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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) is a positive-sense-single
stranded RNA virus and the cause of the coronavirus disease 2019 (COVID-19). TheWorld
Health Organisation has confirmed over 250 million cases with over 5.1 million deaths as a
result of this pandemic since December 2019. A global outbreak of such intensity and
perseverance is due to the novelty of SARS-CoV2 virus, meaning humans lack any pre-
existing immunity to the virus. Humanised animal models, from rodents to primates,
simulating SARS-CoV2 transmission, cell entry and immune defence in humans have
already been crucial to boost understanding of its molecular mechanisms of infection,
reveal at-risk populations, and study the pathophysiology in vivo. Focus is now turning
towards using this knowledge to create effective vaccines and therapeutic agents, as well
as optimise their safety for translatable use in humans. SARS-CoV2 possesses remarkable
adaptability and rapid mutagenic capabilities thus exploiting innovative animal models will
be pivotal to outmanoeuvre it during this pandemic. In this review, we summarise all
generated SARS-CoV2-related animal models to date, evaluate their suitability for COVID-
19 research, and address the current and future state of the importance of animal models
in this field.

Keywords: COVID-19, mouse, model, SARS-CoV2, sensitised, humanized, mice

1 COVID-19 ORIGIN AND SARS-COV2 TRANSMISSION

A pandemic is defined as a disease that is prevalent in an entire country or the world, and thus is
undoubtedly the correct term for the coronavirus disease 2019 (COVID-19) outbreak. COVID-19 is
caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) which has been pinpointed
to have originated fromWuhan, China in December 2019 and has since then spread over all continents
including Antarctica (Triggle et al., 2021). Before the COVID-19 outburst there were already two
identified and relatively well-known human coronaviruses causing severe respiratory pneumonia namely,
SARS-CoV andMERS-CoV. They both originate from bats but spilled over to intermediate hosts namely,
civets and dromedary camels, respectively. The origin of SARS-CoV2 is also suggested, based on its
sequence similarity to the SARS-CoV, to have originated from bats and later spilled over to an animal
reservoir, however it is not yet confirmed (Forni et al., 2017). Bats are and continue to be a copious source
for novel viral sequences (Jiang et al., 2022). The bat species are among one of the oldest mammals and
they exhibit great diversity and are widely spread across the globe (X.M. Zhang et al., 1992). Cross-species
mixing between different kinds of bats has facilitated amaintenance of less discriminatory viruses capable
of infecting a broader variety of hosts. Bats are thus a carrier of a pool of viruses able to perform inter-
species transmission, which has been a reason for concern long before the COVID-19 outbreak (Calisher
et al., 2006). SARS-CoV2 is a pneumotropic virus that mainly spreads through respiratory secretions like
coughing and sneezing. The transmission may also occur via contaminated surfaces where the virus can
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survive up to 6 days, making preventive measures such as surface
disinfection, hand hygiene and masks important in combating
transmission (Leclerc et al., 2020).

Once infected, COVID-19 manifests in a large variety of
symptoms however, the most common ones include fever, sore
throat, fatigue, cough, dyspnoea and immune system
dysregulation, often ending with cytokine storm (Ragab et al.,
2020). SARS-CoV2 is not only capable of affecting the respiratory
system by pulmonary infiltration and inflammation but can
spread to multiple organ systems. For the majority of people
the disease symptoms are mild and the infection runs its course
without anymedical intervention but for approximately 5–10%, it
severely affects the fitness of the individual and for another 2% it
has a mortal outcome (Gavriatopoulou et al., 2021).

The SARS-CoV2 consists of approximately 29.9kB of single-
stranded, non-segmented, positive-sense RNA.(Triggle et al.,
2021). The genome is composed by 13–15 open reading
frames largely resembling the make-up of MERS-CoV and
SARS-CoV. The genome contains 11 protein coding genes
with ultimate expression of 12 expressed proteins (Lu et al., 2020).

Structurally, it consists of four proteins namely, spike (S),
envelope (E), membrane (M) and nucleocapsid (N) (Figure 1A).
These proteins play important parts in entry, fusion and
replication in the host cells. The non-structural have roles
imperative to viral pathogenesis by regulating early
transcription, helicase activity, gene transactivation and
countering antiviral response (J Alsaadi and Jones, 2019; Tang
et al., 2020).

FIGURE 1 | ACE2-mediated entry of SARS-COV2 into a cell (A) The SARS-CoV2 virion consists of structural proteins, namely spike (S), envelope (E), membrane
(M), nucleocapsid (N) The positive-sense, single-stranded RNA genome (+ssRNA) is bound by N in a beads-on-a-string formation. (B) SARS-CoV2 binds to the cell via S
interaction with the host’s ACE2 receptor. Entry to the host cell either goes through receptor-mediated endocytosis where fusion is potentiated by the cleavage of S2 by
Cathepsin L or by cell surface fusion via the TMPRSS2 serine protease. Following fusion, the virion is uncoated and the viral genome released. Created with
Biorender.com.
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The spike glycoprotein plays a pivotal role in the pathogenesis of
SARS-CoV2 as it pivotal for the entry into the host cell. It is
assembled as a homotrimer and inserted in multiple copies into
the virus membrane, giving the virus a crown-like appearance, thus
its name coronavirus (Jackson et al., 2022). It consists of two
functional subunits, S1 and S2, that both part take in the entry of
the virus. The S1 subunit has a receptor-binding domain (RBD) and
is responsible for anchoring the host cell upon binding between the
RBD and the human angiotensin-converting enzyme 2 (hACE2),
thus stabilizing the virus (Hoffmann et al., 2020). Once the RBD
region of the S1 subunit binds to the hACE2, the virus enters the
host’s endosomes via ligand-mediated endocytosis or membrane-
fusion. Once bound to the ACE2, the S protein undergoes
conformational changes, which are important to therapeutically
limit its infection cycle (Wrapp et al., 2020). Although several
mutations have been found in the RBD of the S1 subunit, its
affinity to and interaction with the hACE2 is preserved in most
species however not inmouse (Chan et al., 2020;Wrapp et al., 2020).
The S2 subunit functions as a fusion protein between the virus and
the host cell membrane. The S2 exhibit three different
conformational changes during the process namely, i) native state
before fusion, ii) intermediate state and iii) post fusion hairpin state
(Qing andGallagher, 2020;Walls et al., 2020). Finally the S protein is
cleaved either by the host cell surface serine protease TMPRSS or by
host’s Cathepsin L in the endosomal compartment at the S2′
cleavage site (Figure 1B; Simmons et al., 2005). The cleavage
releases a fusion peptide, which initiates the fusion pore
formation. Once the pore expands and the cell membranes of
both the virion and the host are combined, the viral genome can
be released in to the cytoplasm. The cell membrane or endosomal
fusion, represent the two different modes of entry for the viral
genome to be released.

The N protein, composed by two separate domains, is present
in the nucleocapsid complex that tightly binds the RNA genome
of the virus. Both the N-terminal and C-terminal domain can
bind to RNA but is more efficient when both bind simultaneously
(Chang et al., 2006). The N protein bind the viral RNA genome in
a beads-on-a-string conformation. The ribonucleotide protein
(RNP) complex is subsequently packaged in to viral particles
enveloped by a fatty lipid bi-layer (Fehr and Perlman, 2015).

The envelope protein is a relatively small protein that plays a
substantial role in viral assembly. The protein assemble in to the
host membrane forming protein-lipid pores referred to as
viroporins. The envelope protein is highly conserved between
SARS-CoV and SARS-CoV2 (Fehr and Perlman, 2015).

SARS-CoV2’s membrane protein is the most abundant
structural protein and is a transmembrane with a short NH2
terminal on the outside and a long cytoplasmic COOH terminus.
Completion of viral assembly is potentiated partly by the binding
between M proteins and N proteins leading to a stabilization of
the N-Protein and RNA complex internally (Thomas, 2020).

2 INFECTIONROUTEANDACE2 FUNCTION

The primary route of entry for the SARS-CoV2 is the upper
respiratory tract. The virus gains access to the host cells by

binding to the ACE2 receptors and subsequently introduced in
to the cytoplasm via receptor-mediated endocytosis. The virus
particles then goes through uncoating. The RNA and proteins
needed for translation are released followed by transcription and
assembly, finally the viral loads are shed thus completing the viral
replication cycle (Jiang et al., 2020). As the virus sheds, the newly
replicated and released particles bind upon another host cell and
the cycle starts again. The ACE2 receptor is a carboxypeptidase
consisting of 805 amino acids that removes a single amino acid
from the C terminus of its substrates (Turner and Hooper, 2002).
The ACE2 receptors are expressed in alveolar epithelial cells and
capillary endothelial cells that are abundant in organs such as the
lungs, kidneys, brain and gut hence explaining the multisystem
infection found in a substantial amount of patients (Samavati and
Uhal, 2020). The physiological role of ACE2 in humans is to
convert angiotensin I and II to angiotensin 1–9 and angiotensin
1–7, respectively. This is one of the steps making up the Renin
Angiotensin Aldosterone System (RAAS) a system, which
functions to elevate blood volume and arterial tone via sodium
and water reabsorption and vascular tone (Nehme et al., 2019).
Infection results in a decrease of physiologically available ACE2
receptors thus disrupts the RAAS system, leading to potential
downstream complications such as inflammation and circulatory
dysfunction (Guo et al., 2020).

3 TRANSLATIONAL STUDIES:
IMPORTANCE OF MOUSE MODELS

Since the start of the COVID-19 pandemic, we have gained
substantial knowledge about the SARS-CoV2 virus in terms of
its genetic make-up, transmission, infection and pathogenesis.
This allows us to develop therapeutic agents to combat it.
However, to perform scientifically sound and reliable research
it is of the utmost importance to work with an appropriate
model organism for in vivo study. The laboratory mouse is the
most used animal in medical research as they are inexpensive,
easy to handle, are genetically very similar to humans and can
be genetically modified relatively easy (Sellers, 2017). They are
often present as inbred strains, making it a highly controlled
system, which is desirable in medical research. The mouse as
an organism for translational research in COVID-19 medical
research is however not well suited for COVID-19 as the ACE2
receptor of the mouse is not efficiently bound by the SARS-
CoV2 virus, thus rendering the mouse immune to severe
infection. This seemingly huge barrier has been surpassed
by the generation of various modified mouse models
capable of infection (Jia et al., 2020), as exemplified in the
text below.

The COVID-19 outbreak pointed out a desperate need for
relevant animal models for SARS-CoV2 research. As mentioned
above wild type mouse cells and tissues are not very susceptible to
SARS-CoV2 due to lack of human ACE2 specifically. Basically,
mouse Ace2 does not bind the virus efficiently enough to mediate
cell entry. To overcome this obstacle and study COVID-19 in
mouse models, researchers have developed several approaches
such as “murinisation” of SARS-CoV2 (Dinnon et al., 2020; Gu
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et al., 2020) or humanisation of mouse models (McCray et al.,
2007; Tseng et al., 2007; Menachery et al., 2016). Alternatively
they used different animal models which are sensitive to known
SARS-CoV2 variants, such as hamsters, ferrets or non-human
primates (Enkirch and von Messling, 2015; Finch et al., 2020;
Munster et al., 2020; Rockx et al., 2020; Gruber et al., 2021).

Several transgenic mouse models have been developed and
used in COVID-19 research to overcome limits of mouse Ace2
and generate inexpensive models with high-throughput study
potential. The models are based on ubiquitous or cell/tissue
specific expression of human ACE2, a protein well-known for
its importance in SARS-CoV2 entry in the cell.

3.1 K18-hACE2 Model
This mouse model expresses hACE2 under control of the
epithelial cell cytokeratin-18 promoter, expressed in subset of
epithelial cells (Table 1). Even though the model has been
generated to study SARS-CoV during 2003 epidemics, it
remains relevant for SARS-CoV2 research too (McCray et al.,

2007). K18-hACE2 model is susceptible to both strains of SARS-
CoV, one and 2. In the context of COVID-19 research, the model
responds to the infection by progressive weight loss, high viral
titres in the lung at the beginning of infection, and with
progressing infection increasing viral titres in the brain and
gut. Other less severely affected organs are heart, kidney and
spleen (Figure 2). (McCray et al., 2007; Rathnasinghe et al., 2020).

3.2 HFH4-hACE2 Model
The model expresses hACE2 under lung ciliated epithelial cell-
specific promoter (HFH4/FOXJ1), which was supposed to drive
lung-specific hACE2 expression. However, detailed
characterization of the model revealed a moderate hACE2
expression in other tissues such as the brain, eye, heart, liver,
kidney and gut (Figure 2). The model is highly responsive to
SARS-CoV2 infection with main replication of the virus in lungs,
eyes, heart and brain accompanied with severe symptoms such as
interstitial pneumonia sometimes succumbed to lethal
encephalitis (Table 1) (Menachery et al., 2016; Jiang et al., 2020).

TABLE 1 | Overview of COVID-19 mouse models and their characteristics.

Transgenic
mouse model/background

Promoter/tissue SARS-CoV2 dose/Most affected
tissues/Symptoms/Lethality (intranasal

route-IN,
intravascular-IV)

References

Krt18-hACE2 (C57BL/6 Epithelial cell cytokeratin-18 promoter,
epithelial cells

2.5 × 104 PFU (IN)/lung, kidney, brain, heart,
spleen/severe interstitial pneumonia/lethal

McCray et al. (2007), Winkler
et al., (2020)

HFH4-hACE2 (C3H, C57BL/6) HFH4/FOXJ1 - lung ciliated epithelial cell-
specific promoter, predominantly expressed in
lung (also detected in brain, liver, kidney
and gut)

3 × 104 TCID50 (IN)/lung, heart, eye, brain/
severe interstitial pneumonia/lethal

Menachery et al. (2016), Jiang
et al. (2020)

pCAGGS-hACE2 (C57BL/6 or BALB/c) Cytomegalovirus enhancer with chicken β-
actin promoter/universal expression

2 × 105 or 103 TCID50 (IN) of SARS-CoV/
lungs, brain/acute wasting syndrome/lethal

Tseng et al. (2007)

Ace2-hACE2 Ace2-hACE2-IRES-
tdTomato (ICR,C57Bl/6

Murine angiotensin converting enzyme 2/
intestine, brain, heart, kidney

105 TCID50 (IN)/lung, intestine, brain/
moderate interstitial pneumonia/non-lethal

Bao et al. (2020a), Sun S.-H.
et al. (2020), Yang et al.
(2007b)

hACE2(LoxP-STOP) (C57Bl/6J) Cytomegalovirus enhancer with chicken β-
actin promoter/conditioned expression of
hACE2-IRES-eGFP cassette

4.5 l g FFU (IN)/lung, brain/dramatic weight
loss and rapid mortality/lethal (ubiquitous
expression)

Bruter et al. (2021), Dolskiy
et al. (2022)

Rosa26-chACE2 (C57Bl/6N) Cytomegalovirus enhancer with chicken β-
actin promoter/conditioned expression

2 × 103 PFU (IN)/not characterized/weight
loss and rapid mortality/lethal (ubiquitous
expression)

Czech Centre for
Phenogenomics (2021)

Sensitised mouse models Promoter/tissue SARS-CoV2 dose/Most affected
tissues/Symptoms/Lethality (intranasal

route-IN, intravascular-IV)

References

AdV-hACE2/AdV-hACE2-GFP (BALB/c;
C57BL/6J; Rag1−/− C57BL/6, Stat1−/−

C57BL/6; DBA/2J; AG129)

Cytomegalovirus promoter, lung 105 FFU (IN); 105 PFU(IN, IV)/lung, heart,
brain, liver, spleen/weight loss/non-lethal

Hassan et al. (2020), Sun
J. et al. (2020)

AAV-hACE2 (C57BL/6J,B6(Cg)
Ifnar1tm1.2Ees/J(Ifnar1−/−); C57BL/6NCrl

Cytomegalovirus promoter/lung* 3 × 107 PFU/ml (IN); 1 × 104 PFU (IN)/lung
(other organs not characterized)/weight loss/
non-lethal (*note: Localization of AAV-hACE2
expression is dependent on route of AAV
application and used AAV serotype.)

Israelow et al. (2020), De
Gasparo et al. (2021)

Lenti-hACE2 (C57BL/6J, IFNAR−/−) Elongation factor 1 alpha promoter/lung 2 × 105 pfu (IN); 105 CCID50 per mouse (IN)/
lung (inflammatory response)/mild symptoms
of the COVID-19 disease, weight loss/non-
lethal

Rawle et al. (2021), Katzman
et al. (2022)
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3.3 pCAGG-hACE2 Model
A model generated with multiple random integrations of pCAG-
hACE2 cassette throughout the genome. Cytomegalovirus
enhancer with chicken β-actin promoter (CAG) allows
ubiquitous and constant expression of hACE2 in all tissues but
mainly in lung, brain, heart and kidney (Table 1). This model is
highly susceptible to SARS-CoV1 and 2 after intranasal
application. The infection starts with initial exponential
growth of viral titre in lungs and continues with gradual
transmission to the brain. Slight presence of the virus was also
observed in heart, kidney, spleen and small intestine (Figure 2).
Of note, the lethal titre of the virus for the pCAGG-hACE2 model
(2 × 102 to 2 × 104 TCID50) is lower than in case of K18-hACE2
model (104 to 105 TCID50) This fact might be connected to
multiple insertion of pCAGG-hACE2 cassette in the genome in
combination with ubiquitous and strong expression of hACE2
(Tseng et al., 2007; Asaka et al., 2021).

3.4 Ace2-hACE2 Model
Two major Ace2-hACE2 models have been generated to more
closely mimic expression pattern of Ace2. The first model by was
generated by random integration of a hACE2 cDNA under
control of Ace2 promoter (Yang X. H. et al., 2007). The model
indeed recapitulates endogenous expression of Ace2 in tissues
such as lung, kidney, heart and intestines; the model is responsive
to SARS-CoV2 infection with the major impact on lung tissue
(Bao et al., 2020b).

The second Ace2-hACE2 model, generated by Sun S.-H. et al.
(2020), is based on replacement of Ace2 coding sequence with
hACE2 and tdTomato cDNA (Table 1). Therefore, the
expression of transgenic cassette hACE2-IRES-tdTomato is

under control of endogenous Ace2 promoter and present only
in one or two copies depending on zygosity. Despite the lack of
clinical symptoms or elevated mortality, this model responds to
SARS-CoV2 infection by interstitial pneumonia of distinct scale
depending on age. Sun’s group also points out different
abundance of hACE2 throughout-tissues in human (kidney,
heart, oesophagus, bladder, ileum) and hACE2 in their model
(liver, spleen, small intestine, ovary, and brain), however without
further explanation. Furthermore, the group identified brain,
lung and trachea as the main tissues of SARS-CoV2
replication (Figure 2; Sun S.-H. et al., 2020).

3.5 hACE2(LoxP-STOP) Model
hACE2 (LoxP-STOP) also termed TgCAGLoxPStopACE2GFP is
a model generated by random integration of a loxP-CRE
dependent cassette under the CAG promoter (Table 1). In the
presence of Cre recombinase, the STOP cassette is removed and
expression of hACE2 cDNA and eGFP is turned on. This model
allows for conditioned, tissue-specific and traceable expression of
hACE2-IRES-GFP transgene (Bruter et al., 2021). Dolskiy and
collective have tested two inducible and ubiquitously expressed
Cre-ERT2 drivers (UBC-ACE2 and Rosa26-ACE2) to promote
conditioned hACE2 expression. In this case, the most severely
affected organs were lung and brain (Figure 2). Their results
further suggested that severity and infection progress is
dependent on the particular Cre driver, more specifically on
its expression potency. Furthermore, relatively recent changes
in renin-angiotensin system due to hACE2 overexpression can be
another factor influencing response to the infection (Dolskiy
et al., 2022).

3.6 Rosa26-chACE2
A model similar to the previous one, but a CAG-LoxP-STOP-
LoxP-hACE2 cassette is inserted in Rosa26 locus in a site-specific
manner (Table 1). Therefore, transgene copy number depends on
zygosity. The model has not been validated yet through SARS-
CoV2 infection. It is available at Czech Centre for
Phenogenomics and will be soon available via European
Mouse Mutant Archive (EMMA) (Czech Centre for
Phenogenomics, 2021).

Of note, transgenic models have an important role in SARS-
CoV2 research. However, their ectopic expression of ACE2
protein, specifically in case of K18-hACE2, HFH4-hACE2, and
pCAGG-hACE2 models may lead to different response,
development and impact of the infection. This fact to some
extend limits translatability of gathered data to clinical practise
(Shou et al., 2021). Therefore, ACE2 under control of endogenous
Ace2 promoter or conditional expression might provide more
precise understanding of systemic or tissue-specific importance of
ACE2 in the context of COVID-19.

3.7 Sensitised Mouse Models
In order to circumvent the desperate need for COVID-19 mouse
models in the peak of pandemics, researchers focused on
development of alternative SARS-CoV2- sensitive mouse
models. Paradoxically, a rapid generation of such models was
mediated by viruses. Inhalation or intranasal application of a viral

FIGURE 2 | Detected SARS-CoV2 replication in COVID-19 mouse
models. The organs where viral replication has been detected in specific
COVID mouse models are depicted schematically. Created with
Biorender.com.
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vector carrying hACE2 gene under strong promoter may lead to
humanisation of upper and lower respiratory tracts. This
approach allows fast, affordable and versatile generation of a
sensitive model in various mouse strains and genetic
backgrounds. It has been shown that the most suitable viral
vectors for rapid humanisation happen to be adeno-associated
virus, adenovirus, and lentivirus.

3.8 AAV-hACE2
Two independent groups have used Adeno-Associated vector of
serotype 9 to deliver a cassette with hACE2 under control of CMV
to the lung (Table 1; Israelow et al. (2020) have used
commercially available AAV-CMV-hACE2 plasmid for AAV
production and applied the vector virus via injection into the
trachea. The De Gasparo’s group assembled the AAV-CMV-
hACE2 plasmid by subcloning hACE2 cDNA isolated form
HEK293 cells and the vector was administered with forced
inhalation into the lung and upper respiratory system. Both
groups confirmed functionality of AAV-mediated
humanisation where treated mice became susceptible to SARS-
CoV2 infection accompanied with progressive inflammatory
immune response in lung (Figure 1; Israelow et al., 2020; De
Gasparo et al., 2021). In addition to establishing a new sensitized
model, Israelow and collective focused on deciphering the role of
type I interferon during SARS-CoV2 infection. Whereas, De
Gasparo and collective tested bispecific antibodies that reduced
SARS-CoV2 infection and weight loss associated with ongoing
virus infection. Humanisation with AAV offers rapid, adaptable
mouse model with long-term transgene expression and low
immunogenicity which is crucial for immunological studies
(De Gasparo et al., 2021; Kovacech et al., 2022).

3.9 AdV-hACE2
Replication defective Adenovirus encoding hACE2 (AdV-
hACE2) was used to humanise several mouse strains in order
to overcome unavailability of transgenic models (Table 1). The
vector is delivered intranasally and it is capable to sensitise lung
tissue for SARS-CoV2 entry and replication. In other organs, low
levels of SARS-CoV2 replication was also identified, such as heart,
spleen, brain and liver (Figure 2). Sensitised models suffer from
weight loss, develop lung pathologies and respond positively to
treatment with neutralising antibodies. However, the model has
limitations in the form of bronchial inflammation associated with
AdV delivery (Hassan et al., 2020).

3.10 Lenti-hACE2
Lentiviral vectors can be also used for sensitising a mouse to
SARS-CoV2. Two independent publications describe utility of a
lentiviral vector encoding hACE2 and its ability to avoid
significant immune response in lung tissue before SARS-CoV2
exposure (Table 1). The advantage of lentiviral systems is their
integrative character, with possibly stable long-term expression
allowing re-infection studies in the sensitised mice. Both
publications emphasize the role of IFNAR1 depletion and its
impact on SARS-CoV2 progression in sensitised models.
However, the collectives also point out the presence of mild
COVID-19 symptoms in the models, probably due to relatively

low expression of hACE2 by lentivirus (Rawle et al., 2021;
Katzman et al., 2022).

Transgenic mouse models, expressing hACE2, represent
convenient systems for large-scale, rapid (compared to other
animal models), and relatively inexpensive SARS-CoV2
research. However, their availability during pandemics has
been limited and their expansion in larger cohorts is time-
consuming and expensive. Furthermore, distinct transgenic
models differ in their response to infection, some suffer from
lethal neuroinvasion, some show only mild symptoms. In general,
variability of these models is significant, and no universal
transgenic model has been established yet (Yang XH. et al.,
2007; Yang XH. et al., 2007; McCray et al., 2007; Tseng et al.,
2007; Menachery et al., 2016; Jiang et al., 2020; Sun J. et al. (2020)
Bruter et al., 2021; Dolskiy et al., 2022).

In contrast with transgenic models stand virus-sensitised
models, which can be generated on wide variety of genetic
backgrounds and genotypes in relatively large scale and short-
time. Sensitised models often do not develop severe disease
mainly due to absence of neuroinvasion, but their symptoms
and impact on lung tissue resembles pathology in COVID-19
patients. Moreover, the distribution and scale of hACE2
expression varies with tropism of a used viral vector or
promoter. Importantly, use of viral vectors may be associated
with a risk of potential inflammation leading to interference with
subsequent SARS-CoV2 infection (Hassan et al., 2020; Israelow
et al., 2020; De Gasparo et al., 2021; Rawle et al., 2021; Katzman
et al., 2022).

3.11 Other Animal Models
Alternatives to mouse models are other animals that are naturally
susceptible to SARS-CoV2, such as hamsters (Mesocricetus
auratus, Phodopus roborovskii, Cricetulus griseus), ferrets
(Mustela putorius furo) minks (Neovison vison) (Shuai et al.,
2021)and non-human primates (Macaca mulatta, Macaca
fascicularis, Chlorocebus aethiops) (Enkirch and von Messling,
2015; Finch et al., 2020; Gruber et al., 2021; Munster et al., 2020;
Rockx et al., 2020). In these models there is no need for genetic
modifications in order to study COVID-19 progression.
Nevertheless, the models are less frequently used either due to
lack of research tools, limited availability, high costs, complex
husbandry or associated ethical concerns.

3.12 Murinised SARS-CoV2
While most efforts have been made in generating mouse models
humanising the ACE2 to potentiate study of entry and infection
in vivo, efforts have also been made in murinising the SARS-
CoV2 virus itself. In a study by Muruato et al. (2021), they used a
reverse genetic system and in vivo adaptation to successfully
generate SARS-CoV2 strains capable of infecting mice (Muruato
et al., 2021). Following infection of the murinised SARS-CoV2
strain the mouse lung exhibited substantial damage manifested
with inflammation, immune infiltration, and pneumonia. The
infection with the adapted virus was however only exhibited in
the upper respiratory tract, thus is inappropriate for studies
focusing on multisystem infection. It is worth mentioning that
the novel adaptation of the virus was shown to keep its ability to
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infect human airway cells (Muruato et al., 2021). This system,
with a murinised SARS-CoV and a standard wild type laboratory
mouse, overcomes tropism leading to encephalitis seen in
infected transgenic mouse models whilst offering a system
applicable for both in vivo mouse studies and in vitro studies
on human primary cells (McCray et al., 2007; Winkler et al.,
2020). In a study from 2020 the investigators had also produced a
murinised SARS-CoV2 via reverse genetics to remodel the
interaction between the mouse ACE2 and the virus which
resulted in a recombinant virus able to infect the BALB/c
mice. It was able replicate in both young and old mice
however leading to more severe disease in older mice and
exhibiting more clinically relevant phenotypes as compared to
the disease presentation between non-modified SARS-CoV2 and
transgenic mouse models (Dinnon et al., 2020). This gives the
murinised ACE2 system better face validity, however the
construct validity is decreased.

4 RECENT TRANSLATIONAL
APPLICATIONS OF RODENT MODELS
SUSCEPTIBLE TO SARS-COV2
The transgenic and transiently sensitised, humanised mouse
models of SARS-CoV2 infection have gifted scientists the
opportunity to study the potential destruction this, so far,
relentless virus can cause to its host in vivo. Towards the
beginning of the pandemic, initial studies using these models
focused on the mechanisms in which viral entry can occur as well
as their points of entry, the tissues primarily affected and the
pathology of those tissues. These ongoing attempts to recreate
infection have assisted our understanding of the infection
timeline and has provided a guide to possible symptoms to be
aware of in COVID-19 patients. Discussed here are animal
studies performed in order to obtain risk assessments of new
variants and evaluate the efficacy and safety of candidate anti-
viral drugs for treatment in COVID-19 patients.

4.1 Risk Assessments of Variants of
Concern
Particular mutations in the RBD have been key to identifying
variants of concern. N501Y is one substitution that is
characteristic of the Alpha (B.1.1.7) variant but is also found
in the Beta (B.1.351), Gamma (B.1.1.28) and Omicron (B.1.1.529)
variants (European Centre for Disease Prevention and Control,
2021; He et al., 2021). This means that N501Y is present in all but
one variant of concern. In silico models predicted that this
substitution occurs at a key residue for the RBD that is
directly responsible for its strengthened affinity for ACE2
(Shahhosseini et al., 2021). The influence of N501Y was
proved using a hamster model, where both donors and
recipients inoculated with virus carrying N501Y showed
significantly increased viral load in nasal washes and lung and
trachea homogenates at 1–4 dpi compared to virus carrying a
predecessor ‘wild-type’ spike protein. Substitutions S982A and
D1118H were also shown to decrease viral fitness (Liu et al.,

2022). Interestingly, N501Y increases the infectivity of hosts
expressing both either hACE2 or mACE2 (Pan et al., 2021), as
it has been revealed that variants with this substitution possess an
8-fold higher affinity for the receptor (Bayarri-Olmos et al., 2021).
While this demonstrates a key application of using animals in
order to evaluate the potential potency of infection with rapidly
evolving variants, we need more studies that apply these
principles in the established transgenic and sensitised animal
models expressing hACE2. This is because, ultimately, we will
require data on how mutations in SARS-CoV2 will affect
transmission between, and the health of, humans in the future.

Studies of this nature have been carried out. K18-hACE2 mice
infected with B.1.1.7 show increased weight loss and hyperthermia
earlier compared to mice exposed to B.1.351 or the initial WA-1
variant of concern. However, B.1.1.7 and B.1.351 infected mice
display more severe clinical manifestations overall compared to
WA-1 in a viral dose-dependent manner, with WA-1 infected
mice displaying a 50% lower mortality rate at a dose of 103 pfu
(Horspool et al., 2021). Again in K18-hACE2mice, whilst bothWA-
1 and B.1.1.7 inoculated intranasally caused COVID-19-like disease
in the mice, a lower dose of B.1.1.7 was required to cause a severe
disease state (Bayarri-Olmos et al., 2021). In contrast, C57Bl/6J
hACE2 knock-in mice display reduced viral load in lung and nasal
turbinate, and a more minor lung pathology and inflammatory
response on exposure toWA-1, B.1.1.7 or B.1.351 variants compared
to the K18-hACE2 model, where viral RNA is concentrated at the
epithelia of larger airways (Winkler et al., 2022). This is most likely
attributed to the difference in approach of hACE2 expression in
these two mouse lines and highlights the benefits of multiple rodent
models of infection, chosen depending on the study focus, but also
shows how different models could be affected when exposed to
differing strains. Here, studies using models that more accurately
recreate human infection to novel strains will possess increased
extrapolative power.

The appearance of the B.1.1.529 (Omicron) variant in late
2021 came with heightened suspicions whether the current
vaccines and therapies in progress would still provide suitable
protection against a variant with >30 mutations in the RBD
compared to variants described so far (Hodcroft, 2021).
Halfmann et al. found that K18-hACE2 mice inoculated with
B.1.351 showed significantly increased viral load in nasal
turbinate and lung tissue homogenates at 3 dpi, and greater
weight loss at 6 dpi compared to B.1.1.529 infected mice
(Halfmann et al., 2022), suggesting reduced severity in viral
manifestation on infection with the Omicron lineage in
comparison to Beta lineage. These studies show the potential
of exploiting the current animal models available in order to
screen variants with specific mutations to assess their risk to
humans, and for practitioners and governments to make
appropriate decisions regarding patient care and infection
control strategies.

4.2 Screening the Efficacy of Anti-Viral
Therapies
The current pandemic has called for the development of anti-viral
drugs in order to reduce or eliminate viral infection in, especially,
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hospitalised COVID-19 patients. Due to the haste in which these
drugs are required to ease the pressure of the pandemic on the
world, drug development processes for SARS-CoV2 may be
accelerated straight to clinical trials in humans, bypassing
preclinical animal safety and efficacy studies.

Anti-viral molecules have been tested in a mouse setting
though. PF-07304814 is a phosphate prodrug that on
administration is processed into its active form PF-00835231,
a potent cysteine protease inhibitor of coronavirus 3CLpro, that
was originally considered as a treatment for the 2002 SARS-CoV
epidemic in 2003 (Hoffman et al., 2020). PF-00835231 is effective
against alpha, beta, and gamma coronaviruses by preventing viral
replication through inhibition of essential proteolysis by 3CLpro.
BALB/Cmice infected with SARS-CoV2MA10 display no weight
loss and complete viral elimination when PF-00835231 is
administered subcutaneously twice per day at a dose of
300 mg/kg. Initial weight loss is observed in mice receiving
30–100 mg/kg doses, which recovered to the starting weight at
4 dpi with viral load decreasing in dose-dependent manner.
Significant decreases in viral load were also measured in
SARS-COV2 exposed mice expressing hACE2 on treatment
with PF-00835231. Additionally, this trend is also obtained
even when treatment was delayed by 1dpi (Boras et al., 2021),
highlighting the importance of identifying infection early,
especially in high-risk patients. Despite hACE2 being
expressed under a CMV promoter, which may not accurately
follow the expected human expression of ACE2, this work shows
the power of this inhibitor to prevent viral replication and poses a
good option for further development into human clinics.

PF-07321332 (Nirmatrelvir) is another 3CLpro inhibitor,
which is the active component of the Pfizer-produced
PAXLOVID™ (Pfizer, 2021), that gained approval in the UK
(Medicines & Healthcare products Regulatory Agency, 2021a)
and the United States (U.S. Food and Drug Administration,
2021a) at the end of 2021, and in the EU in January 2022 for
treatment of COVID-19 (European Medicines Agency, 2022). An
efficacy study in mice investigated the anti-viral activity of PF-
07321332 in BALB/C mice infected with mouse-adapted SARS-
CoV2MA10. Mice treated via oral administration were protected
from weight loss, had significantly reduced lung viral titre at 4 dpi
and showed markedly decreased nucleocaspid presence in lung
sections (Owen et al., 2021). Syrian hamsters have been shown to
be protected from severe B.1.351 infection when treated with PF-
07321332. Significant dose-dependent reductions in viral lung
titre and improved weight retention at 4 dpi, as well as lung
anatomy closely resembling uninfected hamsters was observed in
those treated with PF-07321332. Hamsters were also completely
protected from infection when co-housed for 2 days with a
B.1.617.2 (Delta) variant positive cage mate when treated with
PF-07321332 compared to those not (Abdelnabi et al., 2022).
These rodent models support the continuing development and
protective ability of PAXLOVIDTM use in COVID-19 patients
against multiple variants of concern, including the benefits of easy
oral administration. Yet, further validation in humanised ACE2
rodent models, such as the hACE2 model used in Bao et al.
(2020a) may be required for increased value in vivo, as the
mentioned studies comprised of mouse adapted SARS-CoV2

infection and wild-type Syrian hamsters as part of their
models. These studies could also be extended to examine
potential side effects or long term ramifications for patients
prescribed this anti-viral treatment. Synthesis and study of
additional 3CLpro inhibitors with favourable oral,
intraperitoneal, and intravenous bioavailability have been
reported and trialled in Sprague-Dawley rats and a CRISPR/
Cas9 generated hACE2 expressing mice model (Qiao et al., 2021).
However more work is required in this area, and PF-07321332
seems to have won the race for clinical trial approval.

Molnupiravir is another anti-viral drug that instead enforces a
high mutagenesis rate via integration of its active form, β-D-N4-
hydroxycytidine triphosphate (NHC), into viral RNA in the place
of cytidine or uridine (Sheahan et al., 2020; Kabinger et al., 2021).
It has so far gained approval for at-risk and hospitalised patients
in the United States (U.S. Food and Drug Administration, 2021b)
and the UK (Medicines & Healthcare products Regulatory
Agency, 2021b). NHC shows potent viral inhibition and
significantly reduces viral load in cell culture (Zhou et al.,
2021) and diminishes weight loss, indicators of lung
haemorrhage and lung viral titre at 500 mg/kg dosage in
C57Bl/6 mice infected with either mouse adapted SARS-MA15
or MERS-CoV. Importantly, initiating NHC treatment before
24 h post infection showed to be crucial to maintaining
reductions in weight loss, lung haemorrhaging, viral lung titre
and lung and alveolar injury scores (Sheahan et al., 2020).
However, a warning of mutagenic toxicity to host DNA
during NHC treatment has been given, where mutations in a
reporter gene increased in a dose-dependent manner with NHC.
It has been suggested that the possible conversion of NHC to
dNHC (2’-deoxyribose form of NHC) could be the cause of this
increased mutational rate in the host genome (Zhou et al., 2021),
and should be investigated further in an in vivomodel focusing on
tissues with natural proliferative tendency.

One study utilised immunodeficient mice with hACE2-and
hTMPRSS2- expressing human lung tissue implanted in the
animals’ backs. This in vivo tissue model was susceptible to
SARS-CoV, MERS-CoV and SARS-CoV2 infection, showed
histopathological symptoms echoing viral damage and a 1000-
fold increase in proinflammatory cytokines. Beginning NHC
treatment at 12- and 24-h post-infection was extremely
effective at reducing viral load, however if treatment started
12 h prior to infection, viral titre in the implanted human lung
tissue was measured at >100,000-fold lower than the vehicle
control, bestowing the protective potential of Molnupiravir in
high-risk patients (Wahl et al., 2021). Molunipiravir-derived
inhibitors have also shown to be effective at impeding SARS-
CoV2 transmission in ferrets (Cox et al., 2021), and reducing viral
replication and its associated lung pathologies in SARS-CoV2-
susceptible Syrian hamsters, with amplified viral RNA mutations
detected in hamsters that started treatment 12 h pre-infection
compared to 12 h post-infection or vehicle control (Rosenke et al.,
2021). When used in combination with Favipiravir, another anti-
viral drug that acts through lethal mutagenesis but requires
higher doses for optimal SARS-CoV2 suppression (Kaptein
et al., 2020), hamsters treated with sub-optimal doses of a
Molnupiravir/Favipiravir cocktail displayed lower viral loads
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than hamsters treated with only one alone, with an implied
additional transmission protection from cage-mates
(Abdelnabi et al., 2021b).

These examples show that animal models can serve effectively
in the screening of anti-virals in the current and future
pandemics, and could assist in the recommendation of single
or combinational therapies to complement human clinical trials.
Finally, Molnupiravir has also shown its high protective ability
against the B.1.1.7 and B.1.351 variants in Syrian hamsters
(Abdelnabi et al., 2021a) and emphasises NHC’s potent anti-
viral mechanism is not dependent on specific sequences in the
viral genome whichmay be mutated in future variants of concern,
such is the case with e.g. monoclonal antibody treatment.

5 FUTURE RESEARCH DIRECTIONS

5.1 Risk Factors Suitable for Rodent
Research
This pandemic has revealed that certain individuals are risk of
developing severe COVID-19 illness or death. Factors such as age,
male sex, and ethnicity have been attributed to a tendency to
suffer from severe symptoms (Ebinger et al., 2020; Mughal et al.,
2020; Williamson et al., 2020), as well as patients with
comorbidities such as diabetes, hypertension and obesity
(Alguwaihes et al., 2020; Ebinger et al., 2020; Huang et al.,
2020; Li X. et al., 2020; Mughal et al., 2020; Williamson et al.,
2020; Goyal et al., 2022). Whereas asthma may actually be
protective (Avdeev et al., 2020; Skevaki et al., 2020; Zhu et al.,
2020). Genetic or induced mouse models of these disease states
are already well established, and the opportunity to combine
transgenic and sensitised SARS-CoV2 models with models of
human conditions potentially vulnerable to COVID-19 is waiting
to be seized. This will allow us to further study comorbidities that
may aggravate SARS-CoV2 transmission and pathophysiology,
or contribute to any long-term damaging effects in humans. The
human population is genetically and culturally diverse, but
isolating comorbidities or genetic traits for study in a
controlled environment will be vital.

5.1.1 Age
A report from early in the pandemic described that every
additional 10 years of age associates with a 1.5-fold increased
chance of requiring a higher level of hospitalised care during
COVID-19 infection (Ebinger et al., 2020). SARS-COV2-related
deaths peak in those aged 80+, who possess more than a 20-fold
higher chance of death than those aged 50–59 (Williamson et al.,
2020). This most likely attributed to an increase in comorbidities
with age, even if yet to be detected. Rodents experience a much
shorter life span than humans, making them an excellent model
for studying age-related changes in COVID-19 research. ACE2
receptor expression has been described to both increase (Baker
et al., 2021; Wark et al., 2021) and decrease (Chen et al., 2020; J.;
Gu et al., 2021; Xudong et al., 2006; Yoon et al., 2016) with age in
humans and rodents. However, Berni Canani et al. (2021)
observed no significant differences in ACE2 expression
between children <10 years old and adults 20–80 years old,

and Li M.-Y. et al. (2020) detected this same trend when
comparing expression across multiple tissues in adults above
or below 49 years of age. These contradicting reports suggest that
ACE2 expression alone may not be a robust marker for
identifying severe risk of SARS-CoV2 infection, and other
factors in combination with ACE2 receptor expression must
possess a decisive role. Comprehensive studies encompassing
widespread tissue analysis of ACE2 expression in multiple age
groups could well be accomplished to solve this, surely context-
dependent, matter in rodent models of infection.

5.1.2 Diabetes
Diabetic patients are at increased risk of hospitalisation and
mortality on infection with SARS-CoV2 (Ebinger et al., 2020),
and are significantly more likely to require oxygen, intubation,
antibiotics or dexamethasone on admission to hospital than non-
diabetic patients (Alguwaihes et al., 2020). This is not entirely
surprising considering increased cellular glucose levels assists in
supporting viral replication (Codo et al., 2020). Overexpression of
hACE2 boosts glucose tolerance and pancreatic β-cell function in
diabetic mice (Bindom et al., 2010), whilst ACE2−/y knockout
mice display impaired glucose tolerance alongside hepatic
steatosis (Cao et al., 2016). Infection-induced downregulation
of ACE2, and the resulting angiotensin II excess, therefore
intensifies an already unbalanced glucose homeostasis. For
these reasons, a bi-directional relationship between diabetes
and COVID-19 infection has been proposed (Muniangi-
Muhitu et al., 2020).

HFD-induced diabetic DPP4H/M male C57Bl/6 mice have
been shown to be more vulnerable to severe signs of disease
on infection with MERS-CoV when compared to lean controls,
displaying prolonged weight loss and lung inflammation up to
21dpi (Kulcsar et al., 2019). Ma et al. (2021) however is the only
study we found to date that has addressed the effect of the current
SARS-CoV2 in a hACE2 expressing mouse model of diabetes.
Ob/ob mice showed greater weight loss and increased lung
immune infiltration when compared to non-diabetic mice at
5 dpi. Interestingly, this study also observed higher fasting
blood glucose levels in both wild type and ob/ob mice infected
with SARS-CoV2, compared to non-infected. Insulin tolerance
was also non-significantly reduced in infected ob/ob mice (Ma
et al., 2021). This is an alarming observation, and shows the
potency of COVID-19 infection to disturb glucose homeostasis,
not only in diabetic patients. Given that genetically-, chemically-
or diet-induced rodent models of type 1 and type 2 diabetes are
well established (King, 2012) in scientific literature, more research
utilising hACE2-expressing rodents combined with these diabetic
models will be extremely beneficial to understanding the risk
posed on diabetic and non-diabetic people, both during and after
contracting COVID-19.

5.1.3 Obesity
Obesity is another major risk factor for severe COVID-19
symptoms (Alguwaihes et al., 2020; Goyal et al., 2022) and
COVID-19-related hospitalisation and mortality (Popkin et al.,
2020). Its involvement in instigating this is likely intertwined with
other comorbidities such as diabetes and hypertension. ACE2 is
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expressed in subcutaneous and visceral adipose tissue (Al-Benna,
2020), and SARS-CoV2 nucleocapsids were detected in up to 5%
of adipocytes in a small cohort of deceased COVID-19 patients
(Basolo et al., 2022). Consequently, more adipose tissue will lead
to surges in viral penetration and illness.

C57Bl/6 male mice fed a high-fat diet (HFD) display higher
ACE2 expression in the lungs and trachea but reduced Tmprss2
expression in the oesophagus, whereas obese females display
reduced ACE2 expression in the oesophagus and trachea with
no differences in lung tissue (Sarver and Wong, 2021). This, at
least in rodents, shows how obesity affects the expression of key
SARS-CoV2 entry proteins differently in the two sexes, and
should be investigated further in order to understand whether
human patients should be treated according to sex. Further,
HFD-fed rats see a 3.8- and 6-fold increase in lung Ace2
expression, and a 5.1- and 3.4-fold increase in Tmprss2
expression compared to standard and ketogenic diet fed rats,
respectively. AT1R and AT2R levels were also significantly
increased in HFD fed rats. Interestingly though, mice fed a
ketogenic diet saw reduced AT1R expression in pulmonary
tissue compared to rats fed standard chow (da Eira et al.,
2021), and this type of diet may help to safeguard diabetic or
hypertensive humans. It would be meaningful to see further
studies into the potential protective effects of certain diets on
SARS-CoV2 infected rodent models.

The obesity-prone C57Bl/6N strain can provide valuable
information in support of increased weight and diet on disease
advancement and severity in SARS-CoV2 infected rodent models.
Zhang et al., utilising leptin receptor dysfunctional C57BL/KsJ-
db/db mice, observed a maintained 10% weight loss and more
severe pulmonary pathology and inflammation in the obese
model compared to db/+ controls inoculated with a mouse-
adapted SARS-CoV2. Viral load was also significantly higher
in obese lungs, nasal turbinates and trachea (Zhang et al., 2021).
HFD-fed C57Bl/6N mice transduced with AdV-hACE2 also
display more severe lung pathology than lean mice at 10 days
post SARS-CoV2 infection, however a more comprehensive
inflammatory profile should be included when studying
models such as these (Rai et al., 2021).

This presented evidence further supports the role of obesity in
severe COVID-19 patients, and in a way embodies the fusion of
two pandemics. Researchers may now also look towards rodent
models, preferably expressing hACE2 under its namesake
promoter, to develop treatments to ease symptoms and reduce
mortality in these patients in the short term. Patients may then
turn to improve their diet and lifestyle habits post-recovery.

5.1.4 Hypertension
As the ACE2 receptor is responsible for initial SARS-CoV2 cell
entry, it is logical that hypertension was among the top clinical
presentations in patients suffering from severe COVID-19
(Huang et al., 2020; Li X. et al., 2020), through viral
disruption of RAAS. ACE2 usually acts a negative regulator of
RAAS, lowering blood pressure with anti-inflammatory effects. A
number of RAAS modulators have been tested on rat primary
in vitro cultures that principally act to increase or decrease ACE2
mRNA or protein levels (Hu et al., 2021), which in regards to a

COVID-19 patient may either encourage additional viral
penetration or further increase blood pressure, respectively.
ACE inhibitors or ARB drugs however, seem to display a
protective effect against SARS-CoV2 infection and in-hospital
mortality (Hippisley-Cox et al., 2020). Nevertheless, these types of
studies mainly take into account hospital admissions and must
account for a large number of comorbidities and variables.

Diet-induced obese C57Bl/6J mice display weight loss,
improved glucose tolerance and reduced expression of
inflammatory cytokines when treated with ACE inhibitors
(Premaratna et al., 2012). ACE−/- mice show a similar trend
(Jayasooriya et al., 2008), displaying the potential for this
treatment to ease multiple COVID-19-related risk factors at
once. There are a high number of inbred, outbred and
transgenic rodent models used for hypertension research
(Lerman et al., 2019). Jiang et al. (2022) recently published
that SARS-CoV2 viral load in the lungs is higher in transgenic
hACE2-expressing mice that have been induced into
hypertension compared to normotensive hACE2 mice.
Further, AT1R blocker treatment improved lung pathology,
reduced blood pressure and downregulated IL-6 and TNF-α
expression in hypertensive hACE2 mice. This signifies that
treatment provided protection to the organs on SARS-CoV2
infection overall, despite increased viral penetration in the
heart and kidneys initially at early infection (Jiang et al., 2022).

A recent preprint article reported that the ACE inhibitor
Lisinopril can raise the ACE2 expression landscape in the
lungs, small intestine, kidney and brain of healthy mice, an
effect that persists to at least 21 days post-termination of
treatment (Brooks et al., 2022). Captopril, which also acts
as an ACE inhibitor, appears to improve lung pathology and
reduce inflammation during SARS-CoV2 infection in an
angiotensin II-induced hypertensive and hACE2-expressing
mouse model, without any detectable effect on viral load (Gao
et al., 2021). These reports reinforce the potential but need for
further clarification on RAAS modulators in COVID-19
research, but studies focusing specifically on hypertension
in rodents on infection with the SARS-CoV2 virus are
lacking. Nonetheless, with blood pressure measurements by
techniques such as tail-cuff plethysmography and
radiotelemetry readily available for use in rodents (Burger
et al., 2014) and with a number of hypertension remedies
on the market, future COVID-19 animal research focused on
hypertension risk or the efficacy of RAAS modulators would
benefit from integrating these methodologies into their study
design for a greater in vivo view of hypertension in the current
pandemic.

5.2 Insights Into Long-COVID
Post-acute COVID-19 sequelae or ‘long-COVID’ is a condition in
which patients continue to suffer multiple COVID-19-related
symptoms weeks or even months after testing negative for the
virus, and can come in continuous or relapsing forms. The
mechanisms behind symptom persistence are still unclear as
presentation varies from patient to patient. Large scale studies
from around the globe have witnessed exhaustive lists of
symptoms (Davis et al., 2021; Hossain et al., 2021; C. Huang
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et al., 2021; Pérez-González et al., 2022), with those who were
hospitalised or required intensive care during primary infection
especially at risk (Xie et al., 2022).

Rodent models of post-acute COVID-19 syndrome have been
close to non-existent so far. This is likely due to subsided infections, or
death, of animals in the models currently available, and the
incorporation of early terminal analysis into experiment design.
To more accurately study the long-term effects of SARS-CoV2
infection we require models that are even more ‘comprehensively
human’ than those presented in Table 1, which more closely mimic
aspects such as our own immune system. Researching viral infections
by utilising non-human primates is an attractive option, due to
marked similarities in physiology and immune responses to antigens
with humanswith the possibility for longitudinal studies in controlled
environments (Estes et al., 2018). The rhesus macaque, African green
monkey and pigtail macaque are susceptible to SARS-CoV2 infection
and show mild-moderate COVID-19-associated lung pathologies
(Clancy et al., 2021). Further, Böszörményi et al. (2021) observed
that infected macaques show worsening lung lesions in CT scans,
increases in specific cytokines in plasma, mild to moderate
histopathological signs of pneumonia and the presence of viral
RNA levels in a myriad of tissues up to 38 dpi, despite all subjects
testing negative for SARS-CoV2 after 14 dpi. This suggests that these
non-human primates are also susceptible to post-acute COVID-19 in
a similar way to humans (Böszörményi et al., 2021).

For many researchers however, rodents are a preferred model
based on their lower maintenance costs, shorter gestation period and
the wealth of tools for transgenicmanipulation. A promising example
of a mouse model with a humanised immune system is MISTRG6.
These immunodeficient mice express seven human cytokine genes
knocked into their respective locus in the mouse’s genome, and
tolerate humanhematopoietic stem cell engraftment (Rongvaux et al.,
2014). MISTRG6 mice that transiently express hACE2 sustain
prolonged viral titres and RNA, more severe lung pathology, and
immune cell signatures to at least 35dpi of SARS-CoV2 compared to
controls, emulating severe COVID-19 disease in humans.
Convalescent plasma therapy showed a protective effect in these
mice in regards to weight loss and viral clearance, however only
prophylacticmonoclonal antibody treatment improved prevention of
T cell lung infiltration (Sefik et al., 2021). This again highlights the
importance of early diagnosis in high risk patients, and it will be
interesting to see more therapies tested on this model over longer
time periods.

Finally, a recent preprint article has described their tracking of
10-weeks- and 1-year-old BALB/C mice for 120 days post
infection with mouse adapted SARS-CoV2 MA10. Younger
mice cleared infection twice as fast as older mice, with
cytokine responses enduring in the latter until 30 dpi.
Interestingly though, mice in the younger age group displayed
a greater capability for tissue repair, and Molnupiravir was also
effective at reducing disease prevalence in the older age group
(Dinnon et al., 2022). Although this study is yet to be peer-
reviewed, long-term mouse studies such as this will
prove valuable in the fight against post-acute COVID-19
syndrome.

6 CONCLUDING REMARKS

The COVID-19 pandemic prompted a global scientific effort to
produce a number of diverse animal models that mimic SARS-
CoV2 infection. Mice have been and continue to be the preferred
model organism used in scientific research due to their easy
manipulation, short breeding time and genetic similarity to
humans. However, the SARS-CoV2 virus binds inefficiently to
the ACE2 receptor in mice thus preventing severe infection. This
seemingly large barrier has been surmounted by the generation of
transgenic and humanised mouse models. Additionally, efforts
have been placed in reverse engineering the virus itself to increase
its affinity to the mouse ACE2 receptor and causing COVID-19
symptoms. The aim of this review was to highlight individual
COVID-19 mouse models and the tissue-specific replication of
the virus and pathophysiology upon infection. We substantiate
the review with examples of how these models have been used in
regards to risk assessment of novel strains, developing
therapeutics and elucidating the mechanisms of risk factors
such as old age, diabetes, obesity and hypertension. We believe
that this review can be used as a comprised guide for investigators
researching which mouse model or which strategy to employ in
regards to future COVID-19 research.
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