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Abstract
Viruses arise through cross-species transmission and can 
cause potentially fatal diseases in humans. This is the case of 
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) which recently appeared in Wuhan, China, and rap-
idly spread worldwide, causing the outbreak of coronavirus 
disease 2019 (COVID-19) and posing a global health emer-
gency. Sequence analysis and epidemiological investiga-
tions suggest that the most likely original source of SARS-
CoV-2 is a spillover from an animal reservoir, probably bats, 
that infected humans either directly or through intermedi-
ate animal hosts. The role of animals as reservoirs and natural 
hosts in SARS-CoV-2 has to be explored, and animal models 
for COVID-19 are needed as well to be evaluated for counter-
measures against SARS-CoV-2 infection. Experimental cells, 
tissues, and animal models that are currently being used and 
developed in COVID-19 research will be presented.

© 2021 S. Karger AG, Basel

Introduction

A novel coronavirus, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) emerged in Wuhan, 
Hubei Province, China, in December 2019 causing a syn-
drome termed by the World Health Organization (WHO) 
“COVID-19” on February 11, 2020 [1–4] and recognized 
as a pandemic on March 11, 2020 [5]. Coronaviruses are 
enveloped viruses with a positive sense single-stranded 
RNA genome (26–32 kb) [6], one of the largest known 
genomes among the RNA viruses [7]. Within the last 2 
decades, 2 coronaviruses have been introduced into the 
human population, the SARS-CoV and the Middle East 
respiratory syndrome-CoV (MERS-CoV) and, by cross-
ing the species barrier and causing severe disease spread 
from person to person. SARS-CoV emerged in China in 
2002 from Chinese horseshoe bats and transmitted to hu-
man by human civet intermediate reservoirs and resolved 
within a year, causing 8,437 infected people with 813 
deaths in 27 different countries worldwide, and resulting 
in a 9.6% fatality rate [8]. Bats may be the primary reser-
voir, and camels the intermediate host for MERS-CoV, 
originated in the Middle East and remaining largely re-
stricted in the Arabian peninsula, resulting in 2,229 cases 
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and 858 deaths with a case mortality rate of 35% [9]. Hu-
man coronaviruses (HCoVs), namely, HCoV-E299 
(-CoV), HCoV-NL63 (-CoV), HCoV-OC43 (-CoV), and 
HCoV-HKU1 (-CoV), usually cause mild, both upper 
and lower respiratory tract infections in humans. HCoVs 
are thought to have emerged from an animal source, and 
then, other amplifier hosts might have played a role of 
becoming epidemiological animal reservoirs. Interesting-
ly, evidence indicates 95% genetic homology of RNA se-
quence of HCoV-OC43 to the one of the bovine BCoV, 
speculating transmission from cattle, the zoonotic ances-
tor, to humans 100 years ago [10]. The identification of 
animal reservoirs plays a crucial role in effective disease 
control.

Animal Reservoirs of SARS-CoV-2

Most of viral diseases are caused by zoonotic patho-
gens maintained by wildlife reservoir hosts [11]. Bats are 
a natural reservoir host of different families of viruses, 
many of which cause severe human diseases [12, 13]. Vi-
ruses can spill over from the host to other animals and 
humans, causing disease outbreaks worldwide. The bat 
Rhinolophus (horseshoe bat) is speculated as the source 
of SARS-CoV-2 [2]; however, the possibility exists for ad-
ditional interspecies transmissions, and the precise route 
of transmission of the virus into the human population 
has not been established yet. Phylogenetic analysis re-
vealed SARS-CoV-2 as a newly emerged strain of 
β-coronavirus that shared 79.6 and 96.2% sequence iden-
tity with SARS-CoV-1 and bat Co-RaTG13, respectively, 
suggesting a zoonotic origin from the likely bat reservoir 
[14, 15]. RaTG13 was detected in bat Rhinolophus affinis 
from Yunnan Province, far away from Hubei Province. 
Divergence dates between SARS-CoV-2 and RaTG13 
were estimated between 40 and 70 years ago in horseshoe 
bats. Similar to what was observed with SARS and MERS, 
the possible involvement of an intermediate host as a 
plausible conduit for transmission to humans has been 
considered. Specifically, Guangdong Pangolin-CoV ge-
nome is very closely related to SARS-CoV-2, sharing 
92.4% sequence similarity; thus, pangolin could be re-
sponsible for the zoonotic event [16, 17]. SARS-CoV-2 
could have been for decades in bats and been transmitted 
to other hosts such as pangolins. Unlike SARS-CoV, the 
spike (S) glycoprotein of SARS-CoV-2 harbors a unique 
furin cleavage site (PRRA) before the S1/S2 region, which 
increases the transmissibility of this virus that is absent in 
bats and pangolins [15, 18]. Although the exact origin of 

the PRRA motif from an animal virus has not yet been 
determined, this insertion is an independent natural 
event, probably due to a recombination, and fixed by the 
natural selection [18]. The currently available data do not 
clarify whether the origin of the virus is due to a natural 
selection in the wild animal reservoir before zoonotic 
transfer or natural selection in humans following zoonot-
ic transfer.

Animals Naturally Infected with SARS-CoV-2

Dogs and Feline
Naturally infections with SARS-CoV-2 have been doc-

umented in various animal species. SARS-CoV-2 infec-
tion in dogs occurred in Hong Kong after close contact 
with people infected with the virus developing detectable 
antibodies against SARS-CoV-2 [19, 20]. In addition, ge-
netic analysis revealed that dog and human viral sequenc-
es were closely related. Other human-to-dog transmis-
sions have been reported in the Netherlands and in New 
York State confirmed by analysis of neutralizing antibod-
ies against SARS-CoV-2 [21]. Conversely, neither France 
nor Spain tested positive dogs living with an individual 
infected with SARS-CoV-2 [22, 23]. Several human-to-
feline transmissions have been documented [24–26]. In 
January 2020, in Wuhan, antibodies against SARS-CoV-2 
were detected in domestic cats using ELISA and/or neu-
tralization assay. Between March and June 2020, in Hong 
Kong, New York State in the USA, Belgium, and France, 
asymptomatic and/or symptomatic cats were tested posi-
tive for SARS-CoV-2 by RT-qPCR. Cats may infect other 
cats in close contact. In April 2020, in the Bronx Zoo in 
New York City, 1 tiger and 3 lions were found positive 
after interaction with SARS-CoV-2-infected zookeeper 
[27].

Minks
In April 2020, minks in 2 separate farms in the Neth-

erlands developed signs of breathing and gastrointestinal 
disorders, with a mortality of 1.2–2.4% for a presumed 
human-to-mink transmission of SARS-CoV-2, workers 
at the farm having been previously tested positive for 
coronavirus disease 2019 (COVID-19). In November 
2020, the Danish National Institute of Public Health an-
nounced the alert for back spillover of SARS-CoV-2 from 
mink farms into the community. During the passage 
through minks, the virus mutated in the S protein-encod-
ing gene. In the viral samples from minks and humans, 
researchers identified mutations that were then used to 
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confirm that the people on the farm were infected by the 
viruses from the animals, and the mutations were sugges-
tive of the virus adaptation to this new host [28, 29]. It is 
unclear how SARS-CoV-2 has been introduced in the 
farms. A likely scenario for the infection of minks is hu-
man-to-animal transmission, although virus could po-
tentially be introduced by wild mustelids or other wild-
life, as shown by other virus infections like influenza vi-
ruses. Minks are Mustelidae-like ferrets that have been 
used as animal models of COVID-19 owing to their sus-
ceptibility to the virus and transmission between ferrets. 
The virus’s rapid spread in mink makes this animal a po-
tential nonhuman reservoir of viral source that can easily 
infect humans, and surveillance at the human-animal in-
terface is highly recommended. Natural or experimental 
animal host susceptibility to SARS-CoV-2 is shown in 
Figure 1.

Animal Models of COVID-19

Animal models are important tools both for studying 
the pathogenesis of infectious diseases and for the pre-
clinical evaluation of vaccines and antivirals against virus 
infections [30, 31]. Several animal models have been used 
to study COVID-19 with varying susceptibility of the host 
to SARS-CoV-2 infection, suggesting a species-specific 
role for angiotensin-converting enzyme 2 (ACE2). The 
ACE2 is the host cell receptor responsible for mediating 
infection of SARS-CoV-2. The S glycoprotein mediates 
binding to ACE2, followed by proteolytic cleavage by 
protease serine 2 (TMPRSS2), which triggers fusion of 
viral and cellular membranes. In this regard, species-spe-
cific differences in the ability of ACE2 to bind the S pro-
tein for virus entry has been predicted in silico and dem-
onstrated experimentally in vitro and correlated with sus-
ceptibility to SARS-CoV-2 infection of some species 
tested in experimental protocols [32–34]. In accord with 
this, mice are resistant to SARS-CoV-2 infection [35]. 
Animal models currently being used in COVID-19 re-
search are shown in Table 1.

Mouse
Mice are widely used in infectious disease research, 

even though often, in order to be susceptible to the infec-
tion, they need to be genetically modified. Otherwise, the 
virus needs to be adapted for the growth in different spe-
cies. SARS-CoV-2 uses cellular surface ACE2 protein as a 
primary receptor for cell attachment and entry, and mouse 
ACE2 does not bind efficiently to the viral S protein [33, 

34]. The ways to overcome this problem are to adapt either 
the host or the virus. Mouse-adapted SARS-CoV-2 strain 
with binding affinity to mouse ACE2 has been obtained 
after sequential passaging of virus in mouse lung tissues 
[36]. Infection of young adult and aged BALB/c mice with 
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Fig. 1. Susceptibility of animal hosts to SARS-CoV-2 infection. 
High susceptibility: felines, NHPs, hACE2 mice, pangolins, ferrets, 
minks, hamsters; low susceptibility: dogs and pigs (in one experi-
mental study [68]); no susceptibility: pigs (in one experimental 
study [52]) to SARS-CoV-2 infection. SARS-CoV-2, severe acute 
respiratory syndrome coronavirus 2; hACE2, human ACE2; NHP, 
nonhuman primate.
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adapted SARS-CoV-2 resulted in replication in both up-
per and lower airways, with severe symptoms in the aged 
mice. The disadvantage of mouse-adapted viruses may be 
in the clinical features of the infection that do not reca-
pitulate all aspects of the human disease. Another ap-
proach has been to modify the receptor-binding domain 
in the virus S protein to bind mouse ACE2 protein. The 
virus replicated in animals with a limited degree of clinical 
illness and mild disease symptoms, suggesting that even 
though ACE2 may be necessary for infection, it is not suf-
ficient to determine the outcome of infection. Transgenic 
mice expressing human ACE2 (hACE2) receptor support 
SARS-CoV-2 infection. Different strategies have been ad-
opted for expressing hACE2 in mice, including the use of 
the mouse ACE2 promoter or a heterologous gene pro-
moter, as well as the transduction by means of adenovirus 
or adeno-associated virus expressing hACE2 as a trans-
gene [31, 37–41]. Successfully studies showed mice that 
mimic human COVID-19 symptoms; thus, a variety of 
antivirals and vaccine candidates have been tested [42–
45]. Thus, mice are potentially good candidates for evalu-
ating the efficacy of antiviral drugs.

Hamster
Syrian hamsters intranasally inoculated are highly per-

missive to SARS-CoV-2 infection, with high levels of vi-
rus replication and histopathological evidence of disease 
that closely mimic those displayed by human COVID-19 
patients. High levels of viral RNA were evident in the na-
sal mucosa, lower respiratory epithelial cells, and small 
intestine, which could be useful for the evaluation of ther-
apeutic agents and vaccines. Analysis of neutralizing an-
tibodies, detected as early as 7 days after infection, re-
vealed protection against rechallenge with SARS-CoV-2, 
while naive hamsters were efficiently protected by passive 
immunization against high dose of SARS-CoV-2. Virus 
transmission to naive cohoused hamsters has been suc-
cessful observed [46–48]. Recently, 2 different groups, by 
adopting the hamster model, have been able to show that 
the D614G variant in S protein results in increased virus 
infectivity in the upper airway of the animals and in en-
hanced transmissibility [49, 50]. In addition, sera from 
variant-infected hamsters can efficiently neutralize the 
virus, suggesting that SARS-CoV-2 vaccines, all of which 
are based on the D614 variant, will protect against the 

Table 1. Animal models of SARS-CoV-2

Animal 
species

Susceptibility 
(*natural/°experimental 
infection)

Clinical 
signs

Immune response Advantages Disadvantages Refs.

Bat *High/°high No Yes Helpful for transmission Wildlife animal and not 
easy to handle

[2, 14, 15]

Mouse *None/°high Yes Yes Useful for pathogenesis, immune 
response, vaccines, and 
therapeutics

Transgenic mice, high 
cost, and mild infection

[36–41]

Hamster *None/°high Yes Yes Useful for transmission, 
pathogenesis, immune response, 
and therapies

Mild infection and no 
severe disease

[46–50]

Ferret *None/°high Yes Yes Useful for transmission, 
pathogenesis, and therapies

Mild infection and no 
severe disease

[51–54]

Mink *High/°not done Yes Yes Useful for transmission, 
pathogenesis, and therapies

High cost [29]

Monkey *None/°high Yes Yes Suitable for transmission, 
pathogenesis, immune response, 
vaccines, and therapies

Transient clinical signs 
and housing cost

[43, 45, 53, 55, 56, 
58–65]

Dog *Low/°low No Yes Not useful Not applicable [54, 67]

Cat *High/°high Yes Yes Not useful Not applicable [66, 67]

Pig *None/°none or low in  
one experimental study

No No/low in one 
experimental study

Low useful Not applicable [52, 67]

Poultry *None/°none No No Not useful Not applicable [68, 69]

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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G614 variant. These results confirm hamsters a useful an-
imal model in virus transmission studies.

Ferret
Ferrets are of special relevance to laboratory studies of 

respiratory viruses since their respiratory tract is anatom-
ically comparable to the human one. Ferrets are suscep-
tible to experimental infection by SARS-CoV-2, via direct 
contact and via the air, and are capable of replicating and 
transmitting the virus to other noninfected animals. 
Shedding of SARS-CoV-2 is observed in nasal and oro-
pharyngeal swabs. Infectious virus was detected in the up-
per respiratory and gastrointestinal tract, and viral RNA 
was found in the saliva, urine, rectal swabs, and feces. All 
ferrets possessed serum with anti-SARS-CoV-2 antibody, 
and high titers of neutralizing antibodies were detected at 
day 21. Virus causes a milder respiratory syndrome in fer-
rets than in humans, with undetectable or mild clinical 
alterations. It should be noted the consistency of the re-
sults obtained from different studies [51–54]. Ferrets are 
a valuable model for better understanding transmission 
and pathogenesis of COVID-19.

Nonhuman Primate Models
The animal model of infectious diseases should reflect 

clinical course and pathology observed in humans to 
characterize viral pathogenesis and to evaluate antiviral 
agents and vaccines. For COVID-19, several animal spe-
cies were investigated as models of human disease includ-
ing the nonhuman primates (NHPs). NHPs are closely 
related to humans; they are invaluable models for study-
ing emerging and re-emerging diseases. NHPs could be 
susceptible to SARS-CoV-2 infection, being symptoms of 
fever, diarrhea, and pneumonitis reported in rhesus ma-
caques (Macaca mulatta), cynomolgus macaques (Maca-
ca fascicularis), and African green monkeys (Chlorocebus 
aethiops). Replication of virus at high titers was observed 
in both the upper and lower respiratory tracts for 7–14 
days [55, 56]. Additionally, infected rhesus macaques de-
veloped humoral and cellular immune responses as well 
as robust protection against 28 days postinfection rechal-
lenge, indicating full protection from reinfection [57]. In 
addition, as observed in older SARS-CoV-2-infected in-
dividuals, an adverse clinical outcome is associated with 
old rhesus macaque infected as compared to young rhe-
sus macaque ones [53]. The use of different challenge 
stocks, dosages, and routes of infection in NHP models 
may contribute to a significant variation in the level and 
duration of viral replication observed in the control 
groups; therefore, comparative studies will need stan-

dardized protocols and challenge virus stocks. NHP mod-
els have been useful for the testing of therapeutic agents 
as well as of several vaccine candidates [43, 45, 58–65].

Dog and Cat
One experimental infection study showed that dogs 

have a low susceptibility to SARS-CoV-2 [54, 67]. No 
clinical signs were detected. Some animals produced an-
tibodies against the virus, and viral RNA was detected in 
rectal swabs while it was absent in organs of euthanized 
dogs. These data suggest that dogs are not promising an-
imal models to study SARS-CoV-2.

Cats are susceptible to experimental infection [66, 67]. 
Viral RNA was evident in the upper and low respiratory 
tracts and small intestines, and seroconversion was de-
tected by using the ELISA test. Naive cats were shown to 
be susceptible to the infection if they were in close contact 
with infected cats shedding viral RNA in tissue and feces, 
representing a potential model for droplet transmission.

Pig
Domestic swine have the potential to significantly im-

pact public health; thus, determination of the susceptibil-
ity of pigs to SARS-CoV-2 is critical. To this end, different 
research groups inoculated these animals intravenously, 
intranasally, ocularly, or orally with SARS-CoV-2. No 
clinical signs and no viral RNA in swabs or tissue samples 
have been detected, and there was no seroconversion. Na-
ive contact animals were also seronegative, indicating 
that pigs could not transmit the virus. These findings sug-
gested that swine are not susceptible to SARS-CoV-2 in-
fection [52]. A recent study contradicts the above report-
ed one. Indeed, of the 16 animals experimentally inocu-
lated, 2 of them seroconverted; virus was isolated from a 
pig, while another one displayed mild symptoms [67]. Vi-
ral RNA was detected in oral fluids and nasal wash from 
2 animals. It should be taken into account that the con-
siderable variation observed in this study may be due to 
the viral isolate, infectious dose, or breed of swine. Fur-
ther investigations regarding the susceptibility of these 
species are needed.

Poultry
Experimental infection of chicken and ducks with 

SARS-CoV-2 has been described. Animals did not devel-
op clinical signs, all swabs and organ samples were nega-
tive for SARS-CoV-2 RNA, and seroconversion was not 
observed. Cohoused naive animals were found to be se-
ronegative, indicating no animal-to-animal transmission 
[68, 69]. These finding suggested that poultry are not sus-
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ceptible to the virus, and therefore, they do not represent 
suitable animal models for studies of SARS-CoV-2 infec-
tion.

Fruit Bat
Rousettus aegyptiacus fruit bat is genetically divergent 

from the predicted host reservoir Rhinolophus horseshoe 
bat. Experimental studies revealed that R. aegyptiacus is 
susceptible to SARS-CoV-2. Intranasal inoculation re-
sulted in viral replication in the upper respiratory tract, 
with shedding of live virus and bat-to-bat transmission. 
Viral RNA was detected at a lower level in other organs, 
including the heart, skin, and intestine. Bats developed 
weak antibody responses, and clinical signs were absent 
[52]. The capacity of fruit bats to carry and transmit the 
virus makes this species a reservoir host, and therefore, it 
represents a useful model.

Cell-Based Approaches

Cell models of SARS-CoV-2 are essential for under-
standing the viral life cycle, tropism, and pathogenesis. 
Immortalized cell lines are widely utilized for virus isola-

tion and for screening inhibitors against SARS-CoV-2. 
The simian kidney epithelial derived Vero E6 cell lines, 
expressing ACE2 and low levels of TMPRSS2, are highly 
susceptible and permissive to virus replication, and they 
are commonly used for virus isolation [70]. The human 
cell lines, among which renal HEK293T, intestinal Caco-
2, pulmonary Calu-3, and hepatic Huh-7, produce low 
titers of infectious virus and have been utilized in SARS-
CoV-2 infection experiments [70, 71]. Nonhuman cell 
lines, such as feline kidney CRFK and rhesus macaque 
kidney FRhK4 and LLCMK2, are adopted to SARS-
CoV-2 replication studies [71]. The limitation of immor-
talized cell lines is that they do not accurately mimic hu-
man physiological conditions, and resulting biological 
observations need to be validated in primary human cells 
or in animal models. Primary human airway epithelial 
cells have been found to display cytopathic effects 96 h 
after SARS-CoV-2 infection [72–74]. Other primary hu-
man cells, nasal epithelial, large and lower airway epithe-
lial, type I and type II pneumocytes (AT1 and AT2), cili-
ated and secretory airway epithelial (HAE), and gut en-
terocytes, are permissive to SARS-CoV-2 infection 
[75–77]. Recently, an important finding has been ob-
tained in human lung epithelial cells and in primary hu-

Table 2. Cell line, primary cell, and organoid susceptibility to SARS-CoV-2

Cell lines, primary cells, and organoids Origins Susceptibility Refs.

Vero E6 cell line (African green monkey) Renal High viral replication [70, 71]

Vero E6/TMPRSS2 cell line (African green monkey) Renal Very high viral replication [70, 71]

Caco-2 cell line (human) Intestinal Robust viral replication [70, 71]

Calu-3 cell line (human) Pulmonary Robust viral replication [70, 71]

Huh-7 cell line (human) Hepatic Modest viral replication [70, 71]

HEK293T cell line (human) Renal Modest viral replication [71]

FRhK4 cell line (rhesus monkey) Renal High viral replication [71]

LLCMK2 cell line (rhesus monkey) Renal High viral replication [71]

Airway epithelial primary cells (human bronchi/bronchiolar) Epithelial Permissive to SARS-CoV-2 infection [72–75]

Primary enterocytes (human) Intestinal Permissive to SARS-CoV-2 infection [76]

Type I and type II primary pneumocyte (human) Pulmonary Permissive to SARS-CoV-2 infection [77]

Human organoids Bronchial Permissive to SARS-CoV-2 infection; progeny virus [78]
Pulmonary Permissive to SARS-CoV-2 [86]
Renal Permissive to SARS-CoV-2 infection; progeny virus [87]
Hepatic Permissive to SARS-CoV-2 infection; progeny virus [83]
Intestinal Permissive to SARS-CoV-2 infection; progeny virus [81, 84, 85]

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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man airway tissue where increased infectivity of the S 
D614G variant of SARS-CoV-2 has been demonstrated 
[49]. These data suggest that the D614G mutation gives 
rise to enhanced virus transmissibility. In addition, serum 
samples from D614 virus-infected hamsters can efficient-
ly neutralize the G614 virus from infecting cells, indicat-
ing that SARS-CoV-2 vaccines, which are all based on the 
D614 variant of the S protein, will protect against G614 
virus variants.

Organoids are self-organized 3-dimensional assem-
blies of cells, generated by the primary tissue or pluripo-
tent stem cells that exhibit physiological features of an 
organ. Organoids derived from human cells are particu-
larly helpful for preclinical studies, by obviating the need 
to extrapolate results from one species to another. Organ-
oids are also of interest for recapitulating the physiologi-
cal effects of SARS-CoV-2, for investigating virus tropism 
and pathogenesis and for screening SARS-CoV-2 inhibi-
tors. SARS-CoV-2 affects several organs causing severe 
damage of the lung; cardiovascular, intestinal, and neu-
rological, and endothelial systems; kidney; and liver, 
showing direct effects on these tissues. Recent studies 
showed that human bronchial, lung, kidney, liver, intes-
tinal, and vascular organoids are all permissive to SARS-
CoV-2 and may represent viral reservoir [78–84]. Antivi-
ral effects of COVID-19 candidate therapeutic com-
pounds have been evaluated in organoid systems [85–88]. 
Vascular and kidney organoids have been used to iden-
tify clinical-grade soluble ACE2 as an inhibitor of SARS-
CoV-2 infection [87, 88]. Liver ductal organoids support 
SARS-CoV-2 replication and virus infection impaired the 
bile acid transporting functions of cholangiocytes, result-
ing in the bile acid accumulation and consequent liver 
damage in patients [83]. A limitation of organoid models 
may be the lack of relevant immune cells – e.g., macro-
phages, that modulate severe disease. Cell lines and or-
ganoids and currently being used in COVID-19 research 
are summarized in Table 2.

Conclusion

In order to answer important questions on COVID-19 
including pathogenesis, transmissibility, and immune re-
sponse to SARS-CoV-2, as well as comorbidities and viral 
coinfections, in vivo investigations adopting the best ani-
mal models are needed for validation and translation in 
human studies. Animal models may also serve to evaluate 
therapeutic countermeasures and vaccines. Current lit-
erature data indicate that although most of the animal 

models could mimic many features of human COVID-19, 
however, none of them is capable of replicating the clini-
cal outcomes related to high mortality and morbidity of 
the human disease. Furthermore, it has to be considered 
that the innate immune response, including the defense 
system against viruses, diverged during evolution among 
the animals, which may explain the differences in the rate 
of infection. Additional studies will be required to refine 
animal models of chronic diseases to gain further insights 
into molecular immune pathogenesis, diagnosis and 
treatment of COVID-19. NHPs are closer to humans and 
are the most relevant animal models to test interventions 
before deployment to human treatment. On the other 
side, ferrets, mice, and hamsters developed clinical signs 
of the infection that are very similar to the one developed 
in humans. These animals might be useful in answering 
many questions regarding the mechanism of action of an-
tivirals, and safety and efficacy of vaccines. Animal and in 
vitro/ex vivo models can be adopted and pathogenesis 
and interventions assessed. Finally, wild animals such as 
bats and/or pangolins or a yet-to-be-identified animal 
host could serve as reservoirs of the SARS-CoV-2 or route 
of transmission to humans, and surveillance should be 
extensively done.
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