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Abstract

Translational models have played an important role in the rapid development of safe and effective vaccines and therapeutic agents
for the ongoing coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Animal models recapitulating the clinical and underlying pathological manifestations of COVID-19 have been
vital for identification and rational design of safe and effective vaccines and therapies. This manuscript provides an overview of
commonly used COVID-19 animal models and the pathologic features of SARS-CoV-2 infection in these models in relation to
their clinical presentation in humans. Also discussed are considerations for selecting appropriate animal models for infectious
diseases such as COVID-19, the host determinants that can influence species-specific susceptibility to SARS-CoV-2, and the

pathogenesis of COVID-19. Finally, the limitations of currently available COVID-19 animal models are highlighted.
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The devastating impact of the COVID-19 pandemic has neces-
sitated rapid development of various complementary transla-
tional model systems, such as in vitro and ex vivo models (cell
culture, organoids, organ-on-a-chip, tissue explants), in silico
models (computer or mathematical models), and in vivo animal
models, for studying the pathogenesis and developing potential
preventative and therapeutic modalities.***%” Various in
vitrolex vivolin silico models of SARS-CoV-2 infection allow
researchers to evaluate cell/tissue-specific responses, viral
dynamics, pathogenesis and design strategies for drug/vaccine
candidate selection and clinical management of COVID-19.
Animal models are the most relevant translational models as
they facilitate more comprehensive evaluations of host virus
interactions and host immune responses (innate and acquired),
which play a critical role in the course of a viral infection and
disease pathogenesis.”*® Additionally, the use of animal models
is expected by regulatory agencies, not only to demonstrate the
safety and efficacy of therapies, but in the case of COVID-19
vaccines, also to demonstrate a lack of vaccine-associated
enhanced respiratory disease.

The acute phase of COVID-19 presents with respiratory
symptoms as well as other non-respiratory manifestations most
notably renal, cardiovascular, neurological, and gastrointesti-
nal symptoms.3®37*¢ Also, a growing body of evidence indi-
cates a chronic syndrome with various long-lasting symptoms
in SARS-CoV-2 infected patients (the post-COVID syndrome
or long COVID).*® Suboptimal type I and III interferon
responses to the SARS-CoV-2 in individuals with severe
COVID-19 suggest a dysregulated host immune response to
infection.*® Animal models that recapitulate various pheno-
types of COVID-19, including host responses to SARS-CoV-2,

will be vital for elucidating pathogenesis, identifying new ther-
apeutic targets, and developing safe and effective vaccines and
therapies.

In consideration of the appropriate animal model for SARS-
CoV2, understanding of the natural infection and disease in
various species are critical. Only in this way can it be deter-
mined whether the disease progression is homologous or not.
We do not fully understand the origin of SARS-CoV-2 and the
transmission pathway to humans. The most prevalent hypoth-
esis is that SARS-CoV-2 originated in bats (as bat coronavirus
BatCoV RaTG13 has 96% genome sequence identity with
genome of SARS-CoV-2) and that interspecies transmission to
an unknown intermediate host as a reservoir occurred prior to
zoonotic transmission to humans in 2019.!8% A range of inter-
mediate hosts (including pangolin, mink, rabbits, raccoon,
dogs, civets, ferret, badgers, snakes, and domesticated cats) are
proposed where natural infections have been observed. Direct
spillover of SARS-CoV-2 from bats to human (direct animal
contact or indirectly through animal product or excreta) is also
a possibility.!®" Additional investigations are needed to fully
elucidate the evolution of SARS-CoV-2 and transmission
pathways.
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Table |. Advantages and limitations of commonly used COVID-19 animal models.

Animal models

Advantages

Limitations

Mice
Wild-type36°

Genetically modified hACE2-
expressing (transgenic or
transduced):50.5477:8691

MA SARS-CoV-2#50

Hamsters 19,26,27,29,50,75

(Golden Syrian, Chinese,
Roborovski dwarf¢, Tg hACE2°)

NHPs 19,22,38,50,51,65,76

(Rhesus macaques, cynomolgus
macaques, African green
monkeys, pigtail macaques,
Baboons)

FerretSZI,SO,SS

Wealth of genetic tools & strain resources
available

Small size, ease of maintenance, short life cycle,
cost-effective

Clinical signs of disease frequently observed
(weight loss, rapid breathing, lethargy, hunched
back)

Develop mild to severe pulmonary disease

Develop encephalitis

Mortality observed®

mACE compatible with S protein of MA virus

Clinical signs of disease observed (weight loss)

Develop mild to severe pulmonary disease

Mortality observed

Develop age- and obesity-associated COVID-19
diseases

ACE2 is compatible with S protein

Clinical signs of disease frequently observed
(weight loss, rapid breathing, lethargy, hunched
back)

Develop mild to severe pulmonary disease; useful
for testing vaccine/drugs

ACE2 is compatible with S protein

Clinical translation is much greater than other
animal models, as they are closest to human
pathophysiology

Research tool available to evaluate immune
response in humans work in monkeys

Encephalitis observed*

ACE2 is compatible with S protein
Good transmission model (virus transmission to
naive ferrets through direct contact)

No or low level of infection as mMACE doesn’t
facilitate the entry of the virus®

Protective effect due to intact mACE2
Extrapulmonary manifestations are usually
mild

Strain-specific disease phenotype (e.g.,
C57BL/6) develop milder disease than
BALB/c with MA10)

Extrapulmonary manifestations are usually
mild

Mortality generally not observed

Poor quality of sequenced genome and lack
of molecular tools and reagents (e.g.,
antibodies) that work in hamsters

Extrapulmonary manifestations are usually
mild

Large size compared to adult mice and
aggressive; often housed alone in larger
cages which adds to costs

Mortality not observed

Clinical signs of disease generally not observed

Develop mostly mild pulmonary disease

Can’t infect NHPs easily via nasal exposure
(natural route of infection), need intra
tracheal and/or intra bronchial exposure

Expensive and animals are harder to access
and house than rodents

Mortality not observed

Mild pulmonary disease

Larger size than mice

Poor quality of sequenced genome and lack of
molecular tools that work in hamsters

Abbreviations: Tg hACE?2, transgenic Human angiotensin-converting enzyme 2; mACE2, mouse angiotensin-converting enzyme 2; BALB/c, Bagg Albino c; MA,
Mouse-adapted; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NHP, nonhuman primate.

2Some SARS-CoV-2 variants of concern (Beta & Omicron) can bind mACE2.

®Mortality is likely secondary to encephalitis or due to pulmonary disease and encephalitis both.

<Single publication.

Although several animal species are susceptible to natural
infection, not all are suitable for modeling. Furthermore, natu-
ral infections may not identify all susceptible species.
Therefore, several studies have evaluated the susceptibility of
various animal species to infection with SARS-CoV-2 in
experimental settings. Mouse, hamster, ferret, nonhuman pri-
mate (NHP), tree shrew, cat, and mink are susceptible to SARS-
CoV-2 infection, whereas chicken, duck, turkey, pig, rabbit,
cattle, and guinea pig are not receptive to SARS-CoV-2 infec-
tion.>*>%30 One explanation for the susceptibility difference
involves the structural differences of the host receptor angio-
tensin-converting enzyme 2 (ACE2). Understanding various
pro- and antiviral host factors (e.g., ACE2, host proteases) that

influence susceptibility and drive susceptibility differences
among species is key to developing suitable animal models for
studying COVID-19. Additionally, factors extrinsic to host-
pathogen interactions (e.g., historical control data, cost and
availability, husbandry-related factors) are important determi-
nants for selection or rejection of a particular animal model and
will be elaborated below.

Although several species are susceptible to experimental
infection, most studies of SARS-CoV-2 disease (studying viral
pathogenesis and transmission) and efficacy (testing antiviral
drugs and vaccines) have used NHP, hamster, mouse, and ferret
models;!9:2229-36,3057.64.68.78.82 eqch with its own advantages and
limitations (Table 1) and a focus of this review. Detailed
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Box |. Considerations for choosing a good animal model.”:333%50.72

e Adequate susceptibility to infection/disease (presence of necessary anatomic structures, receptors/biochemical pathways or other

proviral factors)

Readily available to multiple investigators
Genetic and microbiological characterization

Accommodation in existing animal housing facilities
Adequate experience/training of animal care and research staff
Adequate funding and resources (purchase and maintenance)

Reliable reproductive performance
Minimal background disease (or ability to control it)
Consideration of the 3Rs: reduction, refinement, and replacement

Data extrapolation/prediction to humans possible (recapitulate desired function or disease manifestation)
Availability of reagents and tools (e.g., antibodies for immunologic studies)
Availability of good literature base and historical usage (i.e., accepted animal model)

Sufficient size for obtaining necessary samples (blood, urine, biopsies, etc.) and for ease of test article administration

Biosafety considerations (e.g., Animal Biosafety Level 3 facility for risk group 3 pathogen)
Study purpose (e.g., different models may be needed to study pathogenesis vs vaccines/drugs, or to study vaccines vs anti-viral drugs)

descriptions of each species/breeds or strains examined (wild
type or genetically modified) with regard to specifics of the
viral transmission, pathology, and immunology induced by
SARS-CoV-2, is discussed elsewhere in this special issue and
in several recent reviews.”?!3¢3% Current status of COVID-19
animal models and best practices for their use in COVID-19
research are provided by National Institutes of Health (NIH)
(https://opendata.ncats.nih.gov/covid19/animal).

Infectious Disease Animal Models:
Considerations and Requirements

Since infectious diseases like COVID-19 involve a myriad of
complex host-pathogen interactions, careful consideration
must be given during the selection of an animal species for
disease modeling in order to generate relevant and translatable
scientific data.”’? Important considerations for selecting appro-
priate animal models for studying any infectious disease are
listed in Box 1. Identifying animals which are susceptible/
responsive to the infection is the first important requirement.
For this, an animal should have necessary anatomic structures
and biochemical pathways (e.g., viral receptors and other pro-
viral factors) which facilitate viral entry, replication, and dis-
ease pathogenesis (detail in the section below). The ability to
recapitulate critical aspects of human disease manifestations
(data extrapolation) is another important attribute of a good
animal model. For example, hamsters, which exhibit lower
fidelity to humans than monkeys in terms of anatomy, are a bet-
ter model to study COVID-19 respiratory disease as they
closely mimic the severe disease observed in terminally ill
patients (discussed later in the manuscript). Since SARS-
CoV-2 is a Risk group 3 pathogen and must be handled in bio-
safety level 3 (BSL-3) facilities,*® factors such as experience/
training of animal care and research staff and cost become even
more important, particularly with novel pathogens. Limited
institutions around the world have these laboratories and in
addition to construction, equipment, and training costs, running
and maintenance of a BSL3 laboratory are expensive and

complex. Because of higher costs, complex requirements, and
time it takes to build a new BSL-3 facility, a lower-cost, BSL-2
murine model has been developed recently to study COVID-19
which utilizes a Risk group 2 pathogen murine hepatitis coro-
navirus 3. Although not perfect, such surrogate models provide
a good insight into the viral biology of SARS-CoV-2.4!

A good literature base and/or historical usage of animal mod-
els are also important when modeling novel diseases. For exam-
ple, many currently used SARS-CoV-2 models have expanded
upon animal model data accumulated from studying previous
coronavirus diseases including SARS in 2002 to 2003 and Middle
East Respiratory Syndrome (MERS) in 2012.23503%70 Finally, it is
also preferable if these models have clinical, microscopic, or
macroscopic endpoints that can be correlated with virus titers.

Species-Specific Susceptibility to SARS-
CoV-2: Role of ACE2 and Other Host
Determinants

A first, and probably most important, criterion for selecting
experimental animals for modeling a viral disease is animal
susceptibility to the virus, allowing virus infection and replica-
tion which contributes to disease. Since SARS-CoV-2 entry
into host cells is mediated by the interaction between the viral
receptor binding domain (RBD) on its spike glycoprotein (S)
and its receptor ACE2 and subsequent membrane fusion, ACE2
expression on the cell surface is required for viral entry. In
addition, the efficiency with which the virus binds to ACE2 is
a key determinant of transmissibility and host susceptibility.*
Human ACE2 (hACE2) has the highest affinity to bind viral
RBD and hence humans are highly susceptible to SARS-CoV-2
infection.®? Higher affinity binding of SARS-CoV-2 RBD than
that of SARS-CoV S RBD to hACE2 partially explains the
increased transmissibility of SARS-CoV-2.% In fact, increased
transmissibility of the Omicron (B.1.1.529), a SARS-CoV-2
variant, may be attributed to higher binding affinity of Omicron
RBD to hACE2 than Wuhan-Hu-1 RBD.!” Therefore, compat-
ibility of ACE2 to RBD on S has been a major determinant in
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selecting susceptible experimental animals for COVID-19
modeling.3*%? Structural variation in ACE2 of different species
likely determines RBD binding and thereby susceptibility to
infection.®> Hamsters, NHPs, and ferrets are considered good
models as ACE2 of these species have high RBD binding and
hence these animals are permissive to SARS-CoV-2 infection.
Although NHP ACE2 has high sequence similarity to hACE2,
binding affinity to RBD is lower than hACE2 as revealed by
structural analysis.®? This may explain in part why NHPs don’t
develop severe disease despite being permissive to SARS-
CoV-2 infection. On the other hand, the reason that pigs, dogs,
ducks, rats, and chickens are minimally affected with COVID-
19 is because ACE2 in these species is less compatible with
RBD binding. Mice, which are the most utilized animal model
for studying human disease, are resistant to SARS-CoV2 infec-
tion as mouse ACE2 (mACE2) has very low binding affinity
with RBD. Therefore, use of mouse models for COVID-19 has
been limited to genetically modified mice expressing hACE2
(transgenic mice containing permanent genetic modification to
express hACE2 or transduced mice containing adenovirus or
adeno-associated virus that encodes for hACE2) or wild-type
mice infected with mouse-adapted (MA) SARS-CoV-2 (by
sequential passing of virus in mouse lung tissue or by reverse
genetics to modify the RBD of the virus) that effectively bind
mACE2.° In transgenic or transduced hACE2 mice, the
hACE2 is ectopically expressed and that may change the tissue
or cellular tropism of SARS-CoV-2 and the innate and acquired
immune responses. Expression of hACE2 in transgenic (Tg)
mouse models is controlled by promoters (e.g., the human
cytokeratin [K18] epithelial cell promoter in K18-hACE2
mice) and disease severity in these Tg mouse models correlates
with hACE2 expression level.® Infection with MA SARS-
CoV-2 infection in wild-type mice produced variable disease
phenotypes; while SARS-CoV-2 MA10 (ten serial passage of
SARS-CoV-2) infection of BALB/c mice produced a lethal
mouse model that exhibited weight loss and recapitulated age-
related disease severity observed in humans, SARS-CoV-2
MA10 infection of C57BL/6J mice or SARS-CoV-2 MA (virus
adapted by reverse genetics) infection of young BALB/c mice
produced only very mild disease.***° In 2021, several SARS-
CoV-variants of concern, including Omicron, acquired ability
to infect wild-type mice through increased binding affinity of
RBD to mACE2 by naturally acquired mutations.!” This sug-
gests that wild type mice can be a useful model to study SARS-
CoV-2 variants capable of binding to mACE2. However,
increased transmissibility hasn’t always led to a severe disease
phenotype in wild type mice. While Beta (B.1.351) produced
severe clinical COVID-19 disease in wild type mice,*® recently
identified Omicron (B.1.1.529) produced an attenuated dis-
ease.’! Additional studies will be needed to establish wild type
mice as a model for SARS-CoV-2 variants.

In addition to facilitating viral entry, ACE2 plays an impor-
tant role in the pathophysiology of COVID-19 via deregulating
the renin-angiotensin-aldosterone (RAS) axis.>* ACE2 is an
integral component of the RAS system and its primary role in
normal physiology is to promote the formation of angiotensin

(Ang) 1-9 from Ang I. In contrast to Ang I, which induces vaso-
constriction and promotes fibrosis, oxidative stress, apoptosis,
and inflammation, Ang-1-9 has vasodilatory, antifibrotic, anti-
apoptotic and anti-inflammatory effects. Coronavirus infection
results in downregulation of ACE2, either by endocytosis or by
proteolytic cleavage and processing (e.g., transmembrane pro-
tease, serine 2 [TMPRSS2]-mediated), diminishing the anti-
inflammatory and anti-fibrotic arm of the RAS system and
resulting in increased inflammation, fibrosis, and tissue
injury.>** Accordingly, downregulation of ACE2 is considered
one potential mechanism for contributing COVID-19 pathol-
ogy and fibrosis (details on other mechanisms in section
below). Although young children have increased ACE2 expres-
sion in respiratory tissue and hence are at increased or at least
similar risk of infection to adults,> they appear protected from
severe lung disease caused by SARS-CoV-2 infection, suggest-
ing a possible protective effect of ACE2. Increased expression
of ACE2 was observed in the lungs of young rats,* and young
NHPs, hamsters, and mice developed less severe pneumonia
after SARS-CoV-2 infection, suggesting a possible protective
effect of ACE2 in animals as for humans.?%76:87:0

Although important, ACE2 is not the only host determinant of
virus entry. Following ACE2 binding, activation of S is required
to mediate membrane fusion for viral entry into the host cell.
Furin and furin-like proteases (e.g., TMPRSS2 and cathepsins),
which participate in proteolytic cleavage or activation of S at
S1/2 and S2’ sites, respectively, are important host determinants.
TMPRSS2-mediated S activation at S2’ (which is most com-
mon) occurs at the plasma membrane, whereas cathepsin-medi-
ated activation at S2 occurs in the endolysosome.*® In addition
to S, TMPRSS?2 also cleaves ACE2 which causes downregula-
tion of ACE2 following infection.*? Since species-specific differ-
ences in the structure of ACE2 affects SARS-Co V-2 susceptibility,
it is plausible to assume that furin and TMRSS2, which facilitate
ACE2-mediated viral entry, also contribute to susceptibility dif-
ferences. However, it appears that furin and TMRSS?2 are struc-
turally almost similar in most species and hence do not drive
susceptibility differences.'>%? In addition to the ACE2 structure,
the differential distribution of ACE2 drives differences in tissue
and host susceptibility. In humans, SARS-CoV-2 invades and
causes injury in organs expressing higher ACE2 such as lungs,
heart, gastrointestinal tract, and kidneys.?*>>> While some stud-
ies have shown little or no ACE2 expression in human lungs oth-
ers have shown adequate protein expression.’®>* Similar to
humans, differential tissue distribution of ACE2 was observed
among animals which may contribute to variability of host sus-
ceptibility to SARS-CoV-2. While some detected higher expres-
sion of ACE2 in hamsters and ferrets lungs,”**%° which is
downregulated in response to SARS-CoV-2 infection, others
failed to detect any expression suggesting a role of another cog-
nate host receptor in virus entry.*>”' Although, several other mol-
ecules, in addition to ACE2, have been suggested as alternate
receptors for SARS-CoV-2, such as neuropilin 1 and neutral
amino acid transporter, BOAT1, additional studies are needed to
confirm their role in SARS-CoV-2 infection and if they play a
role in species-specific disease susceptibility.*



520

Veterinary Pathology 59(4)

Apart from host factors that facilitate virus entry, other pro-
viral host factors facilitate SARS-CoV-2 infection by support-
ing either vesicle transport, lipid membrane composition/lipid
homeostasis, or viral translation (Box 2).° Composition of cho-
lesterol and other lipids in membranes play various roles in
SARS-CoV-2 infection as all steps of the viral life cycle are
membrane-associated. On the other hand, host restriction fac-
tors or antiviral effectors have been identified which restrict
SARS-CoV-2 infection by inhibiting viral entry, replication, or
impacting viral translation and lipid membrane composition
(Box 2).*” Most of the restriction factors are products of inter-
feron stimulated genes (ISGs) which determine the interferon-
related response to SARS-CoV-2 infection. While substantial
work has been carried out to identify structural differences in
ACE2 and furin/TMRSS2, which govern species specific sus-
ceptibility differences, much less is known about other pro- or
anti-viral determinants. Understanding how variation among
these other host determinants influence host-virus interaction
in different species will enhance our ability to study and cure
this viral disease in humans. Species-specific inhibition of host
restriction factors has been shown in poxvirus and herpes virus
infections,®® but has not been demonstrated yet with SARS-
CoV-2. Therefore, it is reasonable to assume that many pro-
and anti-SARS-CoV-2 host determinants, in addition to ACE2,
have species-specific interaction profiles with viral proteins
that can influence the host range and disease severity.
Differential interactions of pro- or anti-viral determinants
(other than ACE2 and TMRSS2) with SARS-CoV-2 proteins
may explain why hamsters, whose ACE2 has almost similar
binding affinity with S as NHPs ACE2, develop a more severe
respiratory disease than NHPs. Omicron, which has higher
transmissibility due to higher affinity with hACE2, appears to
produce less severe pulmonary disease in humans and animal
models;**® it can be assumed that unfavorable interactions
with other host determinants in the lungs may in part be respon-
sible for a reduced disease severity.

COVID-19 Pathophysiology and Disease
Phenotypes in Animal Models

In humans, direct viral toxicity, dysregulation of the RAS,
endothelial cell injury and activation of coagulation pathways,
and dysregulation of the immune response have all been pro-
posed as key mechanisms in COVID-19 pathophysiology that
lead to multi-organ failure.’**’ ACE2-mediated pathways play
an important role in COVID-19 pathogenesis either by virtue
of ACE2-mediated entry of SARS-CoV-2 (direct viral-associ-
ated tissue damage including endothelium injury and subse-
quent activation of coagulation pathways) or secondary to
downregulation of ACE2-related to viral entry (dysregulated
RAS leading to inflammation and tissue injury as previously
described).?® Accordingly, organs/tissues with COVID-19-
related damage or effects generally have high levels of ACE2
and furin-like proteases. In addition to viral infection, host fac-
tors such as a dysregulated immune system (impaired

Box 2. Host factors influencing susceptibility to COVID-19.6354762

Proviral factors

Factors supporting viral entry
Receptors
ACE2
Other proposed receptors (e.g., Neuropilin, BOATI)
Proteases/cofactors
Furin
TMPRSS2
Cathepsin L
Other proteases (PCI, Trypsin-like proteases)
Factors supporting vesicle transport, lipid homeostasis, and viral
translation
Rab GTPases
Sterol-regulatory-element-binding protein | and 2
Histone-modifying enzymes, transcription factors

Restriction factors/interferon-stimulated genes (ISGs)

Factors inhibiting viral entry
Lymphocyte antigen 6 complex locus E (Ly6E)
CLEC4D
Factors inhibiting RNA replication
Interferon-induced transmembrane (IFITM) proteins
Factors tethering newly synthesized viruses to plasma membrane
and impairing release
Bone marrow stromal antigen 2 (BST2)/tethrin
Factors impacting viral translation, lipid membrane composition and
vesicle transport
5’-nucleotidase family member NT5C3
ER lipid raft associated | (ERLINI)
Heat shock protein A8 (HSPAS8), and the 2’,3’-cyclic nucleotide 3’
phosphodiesterase (CNP)

interferon responses or hyperactivated complement system
resulting in an exacerbated inflammatory response), age, and
co-morbidities (obesity, cardiovascular disease) also contribute
to disease severity in critically ill patients.!** Several studies
implicate complement activation in the pathogenesis of coro-
navirus disease and see potential therapeutic benefit of comple-
ment inhibition."?® Host complement systems can be activated
by direct SARS-CoV-2 (through the lectin pathway, the classi-
cal pathway and/or the alternative pathway) or by SARS-CoV-
2-mediated endothelial injury or thromboinflammation. To
date, animal studies addressing the role of complement activa-
tion in coronavirus pathogenesis are limited and restricted to
SARS-CoV infection. Mice deficient in C-3 exhibited signifi-
cantly less weight loss and airway lesions compared to wild-
type mice in response to SARS-CoV infection. In addition,
factor B”~ or C47" mice also exhibited less weight loss than
wild-type mice.?® Complement system genes (e.g., lectin path-
way component MASP1 and ficolin 1) were significantly
upregulated in ferrets following primary infection with
SARS-CoV.!6

Common COVID-19 pathological manifestations in humans
and those that have been commonly recapitulated in COVID-
19 animal models are listed in Table 2.
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Table 2. Commonly reported pathologic manifestation of COVID-19 in human and animal models.

Organ/organ-system Humans

Animal models References

Upper airways (respiratory and Necrotic epithelium, inflammation
olfactory epithelium)

Lung DAD or DAD-like lesions (necrotic

pneumocytes, edema, hyaline membrane,
type |l pneumocyte hyperplasia, septal

fibrosis)

Inflammation (neutrophils, macrophages,

lymphocytes)

27,29,54,91

Hamsters (wild type and Tg
hACE2), Tg hACE2 mice

NHPs, Syrian hamsters, Mice (Tg
hACE2, MA SARS-CoV-2),
Ferrets, Mink, a Roborovski
dwarf hamsters®

NHPs, Hamsters (wild type and Tg
hACE2), Mice (Tg hACE2, MA
SARS-CoV-2), Ferrets

19,29,21,22,35,44,49,68,75,86

19,21,27,29,44,50,68,86

Vascular injury (endotheliitis, vasculitis, NHPs, hamsters, Tg hACE2 mice, 521,22.29
thrombosis) Ferrets
Neutrophilic extracellular traps Hamsters »
Virus-induced cytopathic changes: NHPs, hamsters 19,22,65
cytomegaly, karyomegaly, binucleated cells,
multinucleated cells (syncytium), suspected
intracytoplamic or intranuclear inclusion
Central nervous system Encephalitis Tg hACE2 mice, Tg hACE2 19.27.54.77.86
hamsters, Rhesus macaque
Cerebral microbleeds NR
Diffuse leukoencephalopathy NR
Liver Hepatitis Ferrets, Marmosets® 36,68
Elevated aminotransferases & bilirubin NR
Heart Myocarditis, Cardiomyopathy, Hamsters (Wild type and Tg 2627
Thromboembolism hACE2)
Kidney Acute kidney injury (tubular necrosis and Hamsters 2
inflammation)
Vascular injury (microthrombi, endotheliitis) NR
Glomerulopathy NR
Skin Inflammation, vasculitis, microthrombi (rash, NR
vesicles, petechiae)
Gastrointestinal tract Inflammation, edema, endotheliitis NR
Endocrine Thyrotoxicosis, Hyperglycemia, Diabetic NR
ketoacidosis
Hematologic/Immune system  Blood cell counts (lymphopenia, leukocytosis, African green monkey, Rhesus S1.69.83
neutrophilia, thrombocytopenia) macaques, Tg hACE2 mice
Coagulation indices (elevated D-dimer, Tg hACE2 mice 8l
fibrinogen, prothrombin time)
26,69,76,86

Inflammatory markers (IL-6, C-reactive

protein)

Cytokine-release syndrome (high-grade

fever, multiorgan dysfunction)

Thromboembolic complications (stroke,

deep vein thrombosis)

Hamster, Tg hACE2 mice, NHPs
NR

NR

Abbreviations: Tg hACE2, transgenic Human angiotensin-converting enzyme 2; DAD, diffuse alveolar damage; NHP, nonhuman primate; MA, Mouse-adapted;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NR, not reported.

*develop severe DAD lesions as reported in COVID-19 patients.
bwith SARSCoV.

Pulmonary Manifestations

The pulmonary manifestations of COVID-19 are most promi-
nent clinically and include cough, shortness of breath, sputum
production, respiratory failure, and acute respiratory distress
syndrome (ARDS).?” At autopsy, the average lung weight is
increased, and gross pathology findings include edematous and
congested lungs in deceased patients. The main histopathologi-
cal manifestations include diffuse alveolar damage (DAD),

inflammation, and vascular injury (endotheliitis, vasculitis, and
microthrombi) in the lungs.>®®! DAD is the primary histologic
manifestation of COVID-19 and consists of pneumocyte injury,
edema, fibrin/protein accumulation in the alveoli, and hyaline
membrane formation in the early acute phase, and type II pneu-
mocyte hyperplasia and alveolar septal fibrosis in the chronic
phase of disease.” Hyperplastic pneumocytes with viral cyto-
pathic effects such as cytomegaly, karyomegaly, intracytoplas-
mic or intranuclear inclusions, and syncytia formation are
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frequently observed in the lungs of COVID-19 patients.®
Syncytia formation is thought to be triggered by SARS-CoV-2
S on the infected cell surface, which causes fusion with ACE2-
positive neighboring cells.'* Inflammation is characterized by a
massive influx of innate immune cells, primarily neutrophils,
macrophages, and lymphocytes in the alveolar space and inter-
stitium.? Vascular changes include endothelial damage and
subsequent inflammation resulting in endotheliitis, vasculitis,
and microthrombus formation. Recently, neutrophilic extracel-
lular trap (NET) formation secondary to SARS-CoV-2 has
been shown to contribute to acute disease severity by causing
vessel inflammation, endothelial damage, and thrombosis.*3
Many of these pulmonary lesions have been successfully reca-
pitulated in animal models although disease severity varies,
and lethality isn’t commonly observed (Table 1) (Figures 1-6).
Generally, hACE2 mice and hamsters develop mild to severe
pulmonary disease that simulate severe COVID-19 pulmonary
discase observed in patients, whereas NHPs and ferrets exhibit
mostly mild to rarely moderate pulmonary disease. In some
models such as hACE2 hamsters, pulmonary lesions are local-
ized predominantly in bronchi and bronchioles, whereas in
other models such as hACE2 mice, the lesions are predomi-
nantly in the alveoli.?” Although pulmonary vascular changes
do occur including endothelial damage/endotheliitis, vasculi-
tis, microthrombi, and NETs, the severity of these findings are
generally limited in animal models. Virus cytopathic-like
changes observed in animal models can also be associated with
regeneration of injured airway epithelium and need further
characterization by IHC/ISH and/or ultrastructural evaluation
for confirmation.

In addition to the lungs, SARS-CoV-2 frequently affects
upper airways including the nasal cavity. Anosmia observed in
COVID-19 patients can be related to SARS-CoV-2-mediated
damage to olfactory epithelium in the nasal cavity, which is
rich in ACE2 and TRMPSS2.'%% Damage (inflammation and
necrosis) to olfactory epithelium as well as respiratory epithe-
lium of the nasal cavity is observed in hACE2-expressing
mouse and hamster models.'>?’

Extrapulmonary Manifestations

On the other hand, extrapulmonary pathologic manifestations
are limited and have not been fully recapitulated in various ani-
mal models (Table 2). For example, the prevalence of neuro-
logical symptoms (e.g., headache, dizziness, anosmia) is as
high as 21% in COVID-19 cases,”>* and up to 80% among
hospitalized COVID patients.'® COVID-19 associated brain
lesions such as encephalitis, cerebral microbleeds, and diffuse
leukoencephalopathy may explain reported neurological symp-
toms.®' Among animal models, encephalitis, as well as associ-
ated neurological signs (e.g., ataxic gait, tremors, or anosmia)
have been reported in K18-hACE2 mice following SARS-
CoV-2 infections;’! however, neurological infection by SARS-
CoV-2 is less severe in mice than for SARS-CoV.?
SARS-CoV-2-related histologic lesions (e.g., inflammation
and necrosis) in the central nervous system is reported in the

rhesus macaque and Tg hACE2 hamster models,'*?” however,
no neurological signs were observed. Recently, non-mamma-
lian models, such as zebrafish, were used to investigate neuro-
logic features of COVID-19.2* To date, neurological signs and
associated lesions are not reported in other animal models,
including ferrets.

Among other organs, pathologic findings are frequently
observed in the kidney, heart, liver, gastrointestinal tract, skin,
and endocrine system of patients with COVID-19 on biopsy and
autopsy; this range of organ involvement explains the correlat-
ing clinical manifestations (renal, cardiovascular, gastrointesti-
nal, dermatologic, and endocrinologic).’*##¢ Currently,
reports on animal models exhibiting the above-mentioned path-
ological manifestations are rare (Table 2). Recently, SARS-
CoV-2-related lesions in the heart (myocarditis, ventricular
hypertrophy, and microthrombi) and kidney (tubular inflamma-
tion) was observed in hamster models (wild-type or Tg
hACE2)*>?” and in the liver of ferrets (hepatitis).®®
Extrapulmonary effects in wild type hamsters or ferrets are
mostly transcriptomic or lipidomic changes with less severe
microscopic alterations than in humans and live virus is not
detected in these organs.?®% There are a few reports of extrapul-
monary manifestations following coronavirus (dilated cardio-
myopathy in rabbit) or SARS-CoV (hepatitis in marmoset)
infections, > but similar organ effects are not repeated with
SARS-CoV-2 infection. To date, pathologic findings or clinical
manifestations observed in the skin, endocrine system, and gas-
trointestinal tract of humans have not been reported in animals.

Finally, several hematologic and immune system-related
manifestations are observed in COVID-19 patients including
clinical pathological findings (abnormal cell counts, elevated
coagulation indices), inflammatory markers, thromboembolic
complications (e.g., stroke), and cytokine-release syndrome.*
Only some of these manifestations have been recapitulated in
animal models (Table 2). Multiple anatomic and clinical pathol-
ogy endpoints were not included in the study design of many
published animal studies to date. This may be one reason that
some of the tissue or hematological manifestations occurring in
human COVID-19 patients have not been reported in animal
models. Additional studies with more extensive and/or specific
study designs are critical for identification of representative
animal models to recapitulate extrapulmonary manifestations
of human disease.

Limitations of Current COVID-19
Animal Models

Ideal COVID-19 models should reproduce the full spectrum of
COVID-19 phenotypes (clinical manifestations and pathol-
ogy). To date, however, no single animal model reproduces the
full spectrum of human COVID-19 (Tables 1 & 2). A limitation
of modeling severe disease is that the number of animals with
severe disease in individual groups do not have statistical
power. There are other limitations (Box 3), most notably the
limited lethality and lack of extrapulmonary manifestations
among current models. Animal models that demonstrate severe
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Figures 1-6. Figures 1-2. SARS-CoV-2 infection, lung, rhesus macaque, 7 days post-exposure. Figure |. The alveolar septa are thickened
by neutrophils, lymphocytes, and macrophages. There are prominent alveolar type Il cells and multinucleate cells. A vessel wall is infiltrated
with similar inflammatory cells with endothelial cell necrosis and loss. Hematoxylin and eosin (HE). Figure 2. SARS-CoV-2 antigen in flat
alveolar type | cells, round alveolar type Il cells, and some inflammatory cells. Immunohistochemistry for SARS-CoV-2 nucleocapsid protein.
Figures 3—4. SARS-CoV-2 infection, lung, Syrian hamster. Figure 3. Five days post-exposure. Neutrophils, lymphocytes, and macrophages
thicken the alveolar walls, and alveolar type Il cells and multinucleate cells are present. HE. Figure 4. Three days post-exposure. SARS-CoV-2
antigen in flat alveolar type | cells, round alveolar type Il cells, and bronchiolar epithelium. In situ hybridization for positive-sense viral RNA.
Figures 5 and 6. SARS-CoV-2 infection, lung, KI18-hACE2 mouse, 6 days post-exposure. Figure 5. Thickening of the alveolar wall with
macrophages and lymphocytes. There are prominent alveolar type Il cells. Hematoxylin and eosin. Figure 6. SARS-CoV-2 antigen in flat
alveolar type | cells and round alveolar type Il cells (adhered to alveolar wall), but not in alveolar macrophages. Immunohistochemistry for
SARS-CoV-2 nucleocapsid protein.
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to lethal disease provide proof-of-concept data and hence are
ideal for testing vaccine and therapeutic efficacy.®® Although
transgenic mouse models (K18-hACE2 mice) exhibit a lethal
phenotype and result in mild to severe pulmonary disease and
mild encephalitis, it has not been determined whether the ani-
mals primarily died of lung injury and/or brain lesions. In addi-
tion, other extrapulmonary manifestations are usually mild and
therefore, do not completely recapitulate severe clinical symp-
toms observed in humans.’*8 Differences in the severity of
lesions in lung vs other tissues are likely due to non-physiolog-
ical tissue distribution of hACE2 in mice (higher expression in
lungs but limited expression in other tissues) and the protective
effect exhibited by intact mACE2 and angiotensin 1 to 9.3
Hamsters, particularly Roborovski dwarf hamsters, mimic clin-
ical and pathological manifestations of severe human COVID-
19, including devastating DAD and coagulopathy, but mortality
is not observed and studies using Roborovksi dwarf hamsters
are limited.”® Although large animal models such as NHPs are
physiologically, immunologically, and genetically more closer
to humans and hence are critical to understanding how the
immune system responds to SARS-CoV-2 infection, they
mostly develop mild disease. In addition, NHPs are not easily
infected via nasal exposure (which is the natural route of infec-
tion in humans) but instead need intratracheal and/or intrabron-
chial routes of exposures.® Changes which often precipitate
acute death, such as cytokine storm, hypoxemic respiratory
failure, and multiple organ failure, have not been reported in
animal models. Similarly, conditions that linger after COVID-
19 illness, such as long COVID and multisystem inflammatory
syndrome in humans, are rarely studied in animal models.®?
Recently, a humanized mice model was reported (transiently
expressing hACE2 in lungs) and recapitulated some features of
chronic COVID-19 including persistent viral RNA and failure
to recover body weight.®

Current animal models also lack the relevant risk factors that
humans do for developing severe COVID-19, such as old age,
and comorbidities (e.g., asthma, diabetes, cardiovascular dis-
cases, and obesity). Compared to younger animals, aged NHPs,
hamsters, and BALB/c mice have been reported to develop more
severe pneumonia and higher viral titers after SARS-CoV-2
challenge.?*7%70 However, studies addressing the association
between advanced age and severe disease have been limited so
far. Alterations in the eicosanoid pathway are implicated and tar-
geted for possible therapies using mouse models.®” In addition to
age, obesity-associated severe COVID-19 phenotype was shown
in mouse models using a mouse-adapted SARS-CoV-2 strain,***
suggesting mice may be valuable to study various COVID-19-
associated comorbidities. Superinfection with community-
acquired or nosocomial organisms and ventilator-associated lung
injury are other risk factors known to complicate the course of
severe COVID-19;' it is not possible to fully recapitulate these
conditions in animal models.

Finally, efforts to develop COVID-19 animal models are
hampered by enhanced (BSL-3) requirements (as explained in
the previous section), increasingly restrictive but important
ethical considerations, limited immunological and molecular

Box 3. Limitations of COVID-19 animal models.'54882

e Lack of an animal model able to reproduce the full spectrum of
COVID-19 phenotypes
Limited extrapulmonary manifestations
Limited lethality
Severe clinical manifestations such as cytokine storm, hypoxemic
respiratory failure, and multiple organ failure have not been
reported

e Inability to simulate preexisting COVID-|9-specific
comorbidities (e.g., diabetes, obesity, chronic obstructive
pulmonary disease, hypertension)

e [Inability to recapitulate COVID-|9-specific risk factors such as
superinfection or ventilator-associated lung injury

e Higher costs due to enhanced biosafety level 3 (BSL-3)
requirements

e Limited immunological and molecular research tools (e.g.,
hamsters, ferrets)

e Lack of animal models/studies focused on chronic COVID-19
phenotypes andsequalae

o Interspecies differences in anatomy and immune system

research tools (particularly in species, such as hamster & fer-
rets), high demand for experimental animals during the pan-
demic which exceeds the capacity of commercial breeders, and
interspecies anatomical and immune system differences.*®

Conclusion

Although there is no single animal model to study the full spec-
trum of clinical COVID-19 phenotypes in humans, several do
allow study of SARS-CoV-2 induced respiratory disease. Since
COVID-19 pneumonia in humans has a wide range of presen-
tations, ranging from no or mild symptoms to severe illness, we
need more than one model mimicking varying degrees of clini-
cal disease manifestations. With new, poorly understood dis-
eases, like COVID-19, we should be open and flexible to pick
the best model to answer specific questions. For example,
severe respiratory disease models (hACE2 mice and hamsters)
are being used to test efficacy of vaccines and antiviral drugs,
whereas mild to moderate disease models (e.g., NHPs and fer-
rets) can be used for mechanistic studies to understand the dis-
ease pathobiology. Observations of encephalitis in mice and
rhesus macaques suggest that these models can be used to study
COVID-19 related neurological manifestations, although more
work is required to establish them as good models. Similarly,
more studies are needed to establish hamsters as a model for
several extrapulmonary disease manifestations (e.g., cardio-
vascular, renal) observed in COVID-19 patients.

Since COVID-19 is primarily seen as an acute disease
affecting the lungs, most of the efforts have been devoted to
developing animal models simulating various pulmonary man-
ifestations in patients. With more and more evidence that
COVID-related damage occurs in many organs other than the
lung, there is an urgent need to develop animal models exhibit-
ing extrapulmonary manifestations of human disease to extend
our understanding of disease pathogenesis and evaluate new
treatments; these models would also be helpful to increase our
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understanding of chronic COVID-19 such as multisystem
inflammatory syndrome and recently described long COVID
(post-acute sequelae of SARS-CoV-2 infection), both of which
involve damage to multiple organs. There are many ongoing
efforts, including those led by NIH,> on identifying well-char-
acterized small and large animal models for various COVID-19
manifestations (acute and chronic); many of these include grant
opportunities in the academic setting. Lastly, existing models
may require validation and refinement based on feedback from
human data/clinical trials and in light of newly identified SARS-
CoV-2 variants of concern to elevate their translational utility.
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