infection and cannot simulate 
the disease characteristics of patients with severe clinical disease; 
several monkey and hamster models show severe disease and can 
simulate the disease manifestations of patients with severe disease; 
hamster and mink models can show systemic multi- organ damage 
and can simulate the disease characteristics of patients with severe 
COVID- 19. Moreover, features such as thrombosis and neurological 
damage sequelae that appear in COVID- 19 patients are rarely seen 
in commonly used animal models, and the interaction between the 
virus and the host is unclear due to the lack of reagents, which makes 
it difficult to conduct in- depth studies on the pathogenesis and 
immune mechanisms. In addition, the accumulation of viral muta-
tions may lead to the emergence of new receptors for SARS- CoV- 2. 
Therefore, the construction of animal models still needs further im-
provement and exploration.

Development of immunodeficient animals or experimentally in-
duced immunodeficient animals through pharmacological interven-
tion, establishment of humanized/gene knockout integrated animal 
models, or establishment of multigene target mouse models that 
accurately summarize the biological systems of human infectious 
diseases needs to be further explored to provide support for multi- 
dimensional analysis of infectious disease pathogenesis, new drug 
development and safety evaluation.
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