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Coronaviruses are widespread and infect several different 
species. In humans, coronaviruses historically cause primarily 
mild respiratory diseases, such as the common cold. However, 
in 2003 a novel coronavirus emerged, Severe Acute Respiratory 
Syndrome coronavirus (SARS-CoV), which caused severe res-
piratory disease with high mortality.18 Since then, 2 other highly 
pathogenic coronaviruses from the same betacoronavirus genus 
have emerged: Middle Eastern Respiratory Syndrome corona-
virus (MERS-CoV) in 2012, and most recently, Severe Acute 
Respiratory Syndrome coronavirus 2 (SARS-CoV-2).18,133,134 
Spread of SARS-CoV-2, which causes coronavirus disease 2019 
(COVID-19), has resulted in a once-in-a-lifetime pandemic, and 
as of May 2021, more than 160 million cases and more than 3.3 
million deaths have been reported worldwide.123

Much like SARS-CoV, SARS-CoV-2 has 4 structural 
proteins—spike (S), envelope (E), membrane (M), and nucle-
ocapsid (N)—and 8 accessory proteins. The S protein includes 
a receptor-binding domain, which is essential for the virus to 
bind to and subsequently infect a host cell.124 SARS-CoV and 
SARS-CoV-2 both use angiotensin-converting enzyme 2 (ACE2) 
as the primary receptor and transmembrane protease serine 2 

as a cofactor,42,56,60 In contrast, the receptor for MERS-CoV is 
dipeptidyl peptidase 4 (DPP4).91 Because of amino acid changes 
in the S protein, SARS-CoV-2 binds ACE2 with a higher affinity 
than does SARS-CoV,124 which may explain the greater human 
infectivity of SARS-CoV-2.42,102 ACE2 is expressed throughout 
the body, allowing SARS-CoV-2 to potentially infect multiple 
organs, including the lung, heart, kidney, liver, intestines, and 
brain. Importantly, ACE2 is expressed on the apical surfaces 
of epithelial cells in these organs, permitting infection from 
direct viral contact with those cells.37 As its name suggests, 
ACE2 is a critical component of the renin–angiotensin cascade, 
limiting vasoconstriction and promoting vasodilation by con-
verting angiotensin II to angiotensin 1–7. ACE2 in the lung is 
hypothesized to reduce lung inflammation; SARS-CoV and 
SARS-CoV-2 potentially could exacerbate lung inflammation 
by altering this pathway.98

A thorough understanding of disease pathogenesis and any 
potential vaccines or therapeutics for any emerging pathogen 
is facilitated by studying animal models. For example, the first 
FDA-approved treatment for COVID-19 was remdesivir. This 
drug initially was granted emergency-use authorization for 
COVID-19 patients in part because of demonstrated therapeutic 
efficacy against MERS-CoV infection in a mouse model.103 An 
ideal animal model of COVID-19 captures the wide spectrum 
of disease phenotypes attributed to this multifaceted disease, 
including organ-specific pathology and systemic changes such 
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as hypercoagulation and cytokine storms. Animal models rarely 
capture every aspect of human disease, requiring the use of 
multiple models in order to replicate the numerous features of 
viral infection and disease and thereby build a comprehensive 
picture of what happens in human patients.

SARS-CoV-2 naturally infects numerous animal species, 
including mink on farms, big cats in zoos and sanctuaries, and 
domestic dogs and cats.28,36,68,72,81,87,104,107 Although mink are 
particularly vulnerable to severe SARS-CoV-2 disease and can 
transmit virus to humans, they are rarely used in research stud-
ies.68,81,87 Mice, hamsters, ferrets, and nonhuman primates are 
more widely used as experimental models of SARS-CoV-2 infec-
tion.68 Hamsters replicate human disease well, are small, and 
are widely available, making them an attractive choice.12,68,105 
However, hamsters are less commonly used in research than are 
mice, and the availability of strains and reagents necessary for 
studying genetic and immune drivers of disease is limited for 
hamsters. Ferrets are frequently used as models for respiratory 
viruses, particularly influenza, primarily because they disperse 
and are susceptible to these viruses via airborne droplets, 
whereas rodents do not. However, ferrets do not develop severe 
symptoms or generate high virus titers in the lungs after SARS-
CoV-2 infection.52,68,95,104 NHPs have similar immune responses 
to humans and are invaluable for safety studies for preclinical 
trials but are costly to use and require significant infrastructure 
to maintain studies.66,68,130 Mice provide a valuable model be-
cause they are widely available and relatively inexpensive, and 
a large arsenal of genetic and immunologic tools is available for 
mice. The use of mice to study SARS-CoV-2 infection provides 
the potential for a broader understanding of several different 
aspects of this complex disease.

Overview of SARS-CoV-2–induced Clinical 
Disease and Pathology in Humans

SARS-CoV-2 primarily causes respiratory disease, and like 
many other respiratory viruses, is predominantly transmitted 
via droplets and possibly aerosols.80,114 Initial symptoms of 
infection typically include fever, fatigue, malaise, and cough, 
with common progression to myalgia, headache, anosmia, 
ageusia, shortness of breath, and hospitalization.9,45,53,69,121,134 
Less common symptoms include hemoptysis and diarrhea.45

Older persons and those with underlying health conditions, 
including heart disease and diabetes, are at a higher risk of 
developing severe symptoms such as acute respiratory dis-
tress syndrome (ARDS).14,27,31 SARS-CoV-2–associated ARDS 
is similar to other forms of ARDS, with increased respiratory 
rate and decreased oxygen saturation.8,24,30 Many patients with 
severe COVID-19 require mechanical ventilation, and venti-
lated patients have a significantly higher mortality rate than 
those that do not require ventilation.8,46,106 Men are more likely 
than women to be severely affected by SARS-CoV-2 infection, 
including a greater risk of ICU admission and death.8,14,29,46 
Because ACE2 has higher expression in men than in women, this 
sex-related difference may be due to differences in ACE2 and 
transmembrane protease serine 2 expression.29 An alternative 
hypothesis is that sex-associated differences are due to different 
immune responses in men and women, given previous findings 
that women develop less severe disease than men after other 
viral infections.29

In addition to ARDS, SARS-CoV-2 infection often has 
systemic effects, including a hypercoagulable state charac-
terized by elevated levels of serum d-dimer, fibrinogen, and 
clotting pathway factors that result in multiorgan thrombo-
sis.2,9,25,33,38,67,69,78,79,101,108 SARS-CoV-2 infection also results in 

a proinflammatory state, and cytokine storms are believed to 
contribute to severe disease.62 Patients with severe COVID-19 
have elevated serum proinflammatory cytokines, including IL6, 
C-C motif chemokine ligand 3, and TNFα, which can lead to 
shock and organ failure.11,82 Many mouse models of SARS-CoV-2 
disease also show significant elevation of these proinflamma-
tory cytokines, whereas other models show essential roles for 
interferon signaling in disease pathogenesis.22,32,34,39,47,55,94,112,113 
This information suggests that excessive inflammation is a 
consistent feature of COVID-19 and likely contributes to its 
pathogenesis. Consequently, immune modulation has been 
tested as a potential therapeutic for patients with COVID-19. 
Combination treatment with baricitinib, a broad Janus kinase 
inhibitor, and the antiviral remdesivir has been shown to de-
crease the duration of illness and improve 15-d outcomes.50 
In addition, intravenous corticosteroid treatment reduces the 
number of days that patients with ARDS require ventilation, 
suggesting that inhibiting inflammation reduces the severity of 
COVID-19.115 However, IL6 blockade did not reduce morbid-
ity or mortality in a randomized, double-blind trial, indicating 
that the inflammatory response to SARS-CoV-2 is complex and 
requires further study.109

The lungs are considered the primary target organ for SARS-
CoV-2-induced damage and pathology. On CT scans, patients 
with SARS-CoV-2 pneumonia display ground-glass opacities, fi-
brotic changes, and consolidation in their lungs.9,25,64,70,78,85,88,101 
Abnormal CT scans have also been reported in asymptomatic 
persons who previously tested positive for SARS-CoV-2, indi-
cating the SARS-CoV-2 infection can cause lung damage even 
in asymptomatic individuals.4,77

Postmortem pathologic examinations show that the lungs are 
grossly congested, with increased weight and discoloration and 
widespread distribution of lesions.9,25,70,78,101 Signs of chronicity, 
including consolidation, emphysematous changes, and fibrosis, 
are evident.9,25,78,101 Some of the key acute pathologic features 
of SARS-CoV-2 pneumonia include acute lung injury (ALI), 
microscopically manifesting as diffuse alveolar damage (DAD), 
with characteristic neutrophil infiltration, hyaline membrane 
formation or other fibrinous changes, and alveolar septal thick-
ening.9,25,38,70,78,101 Vascular changes and systemic thrombotic 
disease have also been reported.67,78 These include pulmonary 
vasculitis, perivascular cuffing, hemorrhage, microthrombi and 
thrombi in lung parenchyma, and, in some cases, pulmonary 
embolism.9,25,33,38,67,70,78

SARS-CoV-2 replicates in the lung, specifically in epithelial 
cells of bronchi and alveoli. In particular, type II pneumocytes, 
which synthesize surfactant and serve as progenitor cells for 
damaged alveolar epithelium, have been identified as a cell 
type capable of productive viral infection.9,70,101 Pulmonary 
surfactant plays an important role in normal lung function by 
reducing surface tension, thus inhibiting alveolar and airway 
wall collapse, and regulating inflammation in the lung. Other 
pathologic features of COVID-19 in the lung include necrosis, 
cell sloughing, and reactive pneumocytes with type II pneumo-
cyte hyperplasia.25,70,101 In response to active viral replication, 
inflammatory cells, including T lymphocytes, neutrophils, 
and macrophages, infiltrate the lung parenchyma.9,38,70,78,101 
SARS-CoV-2 has also been identified in alveolar macrophages, 
resulting in multinucleated giant cells.70 However, SARS-CoV-2 
infection of macrophages is considered abortive, without robust 
viral replication or spread.131

The gross and microscopic appearance of acute interstitial 
pneumonia is not unique to SARS-CoV-2 infection.70 Other 
viral pneumonias, as well as those due to bacterial and fungal 
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infections and inhaled toxins, may cause these patterns, making 
positive testing or identification of SARS-CoV-2 essential to the 
diagnosis. However, the combination of DAD, ground-glass 
opacities on CT, and hyaline membrane formation has been 
widely documented in COVID-19, and therefore is thought to 
provide defining features of this disease.9,25,38,64,70,78,85,88,101 An 
animal model of COVID-19–like disease should allow virus 
replication in alveolar and bronchiolar epithelial cells and 
demonstrate cell sloughing. Further, an ideal mouse model 
should cause DAD, including its characteristic hyaline mem-
branes. However, hyaline membranes or other features that 
require several days to develop may be difficult to replicate 
in rapidly progressive experimental infections. In particular, 
IACUC guidelines for humane endpoints may require euthana-
sia of mice before the formation of robust hyaline membranes. 
Nonetheless, hyaline membranes may be seen in severe infec-
tion in mouse models of both SARS-CoV-2 and MERS-CoV 
(Figure 1).59,132

Symptoms and pathology after SARS-CoV-2 infection often 
spread beyond the lungs. ACE2 is expressed on human digestive 

tract epithelium.9,61,125 On histologic analysis, viral proteins and 
viral RNA have been identified throughout the gastrointestinal 
tract, including the esophagus, stomach, small intestine (ileum 
and duodenum), large intestine, and rectum.9,61,125 No severe 
histopathologic manifestations have been documented in the 
gastrointestinal tract, although virus has been detected in feces, 
and some COVID-19 patients report nausea, vomiting, and diar-
rhea.9,14,53,61,125 Elevated liver markers, including ALT, AST, and 
bilirubin, all indicative of liver damage, have been reported in 
COVID-19 patients9,14,38,70,78,91,101,128 At autopsy, hepatomegaly, 
hepatic congestion, steatosis, cirrhosis, and infarction have been 
reported.9,14,38,70,78,91,101,128 These pathologic findings, however, 
may not be due to viral infection directly but rather may result 
from multiorgan failure or other underlying chronic condi-
tions.9,70,78,101

Similar to changes in liver enzymes, BUN and creatinine 
levels are elevated in COVID-19 patients, indicative of kidney 
damage.14,91 ACE2 is expressed on epithelial cells within the 
kidney, and SARS-CoV-2 virions have been identified in the 
kidney by electron microscopy (EM), along with low levels of 

Figure 1. Histopathologic changes observed in lungs of mice infected with SARS-CoV-2-MA10. (A) Congestion, hyperemia, and perivascular 
edema. Magnification, 100×. (B) Bronchiolar epithelial damage and hyperplasia. Magnification, 400×. (C) Diffuse alveolar damage (DAD) with 
hyaline membrane formation. Magnification, 400×. (D) Degenerative change in a small-caliber vessel. Magnification, 600×. (E) Neutrophils and 
(F) macrophages in the alveolar space. Magnification, 600×. (G through I) Examples of lung specimens demonstrating features of pronounced 
DAD or acute lung injury (ALI) scores, such as (G) alveolar septal thickening, (H) proteinaceous debris in the alveolar space, and (I) cell death 
and hyaline membranes. Magnification, 600×. Hematoxylin and eosin stain; scale bars: 500 μm (A), 100 μm (B through I). The mouse studies were 
conducted under animal use protocols approved by the IACUC at the University of North Carolina at Chapel Hill.
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genomic RNA9,38,78,101,110 The main pathologic finding in the 
kidney is acute tubular injury or acute tubular necrosis with 
mild inflammation predominated by lymphocytes.9,38,78,101,110 
The hypercoagulable state caused by SARS-CoV-2 infection also 
results in thrombi and erythrocyte aggregation without overt 
clotting in the kidney.38,78,110

ACE2 is expressed on cardiomyocytes and pericytes, and 
the virus has been detected in the cardiac tissues of COVID-19 
patients.9,13,78,101 Cardiomegaly with right ventricular dilation, 
coronary artery disease, thrombosis, and acute myocardial is-
chemic damage are common autopsy findings, although they 
most likely reflect chronic heart disease rather than SARS-CoV-2 
infection.9,25,38,78,101 However, higher viral loads in the lungs 
have been correlated with the most severe cardiac symptoms, 
suggesting that high SARS-CoV-2 loads could contribute to 
or exacerbate underlying heart disease.38 Furthermore, peri-
carditis has been reported in individuals without a history of 
heart disease, suggesting that SARS-CoV-2 infection and the 
subsequent immune responses can cause cardiac damage.38 
In addition, cardiac fibrosis and necrotic myocytes have been 
observed, indicating damage to the heart that could affect func-
tion long term.23,70,78 These findings highlight the importance 
of cardiovascular disease as a preexisting condition that may 
contribute to SARS-CoV-2 pathogenesis.

Neurologic complications are a key extrapulmonary dis-
ease manifestation of SARS-CoV-2 infection. Anosmia (loss of 
sense of smell) and ageusia (loss of sense of taste) are common 
initial symptoms of SARS-CoV-2 infection, with up to 85% of 
symptomatic patients reporting olfactory dysfunction.53,69,90,108 
Headache and dizziness are common neurologic symptoms in 
early SARS-CoV-2 infection, and encephalitis, meningitis, cogni-
tive deficits, altered mental state, demyelination, ischemic and 
hemorrhagic strokes, and subarachnoid and brainstem hemor-
rhages have all been reported.6,7,9,14,40,41,51,53,69,108,127 However, 
these complications may be due to the systemic effects of SARS-
CoV-2 infection rather than viral replication in the brain, because 
SARS-CoV-2 has only rarely been detected in brain parenchyma 
of COVID-19 patients, and brain inflammation is usually mini-
mal.21,48,65,74,78,101 A correlation has been noted between severity 
of disease and an increase in neurologic symptoms, with ap-
proximately 84% of patients with SARS-CoV-2–associated ARDS 
also developing neurologic symptoms.40,41 Therefore, an ideal 
animal model for SARS-CoV-2 infection will demonstrate not 
only respiratory disease and pulmonary pathology, but also the 
systemic and extrapulmonary effects, resulting in a comprehen-
sive representation of the disease.

Mouse Models of SARS-CoV and MERS-CoV: 
The Bases for Developing SARS-CoV-2  

Mouse Models
Mice are incredibly useful as models of disease because of 

their ready availability, small size, and relatively low cost. 
Furthermore, because mice have been used as a model species 
to study many human diseases, reagents specific for working 
with mice and their tissues are widely available. Although 
SARS-CoV-2 can infect standard inbred mice, the virus does 
not replicate to high levels or cause severe disease like that 
seen in humans.1 However, many of the mouse models of 
COVID-19-like disease developed since the COVID-19 pan-
demic began used the same approaches and, in some cases, 
the same mouse strains, that were developed for studying 
infection with the betacoronaviruses SARS-CoV and MERS-
CoV. Like SARS-CoV-2, SARS-CoV and MERS-CoV can infect 

mice but do not replicate well and consequently do not cause 
disease.15,17,98,133

Although the human ACE2 (hACE2) and mouse Ace2 
(mAce2) homologs have the same physiology and function, 
they have important structural differences that prevent the S 
protein from binding with a high affinity to mAce2 in the same 
way that binds to hACE2.98,133 Similar issues of receptor homol-
ogy may also prevent MERS-CoV from causing severe disease 
in mice.15 Alterations in either the host receptor (hACE2 or 
hDPP4 transgenic mice) or in the virus (mouse adaptation) are 
necessary to reproduce severe betacoronavirus diseases in mice.

Transgenic mouse model approaches. Like SARS-CoV-2, 
SARS-CoV and MERS-CoV do not cause severe disease in mice 
as they do in humans.17,73 One group has been able to produce 
some facets of SARS-like disease, including lethal pneumonia, 
in an immunocompromised, aged STAT1−/− mouse line,111 and 
another group has reported virus replication and some respira-
tory disease in aged BALB/c mice infected with the Urbani 
strain of SARS.97 However, the majority of laboratory mouse 
strains are not susceptible to infection or disease induction by 
wild-type viruses. To address this issue, many groups have 
developed mice transgenic for the human SARS-CoV or MERS-
CoV receptors, ACE2 and DPP4, respectively.3,73,84,89,93,103,116,126

The same general approach has been used to place hACE2 
under the control of several different promoters in different 
transgenic mouse models. Disease severity has been found to 
be directly tied to hACE2 expression levels, with higher hACE2 
expression resulting in severe and disseminated disease, and 
lower hACE2 expression limiting disease to the lungs.116 One 
group placed hACE2 under the control of a CAG promoter, 
but because CAG was not specifically expressed on a single 
cell type, hACE2 expression in this model was widespread 
rather than limited to epithelia.116 In another study, hACE2 
was placed under the control of the keratin 18 (K18) promoter, 
thereby limiting hACE2 expression to epithelial cells.73 In K18-
hACE2 mice, hACE2 expression occurs in lungs, small and large 
intestines, liver, kidney, brain, and bronchiolar epithelium, but 
not in alveolar epithelium, which is a key sites of SARS-CoV 
and SARS-CoV-2 infection and consequently pathology.9,70,99,101 
K18-hACE2 mice develop severe lung disease, and the majority 
reach euthanasia criteria by 4 d postinfection (DPI). Brain viral 
loads are detectable after peak lung viral loads, and animals 
frequently show brain pathology.73 To better characterize these 
findings, one group backcrossed K18-hACE2 transgenic mice to 
wild-type C57BL/6 mice, reducing mortality and extending the 
course of infection, thereby allowing study of brain pathology 
at its peak.73 At euthanasia, limited inflammation was noted 
in the brain,73 but widespread neuronal death and actively 
infected neurons has been noted in other studies.84 The K18-
hACE2 mouse model of SARS is therefore particularly useful 
for studying the effects of SARS-CoV on both the brain and the 
lung. Death due to CNS disease alone is very rare in humans 
infected with SARS-CoV, and therefore this model does not 
mimic the course of disease that occurs in the majority of human 
infections. In addition, because hACE2 expression is directed 
by a nonnative promotor, overexpression is common in various 
tissues and specific cell types and may not accurately replicate 
the natural infection pattern in SARS or COVID-19 patients.76,86 
Regardless, some patients develop neurologic symptoms due 
to SARS-CoV and SARS-CoV-2 infection, and the model may 
be useful for studying that phenomenon.

Another study developed a transgenic mouse line with 
hACE2 under control of the mAce2 promoter, allowing hACE2 
to be expressed in the same cells and to the same levels as 
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mAce2.126 The majority of these mice recover from infection 
and do not have significant clinical findings. However, at nec-
ropsy, as in other hACE transgenic mice, classic SARS-CoV lung 
pathology is evident, including significant acute lung damage 
and proliferation of type II pneumocytes. In addition, virus and 
pathologic changes in extrapulmonary organs were identified, 
including damage of proximal tubule epithelium in the kidneys 
and cerebrovascular damage. Although this model captured 
more extrapulmonary disease phenotypes, lung disease was 
the major clinical feature.126

An important step forward in developing mouse models of 
betacoronaviruses has been the development of the adenovirus-
transduced model, allowing transduction of the human receptor 
for viral entry into several different mouse strains to pinpoint 
drivers of pathology and study how different immune cells func-
tion in clearing the virus.129 However, adenovirus vectors are not 
transduced equally by all cells, resulting in patchy expression of 
the gene of interest, and adenovirus-transduced gene expression 
wanes over time, limiting the ability to study long-term effects. 
Another important consideration is that adenovirus vectors are 
highly immunogenic, which may confound pathologic find-
ings.54 Nonetheless, these strategies have been used to develop 
a mouse model of MERS, which in turn has been used to inform 
the development of SARS-CoV-2. In one study, researchers 
placed hDDP4 under the CAGS promoter previously used for 
hACE2 mice, resulting in similarly disseminated virus and le-
thal disease.3 Another important advancement used for MERS 
research that contributed to the generation of current SARS-
CoV-2 mouse models was the development of a knock-in line, 
replacing the mDDP4 gene with hDDP4.89 In addition, CRISPR/
Cas9 technology was used to develop a hDDP4 knock-in mouse 
model of MERS; the virus was then further adapted to mice by 
passaging the virus in mice to better replicate lung pathology 
seen in humans, including hyaline membranes, alveolar edema, 
and lymphocytic perivascular cuffing.16 Because CRIPSR/Cas9 
technology is relatively new and was not available when the 
first SARS-CoV mouse models were created, the development 
of the hDDP4 mouse for studying MERS provided the founda-
tion for using CRISPR/Cas9 to generate similar SARS-CoV-2 
mouse models.113

Mouse-adaptation approaches. Mouse adaptation of a virus 
usually is achieved through serial passage, during which 
evolutionary pressures on the virus select for mutations that 
enhance the virus’s ability to replicate in mice.10 A strategy used 
to study MERS-CoV was a hDPP4 knock-in approach combined 
with mouse-adaptation to replicate MERS-CoV human pathol-
ogy.57,58 Such models carry both the human receptor and a virus 
adapted to manifest specific pathologic lesions in the mouse. 
Nonetheless, using both a human receptor and mouse adapta-
tion of a virus can be incredibly time-consuming. In addition, 
concerns arise regarding the receptor expression levels and 
cell specificity as compared with humans. Therefore, although 
the use of both strategies has benefits, mouse adaptation alone 
can circumvent these concerns, especially during the SARS-
CoV-2 pandemic when rapid development of suitable mouse 
models is essential. One group passaged the Urbani strain of 
SARS-CoV in young BALB/c mice, resulting in virus replication 
and subsequent lung disease.96 The virus was also detected in 
extrapulmonary tissues, including the brain and liver, but no 
significant extrapulmonary pathology was reported.96 Another 
group further passaged this virus and determined that no sin-
gle mutation was responsible for complete susceptibility and 
disease progression but that several mutations were working 
synergistically to enhance SARS-CoV pathology in mice.26 This 

outcome highlights the complex nature of viral infections and 
the difficulty of predicting the specific mutations that may in-
crease pathogenicity. Another group replicated these findings by 
passaging the Urbani strain of SARS-CoV in their own lab.19 All 
of these models show interstitial pneumonia with pneumocyte 
necrosis and replicating virus in bronchiolar epithelium and 
alveolar pneumocytes.19,26,96

An important consideration when working with mouse-
adapted viruses is that these strains are not clinical isolates. 
Mutations that arise during mouse adaptation may alter the 
virus such that it no longer behaves like human strains, which 
thus complicates the study of specific naturally arising viral 
variants. This caveat is particularly important as multiple vari-
ants of SARS-CoV-2 emerge.

Current Mouse Models of SARS-CoV-2  
Pathogenesis

Mouse models of SARS-CoV-2 pathogenesis were developed 
quickly due to the rapid acceleration of the pandemic, urgent 
need for robust models to test potential therapeutics and vac-
cines, and extensive groundwork laid by previously developed 
mouse models for SARS-CoV and MERS-CoV. Because SARS-
CoV and SARS-CoV-2 use the same receptor, many of the same 
transgenic hACE2 mouse models can be used to study both 
infection and pathogenesis. A major focus of current studies in 
mouse models is preclinical testing of therapeutics and vaccines. 
Convalescent plasma and prophylactic antibody treatments are 
effective at preventing disease in mice.39,112 In addition, several 
groups have determined that in mice the S protein, specifically 
the receptor-binding domain, is immunogenic and the most 
protective antigen for the development of future vaccines.22,34,55 
Receptor-binding domain and S protein vaccines significantly 
reduce virus replication and prevent pathogenic manifesta-
tions.22,34,55 In addition, neutralizing antibodies develop after 
vaccination in mice, proving an effective protective immune 
response.34 However, the various mouse models are based on 
different development strategies and experimental designs, 
including mouse genetic background, virus strain, and inocula-
tion dose. Consequently, the models display different degrees 
of disease severity and lung and extrapulmonary pathology, 
making direct comparisons challenging.

Viral vector models. Similar to the model developed to 
study MERS-CoV,129 several groups have used adenoviral and 
adeno-associated virus (AAV) vectors to transduce expression 
of hACE2 into different mouse strains (Table 1).39,47,94,112 A 
significant benefit of using adenovirus and AAV vectors is that 
expression of the gene of interest can be transduced into any 
mouse genetic background. Currently successful transduction 
of hACE2 expression has been accomplished in both BALB/c 
and C57BL/6 mice.39,47,94,112 In addition, some groups have 
transduced hACE2 expression into various knock-out strains, 
allowing the study of a specific gene, pathway, or cell type in 
SARS-CoV-2 infection.47,112

Adenoviral and AAV mouse models of SARS-CoV-2 infec-
tion have many similar clinical features. In all cases, peak virus 
loads are detected between 1 and 2 DPI, and virus is present 
in bronchiolar and alveolar epithelium.39,47,94,112 In addition, 
most mice clear virus between 5 to 7 DPI.47,86,112 Detection of 
virus outside of the lungs is variable, and no disease has been 
reported outside of the respiratory tract.39,47,94,112

Despite a lack of clinical features in most viral vector model 
mice, significant lung pathologic findings are reported consist-
ently. Congestion and inflammation, consisting predominantly 
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of neutrophils and macrophages, are the most common find-
ings.39,47,94,112 Two groups have also reported fibrin deposits 
and occasional hyaline membranes later in infection.39,112 These 
groups were the only ones to note clinical signs. One of these 
groups reported approximately 10% weight loss throughout 
infection,39 while the other reported 20% weight loss in BALB/c 
mice and a smaller but significant amount of weight loss in 
C57BL/6 mice.112 These studies also reported additional clinical 
signs, including hunched posture, ruffled coat, and difficulty 
breathing in both strains.39,112

A few studies have transduced hACE2 transduced into 
several knockout strains to better understand the role of inter-
feron signaling in SARS-CoV-2 pathogenesis.47,112 One study 
found that interferon receptor signaling is essential for virus 
clearance.112 However, another group found that although 
Ifnar1−/− mice do have fewer infiltrating monocytes based on 
flow cytometry and reduced expression of interferon-stimulated 
genes, viral clearance is not significantly accelerated.47 This ef-
fect is not caused by a difference in mouse background, because 
all knockout mice in both studies had a C57BL/6J background. 
However, the different results from these 2 studies may be due 
to the specific genes that were eliminated. Both groups used 
Ifnar1−/− mice, but one also used Stat1−/− and Ifng−/− mice,112 
whereas the other used Irf3−/−/Irf7−/− mice.47 STAT1, IFNγ, 
and IRF3/7 exhibit considerable crosstalk, but each also has 
distinguishing signaling pathways.47,112 In addition, these 
groups used different vectors to express hACE2, with one us-
ing AdV-hACE2, which is highly immunogenic, and the other 
using the less immunogenic AAV9-hACE2.47,112,120 Transduction 
efficiency is tissue- and vector-specific;43 therefore variability in 
tissue distribution, transduction efficiency, and expression level 
may account for the differences noted.

Transgenic hACE2 mouse models. Because both SARS-CoV 
and SARS-CoV-2 use the same receptor for entry into host 
cells, the K18-hACE2 transgenic mouse has also been used 
to study SARS-CoV-2 pathogenesis and to test potential 
therapies (Table 2). One study directly compared AdV-hACE2 
and K18-hACE2 mice and found that overall the K18-hACE2 
model produces more severe clinical symptoms and higher viral 
loads.94 Compared with AdV-hACE2 mice, K18-hACE2 mice 
demonstrate 2- to 3-log (102–103) higher viral load in the lungs, 
although viral replication in pneumocytes and macrophages 
occurs in both models. In addition, the K18-hACE2 mice lose a 
significant amount of body weight, become lethargic, scruffy, 
and hunched, and exhibit labored breathing and occasional 
mortality. In contrast, AdV-hACE2 mice do not show any clinical 
signs but develop worse lung pathology than K18-hACE2 mice. 

However, the main finding of lung inflammation in AdV-hACE2 
mice suggests that the discordance may be due to an immune 
response to the adenovirus vector rather than to SARS-CoV-2 
infection.94

Like the work just described, another group that studied K18-
hACE2 mice found significant weight loss and labored breathing 
and identified virus in pneumocytes and alveolar macrophages, 
confirming that SARS-CoV-2 replicates in appropriate cell types 
in this model.32 The cited study found severe lung pathology, 
inflammatory cell infiltrates, consolidation, alveolar septal 
thickening, fibrin deposits, and edema in the majority of mice. 
In addition, fibrin thrombi and significant neutrophilic inflam-
mation, with a few mice displaying pneumocyte hyperplasia, 
suggestive of significant damage. This discordance in lung 
pathology severity between the two K18-hACE2 studies most 
likely is due to a slightly higher viral load (104 PFU compared 
with 2 × 104 PFU) or potentially a difference in hACE2 expres-
sion.76,86 In either case, the K18-hACE2 mouse model replicates 
key features of lung pathology caused by SARS-CoV-2 in 
humans.32

SARS-CoV replicates well in the brain of K18-hACE2 mice 
and causes significant disease.73,84 Similarly, several studies 
of SARS-CoV-2 infection in K18-hACE2 mice report virus in 
the brain, albeit in the absence of any significant clinical signs 
of neurologic disease.32,94 Peak viral loads in the brains of 
K18-hACE2 mice infected with SARS-CoV-2 occurred several 
days after peaks in the lungs, which also occurs in SARS-CoV, 
suggesting that the virus infects the brain similarly for these 
2 viruses.32,73,84,94 In situ hybridization showed that neurons 
are the main cell type infected in the brain by both SARS-CoV 
and SARS-CoV-2.32,84 One group identified some pathologic 
changes in the brains of these mice at later time points, in-
cluding mononuclear perivascular immune cells, vasculitis, 
microgliosis, and astrogliosis, and in some cases, meningitis, 
although no clinical signs were reported.32 Considering the dif-
ficulty and subtlety of interpreting clinical signs of neurologic 
disease in mice, such effects may have gone unnoticed by the 
investigators. Importantly, one study has reported anosmia in 
K18-hACE2 mice.132 The researchers suggest that the anosmia 
is caused by damage by inflammation to olfactory neurons and 
neuroepithelium rather than by direct viral infection.132 How-
ever, others have hypothesized that anosmia is due to direct 
infection of these cells, suggesting that this model could be used 
to study neuroinvasion of SARS-CoV-2.90 Even though hACE2 
is overexpressed in many tissues, including the brain, and is 
ectopically expressed in cells or regions of tissue that typically 
do not express ACE2, K18-hACE2 mice may be a useful model 

Table 1. Viral vector–induced hACE2 mouse models of COVID-19

Transduction vector Strain background Mouse age Infection dose Virus strain

AdV-hACE239 BALB/c 9 wk 105 FFU intranasally USA_WA1/2020

C57BL/6
AdV-hACE2 under CMV promoter112 BALB/c 6 to 10 wk 105 PFU intranasally CHN/IQTC01/2020

C57BL/6
IFNAR−/− C57BL/6 USA_WA1/2020
STAT−/− C57BL/6

IFNγ−/− C57BL/6
AdV-hACE2 under CMV promoter94 BALB/c 6 wk 106 PFU intranasally USA_WA1/2020

C57BL/6
AAV9-hACE247 C57BL/6 6 to 12 wk 106 PFU intranasally USA_WA1/2020

IFNAR1−/− C57BL/6
IRF3/7−/− C57BL/6
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to study the neuropathogenesis of SARS-CoV-2 infection of 
the CNS and the potential long-term effects on behavior and 
neurologic health.76,86

Because K18-hACE2 transgenic mice develop significant ex-
trapulmonary disease that is not always seen in people infected 
with SARS-CoV-2, other groups have developed transgenic 
mice with hACE2 under the control of more specific promoters 
to study SARS-CoV-2 lung pathology (Table 2).5,49,113 In HFH4-
hACE2 transgenic mice, hACE2 is targeted to ciliated cells.49 The 
majority of these mice do not develop signs of disease, but a 
small subset shows continued weight loss, difficulty breathing, 
and neurologic symptoms. Virus is found in bronchiolar and 
alveolar epithelium, and all mice develop interstitial pneumonia 
with inflammatory cell infiltration and alveolar septal thicken-
ing. In mice that clear the infection, pneumonia begins to abate 
at 5 DPI. In the mice that eventually succumb to infection, virus 
levels in the lung remain high through 7 DPI. Consistent with 
these findings, these mice develop increasingly severe intersti-
tial pneumonia with extensive inflammatory cell infiltration, 
congestion, edema, hyaline membranes, and necrosis. These 
mice also show a significant decrease in circulating lymphocyte 
count in comparison with mice that recover, consistent with 
lethal COVID-19 cases in humans.49,116

In addition to respiratory disease, some mice develop ex-
trapulmonary infection, such as detectable viral RNA in the 
heart, with concomitant mild cardiac edema and necrotic 
cardiomyocytes.49 Further, only mice that develop severe SARS-
CoV-2 disease have virus detectable in the brain and develop 
neurologic symptoms.49 This is consistent with the hypothesis 
that SARS-CoV—and likely SARS-CoV-2 as well—travels to 
the brain transneuronally.84 Transneuronal virus spread from 
the olfactory bulb neurons to neurons in the brain and then 
replication to detectable levels takes longer than it does for the 
virus to move into the lungs in droplets and subsequently infect 
pneumocytes. However, these mice were infected intranasally 
with superphysiologic concentrations of virus in relatively 
high volumes. Furthermore, this high concentration of virus 
introduced directly into the nasal cavity perhaps facilitates 
transneuronal spread from the olfactory bulb. Other hypotheses 
regarding neuroinvasion by SARS-CoV-2 include spread from 
the lungs to the brain via the hematogenous route or via infected 
immune cells trafficking to the brain.65

Similar to previous mouse models of SARS-CoV and MERS-
CoV infection in mice, several groups have developed models 
of SARS-CoV-2 that place hACE2 under the control of the mouse 
Ace2 promoter or that completely replace mAce2 with hACE2 
(Table 2).5,89,113,126 Mice with hACE2 under the control of the 
mAce2 promoter experience mild clinical disease, including 

ruffled fur and peak weight loss (approximately 8% of initial 
body weight) at 5 DPI.5 Virus is detected in the lungs, spe-
cifically in macrophages, alveolar, and bronchiolar epithelium, 
peaking between 1 and 3 DPI and decreasing from 5 to 7 DPI. 
At 3 DPI, mice develop interstitial pneumonia with alveolar 
septal thickening, edema, and inflammatory cell infiltrates that 
include lymphocytes, neutrophils, and macrophages. Pneumo-
nia worsens over time; at 5 DPI, mice develop fibrin deposits, 
increased inflammation, and bronchiolar and alveolar epithelial 
cell necrosis and sloughing. Virus is transiently found in the 
gastrointestinal tract, although gastrointestinal pathology has 
not been reported.5

One group developed a CRISPR/Cas9 knock-in model, in 
which hACE2 completely replaces mAce2 (Table 2).113 Therefore, 
as in the previous model, hACE2 is under the control of the 
mouse Ace2 promoter;5 however, these mice have significantly 
less mAce2 expression. Both 4.5 wk old and 30-wk-old female 
mice have been infected to determine age-related effects on 
SARS-CoV-2 pathology.113 Whereas young mice do not show 
any clinical signs, old mice show significant weight loss (ap-
proximately 10% of their original body weight) by 3 DPI before 
recovering to their original body weight. Similar virus titers are 
detected in the lungs of both young and old mice. Both young 
and old mice develop interstitial pneumonia with inflammatory 
cell infiltrates, alveolar septal thickening, and some vascular 
degeneration, but aged mice develop worse interstitial pneumo-
nia than young mice, with greater macrophage and neutrophil 
infiltration.113

Although significant disease outside of the lungs has not 
been reported in aged mice, viral RNA has been detected in 
their feces, as reported in adult humans.61,122,125 Virus was also 
detected in the brains of these mice, with the S protein of SARS-
CoV-2 identified in neurons, astrocytes, and microglia.32,113 
Although differences in the expression of the receptor were not 
reported, the different methods of generating hACE2 expression 
in these mice probably results in somewhat different levels or 
cellular expression of hACE2 and thus variability in types of cell 
infected. Monocytes and macrophages in the lungs can harbor 
virus,70 although whether this is a result of direct infection or 
because of phagocytosis is unclear. Considering the similarities 
between other tissue macrophages and microglia, microglia may 
also be susceptible to infection by SARS-CoV-2.

Mouse-adapted SARS-CoV-2 mouse models. Mouse adapta-
tion of viruses has been a successful way to study SARS-CoV 
and MERS-CoV.19,26,57,58,96 Consequently, several groups have 
adapted SARS-CoV-2 for mouse infectivity (Table 3). The pri-
mary barrier to using standard inbred mouse strains to study 
SARS-CoV-2 is the inability of clinical (human) SARS-CoV-2 

Table 2. Transgenic hACE2 mouse models of COVID-19

Gene construct Strain background Mouse age Infection dose Virus strain

K18-hACE294 C57BL/6 6 wk 104 PFU intranasally USA_WA1/2020
K18-hACE232 C57BL/6 9 wk 2 × 104 PFU intranasally USA_WA1/2020

2 × 103 PFU intranasally
K18-hACE2132 C57BL/6 7 to 9 wk 103 PFU intranasally USA_WA1/2019

104 PFU intranasally
105 PFU intranasally

mAce2-hACE25 ICR 6 to 11 mo 105 TCID50 intranasally Wuhan/IVDC-HB-01/2020
HFH4-hACE249 C57BL/6 8 to 10 wk 3 × 104 TCID50 intranasally IVCAS 6.7512

CRISPR/Cas9; target mAce2,  
insert hACE2113

C57BL/6 4.5 wk; 30 wk 4 × 105 PFU intranasally Wuhan/AMMS01/2020

TCID50, median tissue culture infectious dose
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isolates to bind to mAce2 for cell entry. Therefore, one group 
used reverse genetics to identify 2 residues in the SARS-CoV-2 
S protein—Q498 and P499—that were predicted to prevent 
close binding with mAce2.22 By changing these residues from 
glutamine and proline to tyrosine and threonine, respectively, 
this mouse-adapted SARS-CoV-2 strain, named SARS-CoV-2-
MA, was able to infect and replicate in mouse lungs. Evaluation 
of SARS-CoV-2-MA in both young and aged mice has revealed 
that whereas young mice do not develop any clinical signs of 
disease and can completely clear virus by 4 DPI, aged mice ex-
perience significant weight loss by 3 to 4 DPI and demonstrate 
slower virus clearance.22

Lung function after infection with SARS-CoV-2-MA has been 
measured via whole-body plethysmography, specifically us-
ing Rpef and PenH. PenH is an indication of airway function, 
measuring resistance to inhalation and exhalation, whereas Rpef 
is measured by determining the ratio of peak expiratory flow 
and time to exhale. An increase in PenH and a decrease in Rpef 
indicates virus-induced lung damage.75 In young mice infected 
with SARS-CoV-2-MA, a minor decrease in lung function as 
measured by a decrease in Rpef and an increase in PenH was 
found. These lung function deficiencies are more pronounced 
in aged mice, consistent with the observation of more severe 
clinical signs in aged mice. On histologic examination, all mice, 
regardless of age, showed inflammatory cell infiltrates with 
congestion and epithelial cell damage. In aged mice, however, 
these changes were more severe, with occasional edema and 
rare hemorrhage. Extrapulmonary pathology or viral replication 
has not been reported.22 Overall, SARS-CoV-2-MA produces 
mild pathology, and severe lung pathology does not develop 
in mouse strains infected with this virus.22,75

To create a more pathogenic mouse-adapted SARS-CoV-2 
strain, the same group passaged SARS-CoV-2-MA intranasally 
in young BALB/c mice.55 After 10 passages, young BALB/c 
mice consistently developed more severe disease after intranasal 
inoculation with the new pathogenic strain, named SARS-CoV-
2-MA10, than with the original SARS-CoV-2-MA strain.22,55 
Intranasal infection with different concentrations of virus 
caused dose-dependent severity of morbidity and mortality. At 
104 PFU, intranasal infection with SARS-CoV-2-MA10 caused 
significant weight loss by 4 DPI (approximately 16% loss from 
initial weight) and a mortality rate of 15% to 20%. Virus was 
detected in airway epithelial cells and alveolar pneumocytes in 
alveoli, but in contrast to humans, was also found in secretory 
club cells. In surviving mice, recovery begins at 5 DPI, with 
infectious virus in the lungs dropping below detectable levels 
by 7 DPI.55

Grossly, lungs showed a variety of changes, including gray, 
brown, or maroon discoloration, with distribution ranging 
from single or multifocal patches centered on lung hilar regions 
to widespread dissemination across all lobes.55 Histopatho-
logic examination of lungs from mice infected with 104 PFU 

SARS-CoV-2-MA10 identified a variety of lesions through-
out the course of the infection, including inflammatory cell 
infiltrates, bronchiolar epithelial degeneration and necrosis 
(not shown), bronchiolar cell hyperplasia, alveolar degenera-
tion and necrosis, and protein and fibrin exudates (Figure 1). 
Congestion, alveolar septal thickening, and occasional hyaline 
membranes were also reported.55 The presence of these patho-
logic features is critical, as they are key findings in humans 
infected with SARS-CoV-2.9,25,38,70,78,101 Infected mouse lungs 
have also been evaluated with both the DAD scoring system 
and the American Thoracic Society’s scoring system for ALI; 
ALI and consequently DAD are common in human autopsy 
cases of COVID-19,9,25,38,78,101 and the representative scoring 
systems provide a more quantifiable metric of disease severity 
for research purposes.71,100,103 Therefore, using both metrics is 
important to determine the pathologic severity of COVID-19 
in mice in a way that reflects human disease. DAD and ALI 
scores are significantly increased in SARS-CoV-2-MA10–infected 
mice throughout the duration of infection, with no signs of 
improvement in either of these scores at the end of the study 
(7 DPI).55 Furthermore, lung function in mice has been tested 
by using whole-body plethysmography (WBP), and, consistent 
with previous work, Rpef and PenH are both altered during 
infection, although to a greater degree after infection with SARS-
CoV-2-MA10 as compared with the original mouse-adapted 
SARS-CoV-2-MA virus.22,55

Neither pathologic changes nor viral proteins have been 
detected in extrapulmonary organs, including the brain, after 
SARS-CoV-2-MA10 infection, although viral RNA has been 
detected at low levels in the heart.55 However, the brain has 
been sampled only at 2 DPI, and given that virus peaks in the 
brain at later time points in other SARS-CoV and SARS-CoV-2 
mouse models, neuroinvasion might have occurred after the 
time of evaluation.32,73,84,94

SARS-CoV-2-MA10 has also been evaluated in aged BALB/c 
mice. For these experiments, a PFU of 103 was used to minimize 
mortality before 7 DPI. With this lower infection dose, aged mice 
developed clinical signs that were similar to those of young 
mice, although aged mice continued to lose weight throughout 
the course of infection, and only 15% of mice survived to 7 DPI. 
In agreement with these findings, virus was not cleared in these 
mice and remained detectable throughout the 7-d experiment. 
In addition, lung histopathology was markedly worse in these 
mice, and they showed more prolonged lung dysfunction.55 This 
pattern replicates the age-dependent exacerbation of disease 
severity seen in older human COVID-19 patients.

Finally, young, age-matched C57BL/6 and BALB/c mice have 
been infected with 104 PFU of SARS-CoV-2-MA10.55 C57BL/6 
mice developed less severe disease than did young BALB/c 
mice, losing approximately 10% of their body weight by 2 to 
3 DPI, in comparison with 16% in young BALB/c mice. In ad-
dition, no mortality occurred in C57BL/6 mice, with all mice 

Table 3. Mouse-adapted SARS-CoV-2 mouse models of COVID-19

Mouse-adapted 
virus Adaptation process

Challenge strain 
background Mouse age Infection dose Original virus strain

MA22 Reverse genetics;  
Q498Y/P499T S protein

BALB/c 10 wk; 1 y 105 PFU intranasally USA_WA1/2020

MA1055 10 intranasal passages in 
10-wk-old BALB/c

BALB/c 10 wk; 1 y 104 PFU intranasally USA_WA1/2020
C57BL/6 10 wk 103 PFU intranasally

IFNR DKO 10 wk
MASCp634 6 intranasal passages in 

9-mo-old BALB/c
BALB/c 6 wk; 9 mo 1.6 × 104 PFU 

intranasally
CHN/Beijing_IME-

BJ05/2020



9

Mouse models of SARS-CoV-2 infection

recovering by 7 DPI. C57BL/6 mice also had less congestion in 
their lungs and lower scores for ALI and DAD. Similar decreases 
in lung function were seen at 3 DPI as measured by WBP, but 
lung function was restored by 5 DPI in C57BL/6 mice, whereas 
young BALB/c mice still had impaired lung function at 7 DPI.55 
These findings indicate that disease severity varies by mouse 
background strain and suggests that host genetics influence 
SARS-CoV-2 susceptibility.

Mouse adaptation of a clinical isolate of SARS-CoV-2 has also 
been achieved through passage in aged mice.34 After 6 passages, 
infection produced virus and pathologic changes in the lungs, 
but no clinical signs were reported, and similar to other studies, 
lung pathology was more severe in aged mice than in young 
mice despite similar viral loads.34,110 However, by 3 DPI, all mice, 
regardless of age, developed interstitial pneumonia, character-
ized by alveolar septal thickening, inflammatory cell infiltrates 
that included dendritic cells, macrophages, and T lymphocytes, 
and epithelial cell death as evidenced by cell sloughing. In addi-
tion, hemorrhage was reported in some severe cases. At 5 DPI, 
evidence of pneumonia resolution consistent with decreasing 
viral loads was reported.34

No extrapulmonary pathology has been observed in these 
mice, although virus was detected in several extrapulmonary 
tissues, including liver, heart, kidney, brain, and gastroin-
testinal tract.34 In addition, virus was found in feces at all 
timepoints measured through 7 DPI, with aged mice showing 
higher virus titers than did young mice. In the liver, heart, 
and intestines, virus titers were similar in young and aged 
mice, with peak virus load detected at 3 DPI. Although virus 
was also detected at early time points in the kidneys of young 
mice, virus was not detected in the kidneys of aged mice. 
In addition, virus was found in the brain, but the dynamics 
diverged in young and aged mice. In young mice, virus was 
found only at 5 DPI and was not detected at earlier or later 
time points.34 This late peak in viral loads in the brain is simi-
lar to that seen in several other mouse models of SARS-CoV 
and SARS-CoV-2.32,73,84,94 However, in aged mice, virus was 
detectable at 3 DPI and levels were steady until the end of the 
study at 7 DPI.34 This evidence highlights the importance of 
age on viral effects in the brain and the potential for increased 
neuropathology in older patients.

Humanized mice and SARS-CoV-2. Several studies of SARS-
CoV-2 infection in humanized mice are underway, with one 
study recently published.119 A previous report showed that 
ectopic human lung transplants can replicate MERS-CoV.118 
One group developed a humanized mouse model of SARS-
CoV-2 by injecting immune-deficient mice subcutaneously with 
human lung tissue.119At 2 DPI, the human lung tissue showed 
pathology similar to that of COVID-19 patients, with DAD, 
fibrin deposits, and pneumocyte damage. The study also tested 
EIDD-2801 as a potential pre- and postinfection therapeutic. 
When given prophylactically, EIDD-2801 was protective against 
robust infection, and after infection, EIDD-2801 significantly 
reduced viral loads.119

The immune responses and pathology found in humans 
would be better replicated by using the same ectopic human 
lung mouse in immunodeficient bone marrow-liver-thymus 
(BLT) mice with humanized bone marrow, liver, and thymus 
than by using a transgenic mouse or by using a mouse-adapted 
virus.92 In addition, pluripotent human stem cells could poten-
tially be injected with human embryonic stem cells that are fated 
to become lungs, resulting in an immune-competent mouse with 
human lungs. Such mice have been developed but have yet to 
be used for studying SARS-CoV-2.83

Working with humanized mice has several drawbacks. They 
are incredibly expensive, time-consuming, and labor-intensive 
to develop. In addition, mice with transplanted tissues first 
must be immunocompromised, and they demonstrate high 
prevalence of graft-versus-host disease, organ rejection, and 
mortality in the development stage. However, working with 
humanized mice may result in improved understanding of 
SARS-CoV-2 pathogenesis that better reflects the disease seen 
in humans.

Summary and Conclusions
Mice are an essential resource for studying various human 

diseases. However, in the case of the highly pathogenic betacoro-
naviruses SARS-CoV, MERS-CoV, and SARS-CoV-2, wild-type 
mice are not an ideal model, because they do not replicate 
these viruses well and consequently do not develop severe 
disease.1,15,17,98,133 Several mouse strains have been developed 
to circumvent this issue. Many of the broad strategies used to 
develop these models had previously been used to develop 
mouse models of SARS and MERS, allowing rapid application 
to SARS-CoV-2 modeling.3,19,26,57,58,73,84,89,96,103,116,126,129 Currently 
available mouse models of SARS-CoV-2 infection presented 
here either induce expression of the human ACE2 receptor or 
adapt the virus to infect mice either by reverse genetics, serial 
passage, or a combination of the 2 methodologies. All of these 
models allow the virus to replicate to levels that cause disease, 
and each model has advantages and disadvantages for studying 
SARS-CoV-2 (Table 4).

As the pandemic has progressed, more variants of SARS-
CoV-2 have emerged. In particular, variants B.1.1.7, B.1.526, 
and B.1.351 contain mutations in the S protein, raising the 
question of whether vaccines will be effective against these 
strains.117 Vaccine breakthrough infections have been reported 
in persons infected with B.1.1.7 and B.1.526.35 Furthermore, 
monoclonal antibody therapy, a treatment that has been effec-
tive at reducing morbidity and mortality in patients infected 
with SARS-CoV-2, has not been effective in patients infected 
with variants B.1.1.7 and B.1.351. This situation is not wholly 
surprising, given that the monoclonal antibodies are directed 
toward specific residues of the S protein of the original SARS-
CoV-2 strain.44 Consequently, studying the variants to better 
characterize vaccine breakthrough and disease caused by these 
variants is essential. Work evaluating these variants is already 
underway using mouse models, with one study showing that 
a bispecific antibody effectively prevents disease and virus 
escape mutations in mice.20 However, to study these variants 
in mice, either mice must be transgenic for hACE2 or induced 
with hACE220 or the variant must be adapted to mice while 
maintaining key mutations. Because the mutations are primarily 
in the S protein, this may be particularly challenging, as changes 
to the S protein occur during mouse adaptation to facilitate 
binding to mAce2.44,63,117

Although essential to the study of human disease patho-
genesis, no animal model will replicate every aspect of human 
disease. With regard to SARS-CoV-2 pathogenesis, mice usually 
do not have the same underlying diseases and comorbidities, 
including cardiovascular disease, obesity, diabetes, and chronic 
lung disease, as do many patients with severe COVID-19;27 
using mouse models to evaluate the effect of SARS-CoV-2 
infection in the context of many of these underlying diseases 
and comorbidities is underway. In addition, sex-associated dif-
ferences between male and female COVID-19 patients are less 
clear in mouse models. Differences in disease outcome related 
to sex have either not been mentioned or found in the mouse 
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studies currently published,49 with the exception of one study 
in which female mice were reported to experience higher rates 
of morbidity and mortality than did male mice.32 The lack of 
reported sex differences in mice may be due to experimental 
factors such as small study numbers, or inability to specifically 
evaluate the effect of sex because only a single sex was used. 
Another possibility is that the sex disparities observed in in-
fected humans are unique to primates. In addition, patients with 
chronic SARS-CoV-2–related ARDS who are on a ventilator will 
have very different lung pathophysiology and resulting histo-
pathologic changes than will a mouse that died within a week 
of SARS-CoV-2 infection. Although many of the mouse models 
can replicate age-dependent severity as occurs in humans, the 
pathology seen in these models will not replicate every aspect 
of human pathology.

Current mouse models are a powerful tool to study acute 
viral infection and how SARS-CoV-2 infection causes disease in 
lung and extrapulmonary organs and can also be used to study 
chronic effects of SARS-CoV-2 infection, although no such studies 
have yet been published. Infecting mice that model other human 
diseases, such as heart disease, diabetes, and Alzheimer disease, 
with SARS-CoV-2 may be informative for understanding the 
complex interplay between the virus and chronic underlying 
diseases in humans. Although mouse models, like any animal 
model, cannot replicate every aspect of human disease, they 
nonetheless allow the scientific interrogation of critical pathways 
of SARS-CoV-2 pathogenesis and have already proven effective 
in identifying effective therapeutics and vaccines.
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