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Abstract

Animal models have been critical in understanding the pathogenesis, transmission, and therapeutic
interventions for COVID-19, caused by SARS-CoV-2. The primary challenges include species-specific differences in
viral receptor expression, particularly the ACE2 receptor, and immune system responses, which can affect how closely
these models mimic human COVID-19 pathology. Additionally, ethical concerns around the use of animals, especially
non-human primates, and logistical issues such as high costs, housing requirements, and limited availability of certain
models, further complicate research efforts. Transgenic mice expressing human ACE2 (hACE2) are widely used because
of their ease of handling and cost-effectiveness. Other animal models include non-human primates, hamsters, cats, and
ferrets, which were used to study viral transmission and host-pathogen interactions. The rapid dynamics of the SARS-
CoV-2 evolution is one of the challenges and the complementary use of multiple models provides a more comprehensive
understanding of the disease. Nonetheless, these models have been essential for rapid advancements in COVID-
19 vaccine and therapeutic development, offering insights that continue to guide public health strategies. The review
discusses the various animal models used in SARS-CoV-2 research, the outcomes, and the challenges and questions to
be addressed
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), was first identified in Wuhan, China, in late December 2019. The virus continues to impact humans globally with
evolving variants, fluctuating case numbers, and diverse clinical manifestations. Since the pandemic began in late 2019,
the virus has mutated into several variants of concern, causing different waves of infections worldwide. As of March 10,
2023, the devastating pandemic impacted 187 countries, with 770 million confirmed cases of COVID-19 and 6 million

deaths (source: https://coronavirus.jhu.edu/map.html, accessed September 26, 2024).

Coronaviruses are positive-sense, single-stranded RNA viruses with 30 kb genome size encoding 13-15 (12
functional) open reading frames (ORFs) with 4 structural proteins, 8 accessory proteins, and 16 non-structural proteins
affecting humans and multiple mammalian hosts (Jahirul et al., 2023). Taxonomically, these viruses belong to the order,
Nidovirales; family, Coronaviridae; subfamily orthocoronavirinae which are divided into four genera—alpha, beta,
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gamma, and delta affecting a wide variety of domesticated
and wild species of birds/animals. SARS-CoV-2 is a novel
betaCoV, belonging to the same subgenus as severe acute
respiratory syndrome coronavirus (SARS-CoV) and the
Middle East Respiratory Syndrome Coronavirus (MERS-
CoV).

The spike protein of the ancestral strain Wuhan
type 01 (WA-01) SARS CoV-2 mutated over time, leading
to the emergence of multiple variants. Some of the key
variants such as Alpha (B.1.1.7), Gamma (P.1), Delta
(B.1.617.2), and the subsequent Omicron (B.1.1.529)
variants were more transmissible than the ancestral strain,
leading to case surges globally. An efficacy study with
existing monoclonal antibody (mAb) products in hamsters
showed absence or minimal neutralization ability against
Delta and the mAb against Delta did not show any cross-
reactivity with Omicronvariants (Congetal.,2024).Omicron
is highly transmissible; yet causes less severe disease
than Delta, especially in vaccinated individuals. Omicron’s
immune escape properties allow it to infect people with
previous immunity, leading to breakthrough infections.
Omicron subvariants currently in circulation as of late 2023
and 2024, are XBB.1.5 (Kraken) and BA.2.75 (Centaurus)
and these variants are far more highly transmissible and
demonstrate immune escape properties than earlier
Omicron strains. Such rapid evolution of viruses needs
effective animal models to study the pathobiology of the
variants and to develop therapeutic strategies.

SARS-CoV-2virusspike proteinusesangiotensin-
converting enzyme 2 (ACE2) receptor on cells for virus
entry and the spike protein is primed by transmembrane
serine protease 2 (TMPRSS2) (Hoffmann et al., 2020).
Multisystemic cellular tropism of SARS-CoV-2 enables
the virus to infect multiple lineages of cells that express
ACE2, TMPRSS2, or both. Localisation of viral RNA was
demonstrated in epithelial, endothelial, and mesenchymal
cells in almost all organs (Wong et al., 2021). Analyses of
formalin-fixed paraffin-embedded (FFPE) human tissues/
organs from fatal COVID-19 cases demonstrated that
viral RNA was also present in tonsils, salivary glands,
thyroid, adrenal, testicles, prostate, ovaries, lymph nodes,
intestines, skin, and skeletal muscle in addition to the
respiratory and vital organs such as lung, trachea, kidney,
heart, or liver (Wong et al., 2021).

Homology modeling of the SARS-CoV-2 spike
protein with ACE2 from old-world monkeys, orangutans,
baboons, mustelids, civets, various species of horseshoe
bats, pigs, ferrets, dogs, cats, pangolins, Malayan fruit
bats, horses, cows, rabbits, red foxes, sheep, Chinese
hamsters, other hamster species, marmosets, naked
mole-rats, and ground squirrels demonstrated that these
species could bind to the SARS-CoV-2 spike protein (Niu
et al., 2021). Further, in vitro assays using pseudo typed
viruses have confirmed these findings. Some species that
are not susceptible include camels, raccoons, Greater
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horseshoe bats, rats, mice, platypuses, African bush
elephants, European hedgehogs, mongooses, kangaroo
rats, and guinea pigs (Luan et al., 2020).

COVID-19 is a multifaceted disease and the
clinical manifestations shown by the patients showed
a variable range of outcomes affecting the respiratory,
olfactory, gustatory, neurological, and locomotor functions.
Some of the caveats in animal model development are the
reproducibility of the clinical and pathological correlates
of the disease found in humans and the development of
animal models with comorbidities that can mimic human
conditions. The review aims to discuss the animal models
that can closely replicate the pathophysiological, and
immunological correlates of SARS-CoV-2. It is extremely
challenging to find all the favourable outcomes in one
animal model. So far, most animal models support viral
replication in the upper and lower respiratory tract,
facilitating transmission, and seroconversion.

Transgenic Mice models

The ACE2 receptor in standard laboratory mice
strains (Mus musculus) does not naturally allow efficient
binding of SARS-CoV-2 and hence failed to replicate
and cause the disease. To address this issue, transgenic
mice or modified viruses were developed to increase the
suitability and efficiency of the animal model. Transgenic
Mice expressing human ACE2 (hACE2) receptors are
widely used to study SARS-CoV-2 as these mice support
efficient viral replication and develop clinicopathological
aspects of COVID-19, including lung inflammation and
immune responses. Compared to normal mice, transgenic
mice expressing human ACE2 allowed SARS-CoV-2
replication to reproduce interstitial pneumonia with weight
loss until 10 dpi upon the intranasal challenge of 10°TCID
of SARS-CoV-2 (Bao et al., 2020b).

Transgenic K18-hACE2 mice model: Different
transgenic mice models were employed with hACE2
driven under different promoters such as CMV early
enhancer/chicken B actin (CAG), keratin 18 (K18), etc.
to express the human ACE2, the key receptor of SARS-
CoV-2 for virus entry. Compared to the CAG promoter, K18
mice worked better as hACE2 expressed under the K18
promoter restricts the ACE2 expression only on epithelial
cells. A comparative pathogenesis study between K18-
hACE2 and CAG-ACE2 mice demonstrated significant
weight loss in K18-hACE2 mice resulting in fatal infections
and showed a high viral load in the lungs, cerebrum, and
cerebellum (Seo et al., 2022). Hence, K18-hACE2 mice
are more susceptible to SARS-CoV-2 and the height of
infection was observed on days 4-7 dpi, and viral load
decreases from 7 to 14 dpi leading to virus clearance.

The K18-hACE2 mice express higher levels of
hACE2 in multiple organ systems such as lungs, kidneys,
liver, brain, and small and large intestines and this animal
model can recapitulate the fatal CVID-19 outcomes. This
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model supported efficient infection and replication in the
respiratory tract, causing severe lung infection mirroring
the disease progression in humans, thus making it a
valuable model for studying COVID-19 pathogenesis and
testing vaccines and treatments (Myeni et al., 2024). A
spatiotemporal dynamics study of SARS-CoV-2 until 14 dpi
revealed that clinical deterioration and death in K18-hACE2
mice were linked with viral neuroinvasion and neuronal
injury of brain and spinal neurons (Carossino et al., 2021).
At 4 dpi, SARS-CoV-2 uses olfactory neuroepithelium
as the main entry portal for neuroinvasion and localizes
to the olfactory bulb supporting axonal transport. In K18-
hACE2 mice, ACE2 was not detected in neurons, hence
its expression in nasal passages and neuroepithelium
determines the level of neuroinvasion. This makes it a
good model to study the neuropathogenesis of SARS-
CoV-2, especially when neurological consequences are
widely reported for long COVID (Carossino et al., 2021).

K18-hACE2 mice have also beenusedto studythe
variants of concern Alpha, and Delta and found that Delta
caused severe lung inflammatory changes with increased
type | and Il interferon responses (Lee et al., 2022). K18-
hACE2 mice were also used to study co-infection models
involving a sequential infection of influenza and followed
by SARS-CoV-2 exacerbated encephalitis in mice along
with severe pulmonary lesions, prolonged innate immune
response, but reduced SARS-CoV-2 RNA synthesis (Clark
etal., 2024).

Premature aging-related complications were
analysed using the Hutchinson-Gilford progeria syndrome
(HGPS) mouse model, with humanized ACE2 receptors
to study premature aging and found that SARS-CoV-2
infection caused mild innate interferon responses and
virus defense compared to young mice. Aged hACE2 mice
demonstrated pathological phenotypes induced by SARS-
CoV-2 infection (Haoyu et al., 2024).

AC70 line of human ACE2 transgenic (AC70
hACE2 Tg) mice demonstrated COVID-19-associated
coagulopathy characterized by acute leukopenia,
lymphopenia, and induction of circulating neutrophil
extracellular traps (NETS), activation of platelet/endothelial
markers (Drelich et al., 2024). The survival rate of aged
(85-112 weeks) mice is less than young (12-15 weeks)
mice (Subramaniam et al., 2024). A knock-in mouse
model developed by CRISPR -Cas9 technology mACE2
F83Y, H353K mouse carrying a mouse-human hybrid form
of ACE2 under the endogenous mouse promoter did not
show clinical symptoms, while the Rosa26 conditional
model (Rosa26M"CE2) where human ACE2 was expressed in
cell and tissue-specific fashion allowed significant weight
loss, clinical scores, viral load, and shedding (Song et al.,
2024).

Transgenic hACE2/hTMPRSS2 knock-in mouse
model: Another transgenic model, hACE2/hTMPRSS2
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knock-in mouse model can support SARS-CoV-2 better
than just the hACE2 model. This model can reproduce
the multisystemic outcomes affecting the pulmonary,
cardiovascular, locomotion, and behavioral responses.
The male mice showed reduced locomotor responses
supporting the sex-based differences. However, other
pulmonary functions such as oxygen saturation, and heart
rate variability changes were not observed in either sex (Liu
et al., 2024). Also, this model was able to reproduce the
same clinical signs on reinfection after 6 months showing
that this model is suitable for studying mild COVID-19 (Liu
etal., 2024).

Other transgenic mice models

Another humanized mouse model called human
immune system (HIS)-DRAGA mice (HLA-A2.HLA-DR4.
Rag1KO.IL-2RgKO.NOD) was developed after infusing
Human Leukocyte Antigen (HLA)-matched, human
hematopoietic stem cells from umbilical cord blood. This
surrogate in vivo model has a functional human immune
system, and lung epithelial and circulatory endothelial
cells of this model express human ACE2 receptors. This
model can recapitulate the long sequelae of COVID-19 as
they could sustain infection for 25 days (Ghosh Roy et al.,
2024).

Adenoviral Delivery of hACE2: Another approach
involves adenovirus delivery of the human ACE2 gene
into wild-type mice. This transient expression of hACE2
promotes the susceptibility of mice to SARS-CoV-2
infection, instead of using a full transgenic line (Glazkova
et al., 2022). This approach provides flexibility in studying
the pathobiological correlates in different genetic
backgrounds and can be used to explore therapeutics and
prophylactics.

Mouse-Adapted SARS-CoV-2 Strains: An
alternative to tackle the refractory nature of mice towards
SARS-CoV-2 is to use mouse-adapted SARS-CoV-2
strains. Serial passaging of SARS-CoV-2 in mice enables
selection of viral variants that can bind to the mouse
ACEZ2 receptor. These mouse-adapted strains can cause
disease in non-transgenic mice, allowing for broader
research applications in various mouse strains (Ellsworth
etal., 2024) .

Immunocompromised Mice: Severe combined
immune deficient (SCID) mice lacking key components of
the immune system, have been used to study the role of
immune responses in SARS-CoV-2 infection and to test
potential therapeutic strategies (Abdelnabi et al., 2022).
These models can provide insights into how the virus
interacts with different elements of the immune system
and can be used to evaluate the effectiveness of antiviral
drugs or monoclonal antibodies.

Potential treatments, including antiviral drugs,
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monoclonal antibodies, and other therapeutics, are tested
in mouse models to assess their efficacy and safety before
advancing to human trials (Dhanushkodi et al., 2024; Ko et
al., 2023; Tatham et al., 2024). A vaccine study in C57BL/6
mice to investigate the efficacy of two spike subunit
proteins with selected dominant substitution variants
fused with transmembrane protein vaccines in the young
and aged mice caused a decline in antibody titer after 6
months, however, a third booster significantly increased
the humoral responses in the aged mice (Cui et al., 2024).
Another study with single-dose murine CMV (MCMV)
vector expressing spike protein elicited the humoral
response that lasted 5 months in K18-hACE2 mice and
protected against Beta and Omicron variants (Metzdorf et
al., 2024).

Non-human primates

Nonhuman primates (NHP) are the closest
surrogates for humans, because of the close genetic and
physiological similarities to humans. Hence, NHP studies
on the virus pathogenesis, host-pathogen interactions,
prophylactics, and therapeutics will offer high translational
value. NHPs such as rhesus macaques and cynomolgus
monkeys, exhibit mild to moderate COVID-19 symptoms
and will recapitulate the human disease. Various routes
such as conjunctival, intranasal, intra-tracheal, oral, and
intragastric routes were employed for establishing infection
in NHP (Deng et al., 2020; Munster et al., 2020). However,
theirhigh cost, ethical concerns, and limitations in modeling
severe disease progression present challenges.

Rhesus macaques (Macaca mulatta) were widely
used as an experimental model to study the SARS-CoV-2
based on the high sequence identity of the 23 critical
amino acid residues between the human and macaque
ACEZ2 responsible for the receptor binding domain (RBD)
interaction which facilitates effective binding of the SARS-
CoV-2. Common lab animals-rat and mouse ACE2
possess three key substitutions D30N, Y83F, and K353H,
which disrupt the hydrogen bond limiting its receptor
activity and virus entry, as demonstrated by the gain/loss
of functions (Zhao et al., 2020a). Sequence analysis of
ACE2 performed to determine the infection risk of NHP in
comparison to its orthologs in ferrets, bats, cats, dogs, and
pangolins found that all apes including gorillas, bonobos,
chimpanzees, other African and Asian monkeys share a
homologous receptor binding site like humans, while some
species as in tarsiers, lemurs, lorisoids and monkeys of
the Americas show some difference in the key amino
acid residues which affect their binding affinity to SARS-
CoV-2 (Melin et al., 2020). Lu et al. (2020) compared three
species of monkeys, Macaca mulatta, Macaca fascicularis
(Old World monkeys), and Callithrix jacchus (new world
monkey) for studying the SARS-CoV-2 pathogenesis
and all three species demonstrated virus shedding as
detected in the nasal, throat, anal swabs and blood. The
least susceptible species was Callithrix sp. and M. mulatta
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was the most (Lu et al., 2020).

Rhesus macaques: Munster et al.(2020) reported
clinical disease for 8-16 days with mild to moderate
interstitial pneumonia in infected rhesus macaques, with
no virus isolated from blood/urogenital swab throughout
the study. When the COVID-19 started, viral transmission
through tears was considered as a potential portal for
virus transmission. Deng et al.(2020) used conjunctival,
intratracheal, and intragastric routes in rhesus macaques
and demonstrated thatthe conjunctival route caused higher
viral load only in the nasolacrimal ducts, and associated
tissues with mild pneumonia and no other clinical signs
compared to intratracheal inoculation. While SARS-
CoV-2 viral load was detected in nasal and oropharyngeal
swabs by both conjunctival and intratracheal groups, viral
shedding through feces was only seen in intratracheally
infected animal (Deng et al., 2020; Xia et al., 2020).
Although RT-PCR of conjunctival swabs from COVID-
19 human patients tested negative, the viral load in the
nasolacrimal duct and conjunctival swab of NHP (only at
1 dpi) indicated that conjunctiva could act as virus entry
portal, channeling the virus through the nasolacrimal duct
to the inferior nasal meatus of the nasal cavity and hence,
recommends proper personal eye protection (Deng et al.,
2020). Intragastric inoculation did not cause any clinical
signs or viral load, similar to the intragastric infection of
SARS-CoV in cynomolgus monkeys (Deng et al., 2020;
Nagata et al., 2007).

Intratracheal inoculation of 7x10° 50% tissue-
culture infectious doses (TCID50) of SARS-CoV-2 into
rhesus macaques by ChaoShan (2020) did not cause
any bodyweight and temperature changes in macaques,
but chest X-ray revealed patchy ground-glass opacity in
both sides of the lungs which intensified with the infection.
Evidence of viral shedding in the nasal (until 3 dpi) and
oropharyngeal (until 9 dpi) and anal swabs (until 11 dpi)
was noticed. SARS-CoV-2 was also isolated from the
tissues (trachea, bronchus, and lungs). Histopathological
changes were observed in the inferior lobes of both
sides of the lungs with peribronchial inflammatory
changes, thickened alveolar walls, edema, pulmonary
hyaline-membrane formation, and haemorrhage in the
interalveolar septa (ChaoShan, 2020). Another study in
rhesus macaques was conducted to test the COVID-19
relapse and found that neither active viral replication in
tissues nor viral shedding occurred after re-infection with
the SARS-CoV-2 virus which indicated that virus-specific
IgG antibodies protected the macaques from re-infection
with a homologous strain (Bao et al., 2020a).

These studies also screened for the extra-
pulmonary tissue tropism of SARS-CoV-2inmacaques and
demonstrated viral replication in the bladder, kidney, liver
heart, skeletal muscle, thoracic spinal cord, rectum, colon,
spleen, duodenum in addition to lungs, pulmonary lymph
nodes, trachea, soft palate, tonsils, cervical cord and lymph
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nodes, nasal turbinate, and mucosa (Bao et al., 2020a;
Deng et al., 2020; Lu et al., 2020; Munster et al., 2020).
Taken together, the rhesus monkeys did not recapitulate
the disease severity as in humans, nevertheless, they are
susceptible to SARS-CoV-2 and supported viral replication
in the upper and lower respiratory tract, and less frequently
in the digestive tract.

The protective efficacy of a recombinant
adenovirus vaccine containing fragments of S, N, and
orf8 genes tested in rhesus macaques offered significant
protection against live SARS-CoV challenge (Chen et al.,
2020). Vaccine efficacy studies using spike stem-based
broadly neutralizing antibodies in rhesus macaques also
showed positive outcomes in terms of reduced viral load
and decreased inflammatory cytokines and macrophages
in the lower respiratory tract (Edwards et al., 2024).
Studies were conducted in macaques to test the efficacy
of the FDA-approved antiviral drug remdesivir, an RNA-
dependentRNA polymeraseinhibitorfor COVID-19patients
(Pruijssers et al., 2020). In macaques, administration of
remdesivir in the early phase of the disease (12 hours post-
infection and then daily once, intravenously for 6 days)
reduced the viral titers in bronchoalveolar lavage at 12 h
post-remdesivir administration and also prevented severe
pneumonia at 7 dpi (Williamson et al., 2020). African green
monkeys (Chlorocebus sabaeus) upon SARS-CoV-2
infection caused dysregulated glucose metabolic profile,
characterized by an increase in CCL25, hyperglycemia,
dysfunctional pancreatic B-cells, impaired glucose
clearance, increased gluconeogenesis or glycogenolysis,
and insulin resistance (Palmer et al., 2024) which makes
it a good model to study the disease with metabolic
comorbidities.

A comparative study between MERS-CoV
and SARS-CoV-2 involving both young adults and aged
cynomolgus monkeys, age comparable to the real-time
susceptible human population by intratracheal and
intranasal routes revealed no overt clinical signs including
weightloss after SARS-CoV-2 infection (Rockx etal., 2020),
however, there were prolonged viral shedding, early peak,
and viral tropism confined to the respiratory tract tissues
except for the ileum (Rockx et al., 2020). For MERS-CoV,
the marmoset model exhibited more severe pneumonia,
alterations in blood chemistry, liver, and kidney functions
(Falzarano et al., 2014). However, aerosol exposure of
mean presented dose 8.7 x 10* TCID_, of SARS-CoV-2
VICO1 in marmosets did not induce any clinical signs,
except for the early weight loss and changes in respiratory
activity. Immunohistochemical analyses showed that
Marmoset respiratory tissues lacked ACE2 but expressed
TMPRRS2. The presence of vVRNA was observed in the
lung but active virus replication was absent. However,
innate immune responses were pronounced with activation
of macrophages, circulating monocytes, neutrophils and
reduction in circulating T cells (Ireland et al., 2022).
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Ferrets

Ferrets are the closest human surrogates and are
widely used for studying respiratory viruses. Ferrets are
susceptible hosts for SARS-CoV-2 and have been used to
study the pathogenesis and transmission of SARS-CoV-2
(Kim et al., 2020; Richard et al., 2020). Ferrets inoculated
with SARS-CoV-2, SARS-CoV-2/F13/environment/2020/
Wuhan (F13-E), which originated from an environmental
sample from Huanan Seafood Market in Wuhan, and
SARS-CoV-2/CTan/human/2020/Wuhan (CTan-H), of
human origin, demonstrated vRNA and virus shedding of
both strains, in nasal washes and upper respiratory tract
(URT) tissues mainly (nasal turbinate, soft palate, and
tonsils) at 4 dpi. No extrapulmonary tissues tested positive
for the virus (Shi et al., 2020). Nasal swabs tested positive
for both high RNA copy numbers and infectious virions,
while VRNA without infectious virions was detected in
few rectal swabs. Despite severe inflammatory changes
in the alveolar space and septum in the ferret lungs,
fatalities due to respiratory distress were absent (Shi et
al., 2020). Intranasal inoculation of 10 TCID,, of the virus
in 12-24-month-old male and female ferrets did not show
obvious clinical signs except for a moderate increase in
body temperature. However, viral shedding in the nasal
wash, saliva, urine, and feces was observed in the directly
inoculated animals and facilitated contact and aerosol
transmission. Despite the presence of vRNA in nasal
turbinate, trachea, lungs, kidney, and intestine, the viral
titers were low especially in the lung (Kim et al., 2020).

Ferrets on intranasal/oral/ocular inoculation
caused fever, weight loss and viral shedding via throat,
nares, and rectum for 7-10 days post-infection (Reed
et al., 2024). Ferret ACE2 was predicted to have a high
affinity to SARS-CoV-2 spike protein, however, virus lung
tropism in ferrets is very limited (low viral titer) causing
only acute bronchiolitis without any interstitial pneumonia
or diffuse alveolar damage (DAD), a hallmark lung lesion
in COVID-19 patients (Kim et al., 2020). But this model
certainly has advantages for studying the transmission
of SARS-CoV-2, and to test the efficacy of prophylactic,
therapeutics, or repurposing drugs. Ferrets have been used
to test the efficacy of human polyclonal anti-SARS-CoV-2
IgG developed from hyper-immunized transchromosomic
bovines (SAB-185) and found that low doses of IgG did
not cause antibody-dependent enhancement (ADE) of
disease (Reed et al., 2024).

Cats

Since COVID-19 affected small and big cats,
cats were also tested to study its efficacy for model
development. Subadult (6-9 months) and juvenile cats
inoculated with 105 PFU of CTan-H intranasally did not
cause any clinical signs, however, vVRNA and infectious
virions were present in nasal turbinate, tonsils, trachea,
lungs, and small intestine on 3 dpi. Lungs did not show
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any vVRNA on 6 dpi, even though vVRNA and infectious
virions were present in the URT tissues (Shi et al., 2020).
In the same study, the sub-adult cats were also tested for
aerosol transmission and reported that sentinel animals
showed fecal shedding on 3 dpi and seroconverted. On
the contrary, juvenile cats were more susceptible to SARS-
CoV-2 infection and facilitated aerosol transmission.
Taken together, there could be age-dependent variations
in the incubation period, pathology, virus shedding, and
persistence in cats (Shi et al., 2020).

Dogs

Natural infection of SARS-CoV-2 in dogs was
reported from several parts of the world such as Italy, Hong
Kong, and the USA (Goumenou et al., 2020). Five-month-
old beagles were intranasally inoculated with 105 PFU of
CTan-H and the direct inoculated animals demonstrated
vRNA only in rectal swabs on 2 dpi, but failed to detect
virus/VRNA in all the tissues, showing that dogs have a low
susceptibility (Shi et al., 2020).

Although dogs can contract SARS-CoV-2, they
are not a preferred model for studying the virus due to their
mild disease presentation and limited role in transmission.
However, their role as companion animals has made them
important for understanding the potential risks of reverse
zoonotic transmission from humans to pets. While their
use in modeling human COVID-19 is limited, dogs remain
important in broader epidemiological studies, providing
insights for public health guidelines and pet management
during the pandemic.

Rabbits

The receptor-mediated virus entry studies
using pseudotyped viruses with ACE2 receptor orthologs
suggested that rabbits could be a good animal model in
addition to ferrets, monkeys, and cats (Zhao et al., 2020a).
An intranasal application of 10%, 10° and 10° TCID,; SARS-
CoV-2, in specific pathogen-free three-month-old female
New Zealand White rabbits (Oryctolagus cuniculus),
seronegative for SARS-CoV-2 demonstrated virions
in nasal, throat and rectal swabs and seroconversion
in 10° TCID,, and 10° TCID,, groups. Viral RNA was
not detected in the lungs, however, mild to moderate
inflammatory changes were observed (Mykytyn et al.,
2021). Rabbit model was effectively used for developing
monoclonal antibodies against different SARS-CoV-2
lineages (Guo et al., 2023).

Hamsters

Hamsters, particularly Golden Syrian hamsters
(Mesocricetus auratus), are highly susceptible to SARS-
CoV-2 and develop clinical features, including lung
pathology, that closely resemble human COVID-19
(Blaurock et al., 2022). Roborovski (Phodopus roborovskii)
hamsters, in particular, exhibit more severe disease and
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can be modeled to study critical cases seen in elderly and
immunocompromised individuals.

Golden Syrian hamsters were used to study the
pathogenesis and transmissibility of SARS-CoV-2, and they
can facilitate contact and airborne transmission. Hamsters
exhibited wide range of disease phenotypes such as
weight loss, high viral load, diffuse alveolar damage,
and bronchiole/airway inflammation, extrapulmonary
lesions such as inflammatory infiltrations in the intestine,
myocardial degenerations, apoptotic evidence in lymph
nodes and spleen, and seroconversion at 14 dpi. Hamsters
are a good model to study SARS-CoV-2 as the symptoms
are moderate and cause self-limiting disease. Like ferrets,
golden Syrian hamsters have shown extrapulmonary
involvement after infection (Chan et al., 2020).

Golden Syrian hamsters can support prototypic
SARS-CoV-2 and the variants of concern. Both Alpha and
Delta strains caused moderate to severe lung pathology
and replicated in tissues. However, neuropathological
lesions were mild (Feng et al., 2022). SARS-CoV-2 can
infecttesticular cells in hamsters (Campos et al., 2021). Six-
week-old Syrian hamsters were used for the pathogenicity
studies against different SARS-CoV-2 variants and tested
the antibody therapeutics against different variants. This
study showed weight loss against all variants emerged
before Omicron. The Omicron variants caused only
secondary disease outcomes such as lung pathological
correlates and viral load without weight loss (Cong et al.,
2024). SARS-CoV-2 infection of hamsters with pre-existing
liver conditions exacerbated liver lesions characterized by
hepatitis with increased vascular lesions such as portal
vein endotheliitis, and hepatocellular degeneration, in
addition to the pulmonary lesions (Souza et al., 2024).
Syrian golden hamsters support transmission studies by
contact, aerosol and fomite routes of SARS-CoV-2 variants
of concern (Mohandas et al., 2021).

Roborovski hamsters are also susceptible to
SARS-CoV-2infection, and they exhibit more severe clinical
signs with acute respiratory distress and fatality (Trimpert
etal., 2020). The fast aging of Roborovski hamsters makes
them a suitable model for studying SARS-CoV-2 in elderly
subjects. Just like K18-hACE2 mice, these hamsters show
severe lung and neuropathology outcomes. SARS-CoV-2
in Roborovski hamsters induced severe acute diffuse
alveolar damage and hyaline microthrombi in the lungs,
hallmark changes found in human COVID-19 patients, a
pathological feature not reproduced in any other animal
models (Trimpert et al., 2020). Further, Roborovski
hamsters are small and have shorter lifespan than Syrian
hamsters and are suitable for studying age-related
comorbidities.

Tree shrews

Tree shrews (Tupaia belangeris) became popular
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lately as experimental animals, as they are recently
domesticated from the wild. Tree shrews of both sexes
in three different age groups (young, adult, and old)
inoculated with SARS-CoV-2 demonstrated an increase in
temperature, especially in females. Main histopathological
changes included mild inflammation in the lungs and
extrapulmonary tissues such as liver, spleen, kidney,
small intestine, and pancreas were affected randomly in
all three age groups (Zhao et al., 2020b). Rats and guinea
pigs ACE2 do not fall under the susceptible species of
SARS-CoV-2 and hence have not been used for model
development.

Sex differences in the pathobiology of SARS-CoV-2

Emerging evidence indicates that the male
population is bearing the brunt of COVID-19 than
the females worldwide (Wenham et al., 2020) which
emphasizes the need to investigate the sex-dependent
disease phenotype. Studies show that estrogen has
an important role in alleviating the disease outcomes of
SARS-CoV-2 as treatment of ovariectomized mice with
estrogen receptor antagonists decreased the survival
rate suggestive of the protective effect of estrogen
(Channappanavar et al., 2017; Suba, 2020). Although
normal mice were not used for any experimental infection
of SARS-CoV-2, it was demonstrated that mucin 4 (Muc4)™”
female SARS-CoV-2 infected mice (42%) suffered >20%
weight loss and had to be euthanized by 4 dpi, compared
to infected Muc4” male and wild type (WT) mice (Plante
et al., 2020). The sex-based body weight changes did
not reflect in the viral load. Notably, the lung pathology
was minimal in female Muc4” mice compared to the WT,
whereas the male WT and Muc4” mice have similar lung
pathology, indicating that the regulatory role of Muc4 is
sex-dependent (Plante et al., 2020). Sex-based disease
outcomes are also noticed in Syrian hamster models, in
which they experienced severe clinical symptoms, lung
pathology, slow recovery, and low antibody responses
compared to female animals (Dhakal et al., 2021). Sex,
age, and species-based differences were also noticed in
rhesus macaques in terms of immunopathological aspects
of the disease (Lu et al., 2020; Speranza et al., 2022).

Conclusions and Future Directions

Anoverview of the animal models currently in use,
which support different phenotypic aspects of the COVID-
19 disease is summarized in Fig. 1. Each model presents
distinct advantages and challenges, thus impacting the
relevance of findings and translational value for human
studies.

Among the models, transgenic mice and hamster
models are better in terms of rapid breeding, cost-
effectiveness, housing requirements, ease of handling,
and availability of well-characterized biological reagents.
Despite their advantages in genetic manipulation and cost-
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effectiveness, mice generally exhibit mild disease, limiting
theirusefulnessinmodeling severe COVID-19.Additionally,
differences in immune response between mice/Hamster
and humans complicate the direct translation of findings.
A comparison study of the microbiome in hamsters and
mice demonstrated differences in the dominant microbial
species. For hamsters, Lactobacillaceae is more abundant
inforestomach andileum, while Muribaculaceae dominates
in the murine forestomach and ileum. Muribaculaceae
were dominant in murine cecum and colon, while in
hamsters, Lachnospiraceae and Erysipelotrichaceae
were the dominant bacterial communities. This difference
in microbiome plays an important role in the pathogenesis
and further characterization, so these things have to be
considered while considering the suitability of a model
(Bbswald et al., 2024). Ferrets are particularly useful for
modeling respiratory transmission, while cats can develop
subclinical infections, mirroring asymptomatic human
cases. Both are valuable in studying zoonotic transmission
but have limitations in replicating severe human pathology.
In rhesus macaques, the clinical signs reported include
mild to moderate respiratory disease, occasionally
with initial body weight loss, temperature changes, and
anorexia. However, the respiratory distress in macaques
was not so pronounced to cause lethal pneumonia, not
to mention the extrapulmonary involvement. A potentially
serious condition emerged in children of all ages in the UK
and the USA, possibly linked to COVID-19. Unlike adults,
a ‘multi-system inflammatory syndrome’ characterized by
cytokine storm, low blood pressure, fluid retention in lungs
and other organs was manifested in children (Mahase,
2020). However, young adult macaques of 4-5 years old
equivalentto 12.8-16 years of human age failed to replicate
such inflammatory syndromes. Transgenic NHP models
are an option, (Niu et al., 2010; Park and Silva, 2019) but
the cost and ethical constraints limit the application.

Another major issue encountered in COVID-
19 patients across demographics was the neurological
sequelae of COVID-19 which include insomnia, anxiety,
weariness, cognitive impairments, encephalopathy,
and encephalomyelitis (Brola and Wilski, 2022) and the
severity depends on the sensory and central nervous
system (CNS) involvement. The affected individuals
manifested stroke-like symptoms observed in young/
middle-aged people, ageusia (loss of taste), and anosmia
(loss of smell) were reported in 85.6% and 88.0%
respectively (Lechien et al., 2020). Previous studies have
shown that the neurological sequelae in acute SARS-
CoV-2 infection and long-term COVID cognitive disorders
are due to the rupture of the blood-brain barrier (BBB) in
acute infection and subsequent systemic inflammation in
the brain (Greene et al., 2024). A comprehensive analysis
of the inflammatory, coagulative, and BBB functions in
samples from the affected cohort with a clinical history of
mild to severe clinical manifestations revealed moderate
adaptive immune response affecting pro-inflammatory
cytokines and dysregulated coagulative functions affecting
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Fig. 1. Animal models and their applications for different disease phenotypes of COVID-19

thrombosis and endothelial cell activation (Greene et al.,
2024). SARS-CoV-2 impairs the glutamatergic receptors
and affects the binding of glutamate, the most abundant
excitatory neurotransmitter in the brain, to these receptors
and subsequently affects the downstream pathway (Wang
etal., 2024).

Long COVID, also known as post-acute sequelae

Animal models of COVID-19

of SARS-CoV-2 infection (PASC), refers to symptoms that
continue for weeks, months, or even years after the initial
acute phase of a COVID-19 infection. These symptoms
can vary widely, affecting multiple organ systems, and
these may occur even in people with mild or asymptomatic
COVID-19 cases. More than 200 symptoms have been
identified with long-term COVID-19, the most common
include lethargy, memory problems called brain fog,
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headache, dizziness, impaired gustatory and olfactory
functions, sleep disorders, shortness of breath, cough,
blood clots, fibromyalgia, irregular cardiac rate, digestive,
circulatory, and metabolic diseases.

Currently, the practical feasibility of small animal
models to replicate the neurological aspects of long
COVID syndrome is limited. While ageusia and anosmia
are highly subjective and difficult to test in animals, a
model to study the CNS and sensory involvement would
add great value. The inhalation method of infection without
anesthesia seems to be a better route to reproduce the
milder pathological lesions, and it was found that the brains
of K18-hACE2 mice showed mild lesions after the virus
clearance at 14 days post-infection giving its advantage
in studying the long COVID. Inhalation of nebulized
aerosols developed pathological lesions in the CNS and
respiratory system better than the intranasal route of
inoculation. The inhalation method caused milder lung
pathology, focal lesions mimicking the chest CT pattern in
humans, and pulmonary fibrosis as in recuperating lungs.
Further, the inhalation method showed delayed brain
involvement through the trigeminal nerve and olfactory
bulb infection compared to the intranasal method in the
long COVID mouse model (Jeon et al., 2024). Aerosol
exposure of K18-hACE2 transgenic mice to SARS-CoV-2
caused fibrin deposition in lungs, immune cell infiltration,
and transcriptional profile was comparable to the human
patients, which underscores the suitability of this model
to study the long COVID and therapeutic applications
(Fumagalli et al., 2022).

Another factor that is linked to the grave prognosis
of COVID-19 conditions is the underlying diseases or
co-morbidities causing complications irrespective of
the demographics. Transgenic or genetically modified
susceptible animals prompting some underlying medical
conditions such as myocarditis, diabetes, kidney
failures, immune compromised conditions, and age-
related neurodegenerative disorders like Parkinson’s,
and Alzheimer’s diseases have to be considered, which
would be a reasonable model choice for preliminary
studies aimed at studying the pathogenic aspects of this
multifaceted disease involving multiple organ systems.

Since the last few decades, coronaviruses have
been a serious threat to human and animal health globally.
Good animal models are instrumental in studying the
pathobiological aspects of any viruses and COVID-19
certainly demands the development of new animal models
to cater to our needs as the disease manifestations
vary from asymptomatic to mild, moderate, and severe.
Genetically engineered animals will be a great initiative and
add great perspective for understanding the pathobiology
of SARS-CoV-2.
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