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ABSTRACT
SARS-CoV-2, which causes coronavirus disease 2019 (COVID-19), is suspected to have been first contracted 
via animal-human interactions; it has further spread across the world by efficient human-to-human 
transmission. Recent reports of COVID-19 in companion animals (dogs and cats) and wild carnivores 
such as tigers have created a dilemma regarding its zoonotic transmission. Although in silico docking 
studies, sequence-based computational studies, and experimental studies have shown the possibility of 
SARS-CoV-2 infection and transmission in cats, ferrets, and other domestic/wild animals, the results are not 
conclusive of infection under natural conditions. Identifying the potential host range of SARS-CoV-2 will 
not only help prevent the possibility of human-to-animal and animal-to-human transmission but also 
assist in identifying efficient animal models that can mimic the clinical symptoms, transmission potential, 
and pathogenesis of the disease. Such an efficient animal model will accelerate the process of develop
ment and evaluation of vaccines, immunotherapeutics, and other remedies for SARS-CoV-2.
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Introduction

SARS-CoV-2 is the third zoonotic coronavirus (CoV) after 
SARS-CoV and MERS-CoV that has caused an epidemic out
break in the past two decades. Preliminary evidence suggests 
that SARS-CoV-2 emerged from Wuhan, China, via zoonotic 
(animal-to-human) transmission. Genome analysis has identi
fied the bat as the most probable reservoir host of SARS-CoV-2 
infection.1 All three zoonotic CoVs, i.e., SARS-CoV, MERS- 
CoV, and SARS-CoV-2, are reported to originate from bats 
and were transmitted to humans through an intermediate 
animal host.2 A report dated February 7, 2020, indicated the 
pangolin as the prime intermediate host.3 SARS-CoV-2 exhi
bits higher transmissibility and lower pathogenicity than its 
sibling virus, SARS-CoV.2 Nonetheless, the coronavirus disease 
named COVID-19 is assumed to have originated from an 
animal host (zoonotic) and spread by human-to-human trans
mission; however, other possibilities such as food-borne trans
mission cannot be ruled out.4 Live-animal markets in China 
represent ideal conditions that facilitate inter-species interac
tions between wild and domestic animals, thereby increasing 
the probability of inter-species transmission of CoVs. These 

CoVs later undergo adaptive genetic recombination and finally 
infect humans by jumping the species barrier.4 Sun et al. 
(2020)5 assessed the natural and social factors that may have 
predisposed humans to the severe acute respiratory syndrome 
(SARS) epidemiology. Their evaluation points toward seasonal 
(cold dry winters) and geographical restrictions leading to 
a nutritive taste for wild animals. Another report, while pin
pointing the putative origin of SARS-CoV-2, based on genomic 
and codon usage analysis tracking of a number of animal 
species sequences, put forward a hypothesis of the high resem
blance of SARS-CoV-2 with bat CoVs and a codon usage bias 
toward snakes.6

Recently, it was found that SARS-CoV-2 has evolved into 
two major types (L and S). These two subtypes differ greatly in 
their transmission ability and disease severity. They also exhibit 
differences in their geographical distribution, with the L type 
(,70%) being more prevalent than the S type.7 The spike 
glycoprotein (S protein) of this CoV is considered the major 
inducer of neutralizing antibodies. Most vaccines and drugs 
against this CoV are directed against the S protein.8 Genomic 
analysis of 103 SARS-CoV-2 strains identified the presence of 
149 mutation sites spread across the genome.7 This may create 
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further difficulties in our search for vaccines against SARS- 
CoV-2. Before the successful commercialization of newly 
developed COVID-19 vaccines as well as their use in humans, 
regulators need to evaluate their safety in more than one 
animal model.9

Serological investigation of domestic and wild animal 
populations residing in close proximity to humans can 
help predict and prevent the possibility of spill-overs of 
other SARS-CoV-2-like CoVs in the future.10 In addition 
to analyzing the pandemic potential of SARS-CoV-2, it is 
equally important to gather knowledge regarding its spread 
in multiple animal species, including domestic and wild 
animals. As per reports, COVID-19 transmission to cats, 
tigers, and lions has been documented, with clinical signs 
such as vomiting, diarrhea, difficulties in breathing, dry 
cough, and wheezing; the exception has been dogs, which 
contract the disease but show none of these symptoms.11–15 

Additionally, since cats, ferrets, pigs, and non-human pri
mates have the same receptor for SARS-COV-2 binding as 
humans,16 the random mutations in the genome of the virus 
during its replication suggest its endemicity in these 
species.17 The recent reports of COVID-19 in companion, 
as well as wild animals, have caused great concern among 
the scientific community and general public. Hence, the 
present situation calls for an in-depth analysis of the myths 
and facts associated with this topic. This review aims to 
analyze the possibility of human-to-animal as well as ani
mal-to-human transmission based on the available evidence. 
We have also discussed the potential animal models avail
able for the evaluation of vaccines and therapeutics against 
SARS-CoV-2 and their future prospects.

Potential for animal-to-human and human-to-animal 
transmission

Currently, SARS-CoV-2 is spreading at an alarming rate within 
the human population. Infected individuals often produce high 
viral loads that increase the possibility of spill-over to other 
animal species, including pigs. Our previous experience with 
SARS-CoV suggests the possibility of detecting SARS-CoV-2 
RNA in pigs. Although the possibility of viral amplification in 
pigs is unlikely, such instances should be monitored very 
closely to prevent any spill-over.18 Taking into consideration 
the possibility of SARS-CoV-2 transmission between human 
beings and animals, the US Centers for Disease Control and 
Prevention (CDC) recommended laboratory-confirmed 
COVID-19 cases to limit their contact with companion ani
mals such as dogs and cats.19 Despite the lack of proof indicat
ing virus spread from COVID-19-infected animals, the 
information was conveyed to the public and pet-owners, 
which put them in a state of anxiety, resulting in pets being 
abandoned at many places, which negatively impacted animal 
welfare.20 Consequently, to dispel this fear, Deng et al. (2020)21 

commenced a large serosurvey to screen 1914 samples, cover
ing 35 animal species, for SARS-CoV-2-specific antibodies; 
none of the animal species under survey were found to be 
carrying virus-specific antibodies, dismissing the notion that 
they could be intermediate hosts for this virus. Notably, pet 
animals (cats, stray dogs, and three dogs that were close to 

a SARS-CoV-2 patient) were also found to be free from SARS- 
CoV-2 infection.

Owing to the uncertainty regarding the origin of SARS-CoV-2, 
general precautions should be taken while visiting live-animal 
markets, wet markets, and animal product markets. These include 
general hygiene measures such as regular handwashing with soap 
after coming into contact with animals and animal products. 
Special precautions should also be taken to avoid contact with 
diseased animals or spoiled animal products.22 It is also advisable 
to avoid contact with stray animals (cats and dogs), rodents, birds, 
and bats.

Zoonotic coronaviruses in animals: lessons from SARS 
and MERS

The zoonotic link of SARS-CoV was revealed when a CoV that 
closely resembled SARS-CoV was isolated from masked palm 
civets (Paguma larvata) and raccoon dogs (Nyctereutes procyo
noides) in a live-animal market.23 Antibodies against SARS- 
CoV were also detected in Chinese ferret badgers (Melogale 
moschata) found in the same market.23 The SARS-CoV out
break was immediately followed by speculation that it origi
nated in domestic animals. Researchers attempted to infect 
domestic species of animals such as pigs and chickens to 
study their susceptibility to this virus. Although viral RNA 
was detected in the blood samples of both species using RT- 
PCR, none of them developed any clinical signs or gross 
pathological changes, ruling out the possibility that they acted 
as amplifying hosts for SARS-CoV.24

For retrieving the genetic relatedness of animal origin and 
human CoVs, we analyzed the whole genome sequences of 
SARS-CoV-2 (n = 28) and other animal origin CoVs, which 
were retrieved from the NCBI GenBank portal. Strains repre
senting different subgenus of Betacoronaviruses including 
SARS-CoV and MERS-CoV were included based on previous 
literature (Figure 1). The canine and feline origin 
Alphacoronaviruses were also included in the analysis. The 
phylogenetic analyzes was performed using MEGA 7.0 and 
the construction of phylogenetic trees were conducted using 
GTR+G substitution model applying the Maximum Composite 
Likelihood method.

Isolates belonging to particular subgenus of 
Betacoronaviruses clustered in their respective clade. The 
canine origin, canine respiratory coronavirus (CRCoV) 
grouped distantly in Embecovirus subgenus along with rodent 
and lapine origin CoVs. Isolates belonging to SARS-CoV 
/SARS-CoV-2 origin clustered in Sarbecovirus subgenus 
clade. Canine and feline origin CoVs of genus 
Alphacoronavirus formed a distant clade away from all other 
Betacoronaviruses which showed canine and feline CoVs may 
share a close ancestral origin and are too diverse with respect to 
SARS-CoVs (Figure 1). Canine and feline CoVs shared a low 
nucleotide similarity index with respect to SARS-CoV and 
SARS-CoV-2 which ranged from 44.0% to 44.5%. Whereas, 
SARS-CoV-2 isolated from tiger (MT065033) and mink 
(MT396266) shared a high nucleotide similarity percentage of 
99.6% to 99.9%. Similarity index between SARS-CoV-2 and 
other animal origin CoV species like pangolin (MP789; 
MT081071), Bat-SL-CoVs (CoVZXC21; MG772934), Bat- 
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CoV (RaTG13; MN996532) in subgenus Sarbecovirus varies 
between 86.6%, 88.4% and 96.3%, respectively.

Domestic cats were also found to be susceptible to SARS- 
CoV infection. The infected cats were found living in an 
apartment block occupied by individuals who had contracted 
SARS a year ago.25,26 Following this report, researchers 
attempted to study the susceptibility of domestic cats (Felis 
domesticus) and ferrets (Mustela furo) to SARS-CoV infection 
under experimental conditions.26,27 Intra-tracheal inoculations 
of SARS-CoV in cats and ferrets led to the shedding of the virus 
from the pharynx in both species. SARS-CoV-inoculated cats 
did not exhibit any clinical symptoms, whereas the ferrets 
demonstrated signs of lethargy. Researchers also found that 
the infected cats and ferrets had the potential to transmit 
SARS-CoV to susceptible animals cohabiting with them.26 

The pathological findings associated with experimental SARS- 
CoV infection in cats and ferrets closely resembled those 
related to humans, except for the absence of syncytia and hya
line membranes.27 A study demonstrated that infected cats 
may remain asymptomatic but have the ability to infect other 
nearby cats via droplets and successfully maintain the infection 
chain. In this context, the CDC advised people with COVID-19 
symptoms to minimize contact with their pets, including snug
gling, petting, and getting licked.28

Similarly, MERS-CoV that caused Middle East respiratory 
syndrome (MERS) in humans was transmitted from dromed
ary camels (Camelus dromedaries) in Saudi Arabia. MERS- 

CoV is another zoonotic CoV that originated from bats.29 

Several bat families in Asia, Africa, and Europe are identified 
to be the reservoir host of CoVs.30 They further transmitted the 
CoVs to other animal species such as camels, alpaca (Vicugna 
pacos), and llama (Lama glama).30–32 The susceptibility of live
stock such as cattle, sheep, and goat to MERS-CoV vary 
depending on the differential expression of dipeptidyl pepti
dase 4 (DPP4), the receptor utilized by MERS-CoV for binding 
to the host cells.32 Genomic analysis has identified bats as 
original host, camel as the reservoir host and other animals 
such as cattle, sheep, goat, pigs, rabbits, rhesus macaques and 
common marmosets acting as the susceptible or intermediate 
hosts. Human beings are considered as the terminal or defini
tive host.30,32–36 Transmission of CoV from animals to human 
has always been considered as the main concern. An increase 
in the host range further widens the zoonotic potential of 
CoVs.30,32 Our understanding of the zoonotic aspects of 
MERS-CoV will provide valuable lessons that can guide us to 
deal with the COVID-19 pandemic.

SARS-CoV-2 in animals

Angiotensin-converting enzyme 2 (ACE2) has been identified 
as the receptor of SARS-CoV-2.37 The key ACE2 residues that 
are responsible for recognizing the spike/S protein were ana
lyzed to identify the potential host range of SARS-CoV-2. 
Based on the analysis, the authors predicted that mammals 

Figure 1. The phylogenetic grouping of different animals and human origin coronaviruses. The phyloanalysis included SARS-CoV-2 isolates originating from humans, 
tiger and mink. It also includes closely related bat and pangolin origin CoVs of Betacoronavirus. The canine and feline origin Alphacoronaviruses are included in the 
phylogenetic tree. Major species of each subgenus have been depicted in front of each clade.
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such as Rhinopithecus roxellana (golden snub-nosed mon
key), Macaca mulatta (rhesus macaque), Mustela erminea 
(stoat), Paguma larvata (masked palm civet), Rhinolophus 
macrotis (big-eared horseshoe bat), Rhinolophus sinicus 
(Chinese rufous horseshoe bat), Rousettus leschenaultii 
(Leschenault’s rousette), Sus scrofa (wild boar), Sus scrofa 
domesticus (domestic pig), Mustela putorius furo (ferret), 
Canis lupus familiaris (dog), Felis catus (cat), Manis javanica 
(pangolin), Rhinolophus pearsonii (Pearson’s horseshoe bat), 
Pteropus vampyrus (large flying fox), Pongo abelii (Sumatran 
orangutan), Equus caballus (horse), Bos taurus (cattle), Pan 
troglodytes (chimpanzee), Ovis aries (sheep), Papio anubis 
(olive baboon), Oryctolagus cuniculus (rabbit), Vulpes (red 
fox), Phodopus campbelli (Campbell’s hamster), Mesocricetus 
auratus (golden hamster), Callithrix jacchus (common mar
moset), Heterocephalus glaber (naked mole-rat), Ictidomys 
tridecemlineatus (thirteen-lined ground squirrel), and 
Cricetulus griseus (Chinese hamster) possess ACE2 residues 
that may have the potential to bind to the S protein of SARS- 
CoV-2.37 In another study, the amino acid sequence align
ment of ACE2 was compared among species such as humans, 
non-human primates (gibbon, green monkey, macaque, oran
gutan, and chimpanzee), cats, dogs, bovines, sheep, goats, 
swine, horses, chickens, ferrets, civets, mice, rats, and 
Chinese horseshoe bats, and a high sequence similarity was 
found, with the exception of chickens.38

Initially, snakes or turtles were suspected to be the inter
mediate host of SARS-CoV-2. Recent studies demonstrated 
that neither snakes nor turtles can be considered the inter
mediate hosts. Instead, they suggested the screening of animals 
in the Bovidae and Cricetidae families to identify the possible 
intermediate host of SARS-CoV-2.39 This is based on the find
ing that ACE2 proteins from Bovidae and Cricetidae associate 
with the receptor-binding domain (RBD) of SARS-CoV-2.39 

Experimental inoculation of SARS-CoV-2 in several animal 
species indicated that ferrets and cats are highly susceptible 
to COVID-19; it was also found that dogs have comparatively 
less susceptibility to COVID-19.40 Researchers found that ani
mals such as chickens, pigs, and ducks are not infected by 
SARS-CoV-2.19,40

SARS-CoV-2 in dogs

On February 28, 2020, a Pomeranian dog in Hong Kong tested 
positive for SARS-CoV-2 without showing any signs of the 
disease.41 The genetic sequences of SARS-CoV-2 obtained 
from the Pomeranian and its human contacts were very simi
lar, indicating human-to-animal transmission.42 It was the first 
report of the human-to-animal transmission of COVID-19. 
The samples obtained from the nasal and oral cavities tested 
“weak positive” for SARS-CoV-2 in the RT-PCR tests.42 Hence, 
the possibility of transmitting such a weak form of the disease 
to pets or people, especially in the absence of any relevant 
clinical signs, is very low.41 Similarly, SARS-CoV-2 was also 
detected in a German Shepherd dog in Hong Kong.42 In both 
these cases, the dogs that tested positive were living in close 
contact with their COVID-19-positive owners.

Goumenou et al. (2020)43 put forward the possibility of dogs 
acting as intermediate hosts in the transmission of SARS-CoV 

-2 within the human population in Italy. This hypothesis was 
based on the finding that an exponential increase in positive 
cases as well as deaths continued in Italy even after implement
ing strict movement restrictions. This hypothesis was further 
supported by facts such as the close similarity of ACE2 in 
humans and dogs; there is one dog for every six individuals 
in Italy and the presence of human-to-animal transmission 
indicates the possibility of animal-to-human transmission.43

SARS-CoV-2 in cats

SARS-CoV-2 was detected in two cats, one each from Belgium 
and Hong Kong.14,42,44 Researchers at Harbin Veterinary 
Research Institute recently reported that cats can be infected 
with SARS-CoV-2 and can spread it to other cats.19 However, 
this finding was based on the experimental inoculation of 
SARS-CoV-2 and hence may not reflect natural conditions. 
Further, notably, the infected cats did not show any signs of 
illness, indicating low transmissibility in cats.19 In a serological 
study conducted on the cat population of Wuhan city (the 
initial epicenter of COVID-19), 15 out of 102 cats showed 
seropositivity. In the same study, three cats, the owners of 
which were COVID-19-positive, showed the presence of high- 
titered SARS-CoV-2 neutralizing antibodies.45 However, the 
high titer of these antibodies was linked to the fact that the 
cats were living with COVID-19-positive individuals.45 Other 
positive cats, six in number, were either strays or from cat 
clinics. Hence, similar to human beings, cats can also be 
infected with SARS-CoV-2 and mount an immune response. 
Under experimental conditions, SARS-CoV-2 was also found 
to be transmitted among cats via respiratory droplets.40 

Experimental studies revealed severe signs in the nasal cavities, 
tracheal mucosa, and lungs in cats aged less than 3 months; 
however, the clinical signs of infection were not detailed. 
Nonetheless, a cat infected through a COVID-19-positive 
owner exhibited clear signs of diarrhea, vomiting, and labored 
and short breath. This indicates that cats may not be easily 
infected with SARS-CoV-2 under natural conditions. 
Preliminary findings based on laboratory studies suggest that 
cats have a higher susceptibility to COVID-19 than all the 
animal species investigated. This is mainly because cats can 
be infected with the clinical form of the disease and then 
transmit the infection to other cats.22 Experimental evidence 
suggests that SARS-CoV-2 transmission to cats from human 
COVID-19-positive patients occurs via respiratory droplets. 
Notably, there is no evidence yet on zoonosis from cats to 
humans. Although scientific evidence on the susceptibility of 
cats to COVID-19 is accumulating, there is an urgent need to 
explore the underlying patho-immunological mechanism in 
detail before arriving at any conclusion. Although there is no 
evidence of either pet-to-human transmission of SARS-CoV-2 
or the development of immunity in cats, the possibility of our 
pets being reservoirs of SARS-CoV-2 cannot be ignored.46,47

SARS-CoV-2 in minks

SARS-CoV-2 was reported in minks housed in two separate 
farms in the Netherlands.48 The infected animals exhibited 
signs of respiratory distress and were associated with an 
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increase in the mortality rate.48 Following the outbreak of 
SARS-CoV-2 in the mink farms, authorities have initiated 
mass culling fearing the possibility of minks acting as a viral 
reservoir for this pandemic virus.49 The minks are suspected to 
be infected from COVID-19 positive farm workers.49 However, 
the preliminary epidemiological studies indicate that at least 
two farm workers were infected via animal-to-human trans
mission by inhalation of dust and/or droplets containing the 
virus.48 This is the first report of animal-to-human transmis
sion of SARS-CoV-2.49

SARS-CoV-2 in wild animals

Malayan pangolins

SARS-CoV-2-related CoVs were identified in Malayan pan
golins (Manis javanica) seized from southern China. The 
genetic sequences of the identified pangolin-associated 
CoVs exhibited strong similarity with regard to the RBD 
of SARS-CoV-2 and belonged to the sub-lineages of SARS- 
CoV-2-related CoVs.50 These findings suggest the possibi
lity of pangolins acting as important hosts for the emer
gence of novel CoVs such as SARS-CoV-2.51 Genomic and 
evolutionary studies identified the presence of a SARS-CoV 
-2-like CoV, which was named Pangolin-CoV, in dead 
Malayan pangolins. The whole-genome analysis determined 
that Pangolin-CoV is more closely related to SARS-CoV-2 
(91.02%) than to BatCoV RaTG13 (90.55%).52 These 

findings suggest that pangolins may be the natural reser
voirs of SARS-CoV-2-like CoVs. Genetic analysis of geno
mic regions other than the RBD indicates that pangolin 
CoVs cannot be considered the direct sources of SARS- 
CoV-2; an analysis of the RBD region did not confirm the 
possibility of pangolins acting as the intermediate hosts of 
SARS-CoV-2.53 The hypothesis suggesting that SARS-CoV 
-2 emerged directly from pangolins was rejected based on 
two major findings. SARS-CoV-2 isolated from humans has 
a unique peptide (PRRA) insertion that plays a role in the 
proteolytic cleavage of the spike protein. This RRAR motif 
was absent in the coronavirus isolated from pangolins. 
Pangolin CoVs were also found to be less similar to SARS- 
CoV-2 than the BetaCoV/bat/Yunnan/RaTG13/2013 virus 
isolated from bats.54

Malayan tiger

Recently, the National Veterinary Services Laboratories 
(NVSLs) of the United States Department of Agriculture 
(USDA) diagnosed SARS-CoV-2 in a tiger maintained in the 
Bronx Zoo of New York City. This tiger, along with other tigers 
and lions, was tested immediately after showing signs of 
respiratory illness. This was the first report of SARS-CoV 
transmission from humans to a wild animal. This Malayan 
tiger is suspected of having been infected by an asymptomatic 
SARS-CoV-2-positive zookeeper.55 Figure 2 depicts the reports 
of SARS-CoV-2 infection among pet and wild animals.

Figure 2. SARS-CoV-2 in animals. Pet animals like dog, cat and minks; wild animals like Malayan pangolins, Malayan tiger were infected with SARS-CoV-2. Human to 
animal transmission was suspected in dog and Malayan tiger infection while animal to human transmission was reported from mink to human.
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Animal models of SARS-CoV and MERS-CoV infection

Following the emergence of SARS, the first zoonotic CoV, in 
2002, researchers have been continuously trying to design 
animal models to assist in the development of effective vaccines 
and therapeutics.56 The initial efforts were directed toward 
developing non-human primate models that can replicate clin
ical diseases.56–58 Although none of the available SARS animal 
models have the potential to fully replicate the clinical features 
of the disease, the most important aspects of the disease caused 
by SARS-CoV can be observed in experimentally infected non- 
human primates.57 Several non-human primates such as the 
African green monkey, rhesus monkey, and cynomolgus mon
key have been evaluated as disease models of SARS-CoV 
infection.58,59 Although apparent clinical illness was absent in 
all the three species of Old World monkeys described above, 
they could be used for evaluating the immunogenicity of vac
cine candidates.59 Cynomolgus macaques that were inoculated 
with SARS-CoV produced clinical disease with evidence of 
viral replication as well as the development of neutralizing 
antibodies. Although infection with SARS-CoV did not pro
duce severe illness as observed in the majority of SARS-positive 
adult humans, the milder syndrome exhibited by macaques 
replicated the SARS-CoV infection observed in young 
children.58 New World monkeys such as the common marmo
set (Callithrix jacchus) have also exhibited susceptibility to 
SARS-CoV infection. The intra-tracheal inoculation of SARS- 
CoV in these animals was found to be associated with a mild 
form of the illness along with evidence of viral replication.60 

Hence, the common marmoset model will also serve as an ideal 
surrogate system for the assessment of therapeutic and pre
ventive interventions.

Considering the finding that pet cats can be infected with 
SARS-CoV, they were also considered a potential animal 
model for SARS-CoV infection.25 Experimental inoculation 
of SARS-CoV in cats and ferrets resulted in an infection char
acterized by the shedding of the virus from the pharynx. The 
SARS-CoV-infected cats and ferrets were also found to trans
mit the disease to susceptible animals cohabiting with them.26 

The SARS-CoV ferret model was used to evaluate the immu
noprophylactic potential of neutralizing human monoclonal 
antibodies. The results suggested that the administration of 
monoclonal antibodies prevented the development of SARS- 
CoV-induced macroscopic lung pathology and abolished viral 
shedding via pharyngeal secretions.61

Murine models of SARS can be used to evaluate vaccines, 
antiviral agents, and immune responses. Combined oral and 
intranasal inoculation of BALB/c mice with infective doses of 
SARS-CoV resulted in infection characterized by viral replication 
in both lung and intestinal tissues.62 Similarly, a human angioten
sin-converting enzyme 2 (hACE2) transgenic mouse model was 
produced by inserting the hACE2 gene into the mouse genome. 
SARS-CoV was found to replicate more efficiently in the lungs of 
hACE2 transgenic mice and was associated with severe patholo
gical changes that resembled SARS-CoV infection in humans.63 

However, post-vaccine pathology in response to hyper accentu
ated immune responses after SARS-CoV has been reported in 
murine models; hence, the assessment of post-vaccine disease 
irrespective of the model used is crucial.64,65

Intranasal inoculation of SARS-CoV in golden Syrian ham
sters resulted in infection with high viral titers in the lungs and 
nasal turbinates. Neutralizing antibodies that protected the 
hamsters from further challenges were also detected post- 
infection.66 Compared to murine models, SARS-CoV infection 
in hamsters produced viremia as well as extra-pulmonary 
spread of the virus to the spleen and liver. The hamster models 
were also characterized by high viral titers that replicated for 
a longer period in the respiratory tract, accompanied by sig
nificant pathology.66 Guinea pigs inoculated with SARS-CoV 
developed interstitial pneumonitis alone, whereas simulta
neous coinfection with reovirus and SARS-CoV produced 
severe lung pathologies that resulted in death between day 4 
and day 7 post-inoculation.67 Hence, simultaneous coinfection 
models in guinea pigs can replicate the pathological changes 
associated with SARS-CoV infection.

Two species of cotton rats (Sigmodon hispidus and 
Sigmodon fulviventer) were also evaluated as models for SARS- 
CoV. The experimental inoculation of SARS-CoV was not 
associated with any signs of disease. The researchers also failed 
to detect the virus in the blood as well as in the tissue samples, 
and no associated histopathological changes were observed.68 

These findings prove that cotton rats cannot be considered 
useful models for SARS-CoV infection.

Over the years, several animal models of SARS-CoV, such as 
monkeys, ferrets, hamsters, guinea pigs, rats, mice, cats, swine, 
and chickens, have been evaluated. Most of these models did 
not replicate the acute pneumonia-like symptoms associated 
with SARS-CoV infection in humans. Some of them exhibited 
only mild forms of the disease while clearing the virus. Among 
the available animal models, ferrets and non-human primates 
exhibit the strongest clinical symptoms.69 The selection of 
animal models should be always based on the goals of each 
study. Depending on the research, some animal models may be 
preferred over other available models.70 At present, there is no 
single preferred animal model for SARS-CoV in which all 
therapeutic or preventive strategies may be evaluated.

MERS-CoV has been reported in several animal species 
including camelids (dromedary camels, alpacas, and llamas), 
non-camelid domestic species (pigs and rabbits), non-human 
primates (rhesus macaques and common marmosets), and 
rodents (rats and mice).30,71,72 The commonly used laboratory 
animals such as mice, Syrian hamsters, and ferrets are not 
susceptible to MERS-CoV. This is mainly because of the differ
ences in DPP4, the receptor of MERS-CoV.73 The presence of 
DDP4 receptors in these animal species makes them suscepti
ble to MERS-CoV, however with variable success in establish
ing a satisfactory infection.30,74,75 The mice lacked 
susceptibility to MERS-CoV. However, the expression of the 
human DPP4 in mice resolved this issue.73 Some of the animals 
develop proper disease manifestations while others exhibit 
a few manifestations. Depending on the type of animal 
model, advantages and disadvantages vary. Larger animal spe
cies are considered to be the most appropriate models but are 
associated with difficulty in handling, require large biosafety 
labs besides being costly and having ethical issues. Although 
small animal models are considered less appropriate, they can 
be handled easily and less costly. The immunological response 
in small animal models is quite variable, however can be easily 
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modified by genetic manipulations e.g. development of trans
genic animals.30,74,75 Transgenic mice are being developed as 
animal models for MERS-CoV infection.76 Transgenic hDPP4 
mice that were inoculated with MERS-CoV developed severe 
and lethal respiratory disease. The transgenic mice model is 
considered as the ideal animal model for testing the efficacy of 
therapeutic and prophylactic countermeasures against MERS- 
CoV.73 These animal models could help in evaluating various 
aspects of COVID-19 that can help in better understanding of 
the epidemiology, pathogenesis, and can further be elaborated 
to evaluate diagnostic, prophylactic, and therapeutic 
modalities.

Animal models of SARS-CoV-2 infection

Animal models are considered essential tools for evaluating the 
efficacy of vaccines during the preclinical phase of a study. 
They are used to assess vaccine safety, protection against chal
lenge infection, dose and formulation of the vaccine (efficacy of 
adjuvant addition), route of vaccine delivery, type of immunity, 
and onset, magnitude, and duration of the immune 
response.8,77 The efficacy of a vaccine in preventing an infec
tion can be correlated with the induction of specific antibodies. 
However, CD4+ responses, key to B-cell help and cytokine 
production, are sometimes considered as the better correlates 
of protection than antibody titers.78 Only a few animal models 
are currently available for the evaluation of vaccines against 
SARS-CoV-2 since it is a new pathogen.79 Animal models that 
can mimic SARS-CoV-2 infection in human beings by produ
cing similar clinical characteristics are essential for evaluating 
the efficacy of the immunity induced by vaccination.80 Owing 
to their close similarity to human beings, non-human primates 
can efficiently simulate viral diseases that affect humans, mak
ing them an ideal choice for vaccine evaluation. However, 
small animal models have advantages such as comparatively 
low research and development costs and ease of handling; they 
can also be used in large numbers, thereby improving statistical 
correctness.80

The ACE2 receptors of rhesus macaques, Syrian hamsters, 
and common marmosets were found to be highly similar to 
that of humans. Among them, the ACE2 receptor of rhesus 
macaques is 100% identical, whereas Syrian hamsters and 
common marmosets exhibit 3–4 mutations at the interface 
region.81 Animals that develop mild forms of the infection 
are appropriate for evaluating vaccines and therapeutics.82 

Molecular docking studies have been conducted to evaluate 
the potential of the surface spike/S protein to bind to ACE2 of 
common laboratory mammals, to identify the ideal laboratory 
animal model for SARS-CoV-2.81 The hamster ACE2 exhibited 
the highest binding affinity to both the SARS-CoV-2 and 
SARS-CoV spike proteins among all the species evaluated 
other than the rhesus macaque.81

Human angiotensin-converting enzyme 2 (hACE2) 
transgenic mouse model

Recently, a hACE2 transgenic mouse model was used to study 
the pathogenicity of SARS-CoV-2. The infected hACE2 trans
genic mice exhibited weight loss as well as viral replication in 

the lung tissue; histopathological findings indicated the pre
sence of interstitial pneumonia. SARS-CoV-2 viral antigens 
were detected in the alveolar macrophages, alveolar epithelia, 
and bronchial epithelial cells.83 All of these features make the 
hACE2 transgenic mouse model an ideal tool for the develop
ment of vaccines and therapeutics against SARS-CoV-2. Two 
major disadvantages were reported for this model; non- 
physiological expression of hACE2 had to be performed and, 
being a transgenic animal, availability was a major constraint.81 

The hACE2 transgenic mice are produced by the Jackson 
Laboratory breeding facility in Bar Harbor.82 Following the 
COVID-19 outbreak, there exists a very high demand for 
hACE2 transgenic mice, which limits their use in research. At 
present, several other attempts are being made to develop 
mouse models that are susceptible to infection by SARS-CoV 
-2. Scientists are attempting to insert the human version of 
ACE2 into mice using a viral carrier.82

Rhesus macaque model

The genetic sequences of ACE2 in humans and non-human 
primates are highly similar. Owing to this close similarity, non- 
human primate systems can recognize SARS-CoV-2 and med
iate clinical infection similar to humans.38 When rhesus maca
ques were experimentally infected with SARS-CoV-2, a fairly 
mild form of the disease ensued. Although none of the maca
ques developed fevers, radiographic findings indicated pneu
monic signs in the lungs, similar to those in COVID-19- 
positive humans.84 Since the immune systems of monkeys 
show close similarity to that of humans, experimental studies 
in primates will provide an insight into the manner in which 
our bodies cope with the infection.82

To study the age-related pathogenic mechanism of SARS- 
CoV-2 in non-human primate models, rhesus macaques of 3–5 
(n = 3) and 15 (n = 2) years of age were infected intra- 
tracheally, and the clinical signs, replication of the virus, 
chest images, immunological responses, and histopathological 
findings were analyzed. The results revealed more active viral 
replication in old monkeys than in young monkeys along with 
the development of more severe interstitial pneumonia in old 
monkeys.85 Furthermore, Rockx et al. (2020)86 showed the 
applicability of macaques as suitable animal models to assess 
the potential of newly emerging therapeutics and vaccines 
against COVID-19 infection. In a detailed comparative patho
logical investigation using SARS-CoV-2, SARS-CoV, and 
MERS-CoV, infection was established in cynomolgus monkeys 
that showed excretion of the virus from nasal and oral secre
tions without apparent clinical signs. Nonetheless, SARS-CoV 
causes more severe lung damage than MERS-CoV.

Ferret model

Ferrets are considered good models to study human respira
tory viral infections owing to the close physiological similarity 
of the lungs.80 Experimental infection of SARS-CoV-2 via 
intranasal inoculation in ferrets was found to be associated 
with viral replication and shedding in nasal washes, saliva, 
urine, and feces. The infected animals exhibited airborne trans
mission of infection to naïve indirect-contact ferrets, thereby 
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acting as an infection and transmission animal model of 
COVID-19.87 Notably, the infected ferrets did not show the 
complete clinical signs of COVID-19 infection but exhibited 
a rather mild form of the condition. Furthermore, the virus 
titer remains low in the lungs of the infected animals, which 
restricts their use as prime experimental models for studying 
COVID-19-preventive therapeutics and vaccines.

Golden Syrian hamster model

The hamster model is considered a more stable and predictable 
model of coronavirus infection than murine models.66 Intranasal 
inoculation of SARS-CoV-2 in golden Syrian hamsters was 
found to be associated with clinical infection characterized by 
rapid breathing and weight loss. The virus challenge led to 
clinical and pathological signs of pneumonia. The recovered 
hamsters had developed serum neutralizing antibodies.81 

Furthermore, it was also demonstrated that close contact 
between infected and susceptible hamsters promoted the trans
mission of the disease. Hence, the golden Syrian hamster model 
of COVID-19 can be used to study the transmission character
istics and pathogenesis of SARS-CoV-2, which will, in turn, help 
in the development of vaccines and therapeutics against this 
novel pathogen. Based on the available literature on SARS- 
CoV-2, hamsters, ferrets, and cats can be considered as an 
attractive alternative animal model for SARS-CoV-2 infection 
as well as transgenic mice models. For studying the efficacy of 
various vaccine platforms, hamsters and transgenic mice models 
are ideal since they exhibit severe clinical symptoms of SARS- 

CoV-2 infection.88 Due to the superior intraspecies transmission 
of SARS-CoV-2, cat and ferret models are ideal for studying the 
transmissibility and the effectiveness of antivirals to limit spread. 
However, the non-human primate models are the best to eval
uate and assess antiviral and vaccine effectiveness before they are 
rapidly deployed for treating humans.88

An overview of experimentation studies in animal models of 
SARS-CoV-2 infection is presented in Figure 3

Limitations of animal models

The animal models can be used in the fundamental research 
involving the development of vaccines, immunotherapeutics, 
and drugs.72,89 They can help in attaining a better understand
ing of the disease progression, pathogenesis, transmission, and 
immune response. The challenge studies using suitable animal 
models are considered to be an important stage in the initial 
evaluation of human vaccines. However, the translation of 
results obtained from a single animal model to a disease having 
various outcomes in humans might not only challenging but 
also potentially misleading.88 Despite the considerable benefits, 
there may be several lacunae that limit the use of such models 
for product development. Vaccine candidates when used in 
animal models can elicit neutralizing antibodies (NAbs) that 
provide immunity by inhibiting viral replication in non- 
human primates, mice, ferrets, and hamsters and hence can 
help in studying the immune response in such animal 
models.72 However, sometimes this immune response is not 
enough as sufficient NAbs are not being generated against the 

Figure 3. Experimentation studies in animal models of SARS-CoV-2 infection.
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vaccine candidate in some of the animal models.55 Further 
cross-protection may not be generated against various strains 
of the virus.72 This can be overcome by using live or inactivated 
vaccines which can develop sufficient immune response in 
mice and ferrets. However, there are chances of reversion to 
pathogenic viruses.90

Similarly, animal models can help in elucidating novel 
putative drug molecules and evaluating their therapeutic 
potential. However, the in vivo efficacy may vary between 
actual species of target.71 Every animal model utilized for 
product development has its own advantages and disadvan
tages. Sometimes some vaccine candidates are immunogenic 
only in few animal species and certain viral vectors do not 
replicate well or not at all replicate in some animal models.72 

Hence the selection of animal models should be always based 
on the purpose or utility. African green monkeys, rhesus 
macaques, cynomolgus macaques, BALB/c, C57B6 mice, 
129S6/SvEv mice, ferrets, and rabbits are being used for eval
uating inactivated vaccines.72 They are rapid and easy for 
development, safety, high-titer of Nabs, and protective when 
used along with adjuvant. However, the limitations include the 
induction of inflammatory immune pathology and antibody- 
dependent enhancement (ADE), possibly incomplete 
protection.72 Similarly, for vector-based vaccines, BALB/c 
mice, 129S6/SvEv mice, hamsters, ferrets, hDPP4-Tg or trans
fected mice, and dromedary camels are currently being used. 
Advantages include comprehensive, stronger, and specific acti
vation of host immunity, high-titer of Nabs, and safety. For 
virus like particle, BALB/c mice and Ad-hDPP4 mice are being 
used. They help in the induction of antiviral T cell responses 
and S protein-specific NAbs; reduce viral titers in the lungs to 
nearly undetectable levels by one after inoculation with MERS- 
CoV. Both classes have disadvantages of varied and skewed 
immune responses; and possibly incomplete protection.72

BALB/c mice, hACE2-Tg mice, and hamsters are employed 
for live-attenuated particle vaccines. They are inexpensive; 
develop quick immunity; less adverse effect; comprehensive 
activation of host immunity; multiple targets. Limitations asso
ciated are the risk of phenotypic or genotypic reversion and 
disseminated infection in immunocompromised patients. For 
subunit vaccines, rhesus macaques, BALB/c mice, hDPP4 
transgenic mice, and rabbits are used. There is high safety, 
consistent production, comprehensive, stronger, and specific 
activation of host immunity, and high-titer of Nabs. Concerns 
are uncertain cost-effectiveness, mild immunogenicity, need 
appropriate adjuvants, and risk of ADE. For DNA based vac
cines rhesus macaques and BALB/c mice, Ad-hDPP4 mice are 
helpful as they are easier to design, high safety, and have high- 
titer Nabs. However, there may be lower and skewed immune 
responses and possibly delayed-type hypersensitivity.72

Similarly, for drug trials, rhesus macaques, common mar
moset, mice, rabbits, ferrets, and hamsters are being used to 
study safety and efficacy.72,89,91 For raising antibodies as immu
notherapeutics and for vaccine development rhesus macaques 
and common marmoset, mice, rabbits, ferrets, and hamsters 
have been employed.92 However, abnormal immune responses 
and ADE effects induced by the antibodies need to be properly 
evaluated.92

Conclusion and future prospects

It is interesting to note the uncanny similarity that exists 
between SARS-CoV-2 and SARS-CoV, such as the susceptibil
ity of cats and ferrets, transmission of infection to cage mates, 
and resistance of chickens and pigs to infection. The animal 
models that are currently being used for SARS-CoV-2 are those 
that were established for SARS-CoV. The production of 
hACE2 transgenic mice, which was stopped after the SARS 
outbreak ended, has been resumed to facilitate and promote 
research on SARS-CoV-2. Significant advances have already 
been made in the development of several animal models for 
SARS-CoV and SARS-CoV-2 infection. However, their practi
cal utility has been significantly hampered by the lack of 
pathological similarity with the human diseases produced by 
these viruses. Although non-human primate models simulate 
almost similar clinical forms of the disease observed in 
humans, they have several disadvantages that limit their exten
sive use in evaluating vaccines and therapeutics against SARS- 
CoV-2 infection. Extended COVID-19 surveillance in animal 
species is needed to reach a consensus about the role of animals 
in the emergence and maintenance of SARS-CoV-2 in the 
ecosystem.93 The experiences gained from research on animal 
CoVs will possibly assist in addressing the origin of the virus 
and its spread and may support upcoming research in humans 
by enabling progress in the development of immunogenic, 
effective, and harmless vaccines and therapeutics.94 

A multidisciplinary approach involving specialists in medicine, 
veterinary science, virology, and microbiology helped identify 
the putative intermediate hosts for previous zoonotic CoVs 
(SARS-CoV and MERS-CoV).95 A similar One-Health 
approach may assist in identifying the origin of SARS-CoV 
-2.96 Hence, there is an urgent need for such an approach to 
enhance our knowledge on the transmission of the disease 
from humans to domestic, companion, and wild animals as 
well as our preparedness for unanticipated emergencies in the 
future.

At present, the susceptibility of domestic and wild animal 
species to SARS-CoV-2 has major implications in the devel
opment of preventive and control strategies against this pan
demic. Although significant pieces of experimental evidence 
show possible SARS-CoV-2 infection in cats, ferrets, or other 
domestic/wild animals, none of them conclusively prove 
infection and transmission among animals or spill-over to 
humans under natural conditions. To date, there are no 
reports of SARS-CoV-2 transmission from companion or 
wild animals to humans. Even if such transmission has 
occurred, the identification of such a case is very difficult 
based on the evidence, since it will be masked by the aggres
sive human-to-human transmission that is characteristic of 
this disease. The increase in the number of reports of SARS- 
CoV-2 infection in companion and wild animals warrants in 
silico docking studies as well as sequence-based computa
tional studies to identify host susceptibility to COVID-19. 
Such a study will not only help evaluate the risk of animal- 
to-human transmission but also assist in identifying suitable 
animal models for the evaluation of vaccines and therapeutics 
against SARS-CoV-2.
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