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Although there is not a deep history of pre-
clinical studies on this novel coronavirus 
to draw on, the preclinical work carried 

out on the closely-related virus SARS-CoV (which 
caused the SARS pandemic in 2003) provides a 
foundation that may yield useful insights into ani-
mal models for COVID-19 studies. The two coro-
naviruses share important characteristics; for 
instance, both are zoonotic coronaviruses that 
crossed the species barrier and, for both viruses, 
entry into human cells requires binding of viral 
spike (S) proteins to human cell receptors and the 
priming of S proteins by host cell proteases. Given 
such similarities, the animal models developed for 
SARS-CoV research may serve as a viable starting 
point for SARS-CoV-2 studies.  

The race is on to stem the tide of the current 
pandemic by identifying effective approaches to 
treat and prevent COVID-19. Can mouse models 
help researchers cross the finish line? A review of 
the challenges associated with virus research and 
the effective use of mouse models in SARS-CoV 
research following the 2003 SARS pandemic, 
reveals the potential utility of both genetically-
engineered mouse models as well as standard labo-
ratory mice in COVID-19 studies.  

The virus dilemma 
The nature of viruses creates challenges for pre-
clinical investigators in search of relevant animal 
models for COVID-19 studies. Many viruses can 
only establish infection in a narrow range of 
species; as such, a virus that is able to infect 
humans may not have the same capacity to infect 
mice, and vice versa. This species specificity is 
often a function of the protein-protein interactions 
between the surface of the virus and that of the 
host cell. The virus relies on interactions with 
receptors (or ‘docking stations’) for entering the 
host cell and establishing infection. If the host cell 
does not carry a protein on its surface to which the 
virus can bind, then it is not susceptible to infec-
tion by that strain of virus. This is precisely the 
case with both SARS-CoV and SARS-CoV-2; viral 
spike protein binds the mouse and rat angiotensin 
I converting enzyme 2 (ACE2) receptor versions 
with lower affinity compared to human ACE2, 
and thus lab animals have limited viral replication 
and spontaneously clear infection soon after expo-
sure1-3. 

Though humans and mice share many of the 
same genes, many challenges exist when attempt-
ing to develop a mouse model that mimics the 
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human response to a virus, some of which are 
related to the unique characteristics of the virus.  

 
l The mouse model may not possess the same 
receptor protein as found in humans. 
l The mouse protein may not be expressed on the 
same cells in the same patterns as seen in humans. 
l The virus may be able to use the human version 
of the protein as its docking station but may be 
unable to use the mouse version of the same pro-
tein as effectively due to sequence differences 
which reduce binding affinity.  
l Differences between the mouse and human 
immune system can make modelling the human 
immune response to infection challenging. 

 
Models developed for the study of SARS-CoV 

after the SARS pandemic and to study the MERS 
virus (MERS-CoV) sought to overcome limitations 
like these, and a number of those models appear to 
have utility in COVID-19 studies: ACE2 models 
(both knockout and humanised), humanised 
dipeptidyl peptidase 4 (DPP4) mice and transmem-
brane serine protease 2 (TMPRSS2) knockout 
mice. Of particular relevance, multiple recent pub-
lications have noted that SARS-CoV-2 uses the 
SARS-CoV receptor ACE2 for cellular entry and 
the serine protease TMPRSS2 for S protein prim-
ing4-6 and a recent paper postulates that the MERS 
receptor DPP4 may serve as a co-receptor for 
SARS-CoV-2 viral entry based on projected high 
binding affinity to the spike protein7.  

Other transgenic and standard strains may help 
elucidate the connections between the higher mor-
tality rate seen in older COVID-19 patients as well 
as an intriguing potential connection between 
APOE genotype and disease severity. 

 
The ACE2 connection 
Research on SARS and acute respiratory distress 
syndrome (ARDS) – a severe complication of 
COVID-19, particularly among those fatally 
infected8 – has revealed a connection between 
these conditions and the ACE2 receptor. Both 
SARS-CoV and SARS-CoV-2 possess spike (S) pro-
teins on the surface of their outer coat, which bind 
with high affinity to the human ACE2 protein. The 
ACE2 protein is expressed on the surface of cells in 
the human respiratory tract and gut9, and binding 
of the viral spike to ACE2 facilitates entry into 
human cells for both viruses. This finding forms 
the basis, in part, for applying ACE2 mouse mod-
els to studies of both SARS and COVID-19.  

Following the SARS-CoV 2003 outbreak, sever-
al genetically-engineered mouse models were 

developed and employed to study SARS and 
ARDS, including transgenic models in which the 
human version of the ACE2 receptor protein is pre-
sent and knockout models deficient for ACE2. The 
findings of these studies show the utility of ACE2 
mouse models in investigating the role of ACE2 in 
SARS CoV infections and the possibility that this 
protein may be a suitable therapeutic target for the 
COVID-19 virus. 

Experiments in ACE2 knockout mice provided 
crucial evidence that ACE2 was the key receptor 
for SARS-CoV. Following SARS-CoV exposure, 
wild type mice supported viral replication and 
demonstrated mild lung pathology, whereas ACE2 
knockout mice displayed reduced lung pathology 
and generated only very low levels of infectious 
virus in the lungs10. The lower affinity of SARS-
CoV for mouse ACE2 limited the severity of infec-
tion in wild type mice and spurred generations of 

Young BALB/c (top), C57BL/6 
(above) and 129S6 mice have 
been demonstrated to support 
replication of the SARS-CoV 
virus and, in combination with 
mouse-adapted SARS-CoV-2 
viruses, may be useful to study 
disease pathogenesis as well as 
in the development of COVID-
19 therapeutics or vaccines
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transgenic mice expressing human ACE2 to serve 
as hosts permissive for infection. Such hACE2 mice 
supported high viral replication and developed sig-
nificant clinical illness and mortality after infection 
with SARS-CoV, in contrast to wild type mice11.  

Beyond serving as a receptor for SARS-CoV, 
ACE2 is an essential protective function in acute 
lung injury. ACE2 deficient mice were susceptible 
to more severe lung injuries compared to wild type 
mice in several different acute lung injury models. 
Treatment with catalytically-active recombinant 
ACE2 protein decreased the level of acute lung 
injury in both the wild type and ACE2 knockout 
mice12. Binding of SARS-CoV viral spike protein 
to ACE2 resulted in downregulation of surface 
ACE2 expression, directly impacting the develop-
ment of lung failure following viral infection9.  

Despite the encouraging findings of studies con-
ducted soon after the 2003 SARS outbreak, once 
the immediate danger had passed, interest in study-
ing the virus waned. Subsequently, humanised 
ACE2 mice (hACE2) were no longer actively used 
and they were moved into a cryopreserved state 
where they remained until quite recently. As soon as 
it became apparent that COVID-19 posed a signif-
icant global health threat, many labs recognised the 
potential application of these hACE2 models in 
COVID-19 research and began recovering these 
lines in preparation to establish live breeding 
colonies and produce study cohorts of hACE2 mice.  

Though investigatory work on COVID-19 is in 
the early stages, one recent study published in 
Nature in May 2020 found that transgenic mice 
expressing human ACE2 developed weight loss 
and interstitial pneumonia following SARS-CoV-2 
infection, with the same results not observed in 
wild type mice infected with the virus3. Findings 
such as these demonstrate that ACE2 is an exciting 
target of research for COVID-19 and ARDS. In 
particular, transgenic mice expressing human 
ACE2 will play an essential role in basic research 
on COVID-19 as well as evaluation of therapeutics 
and vaccines.  

 
The role of TMPRSS2  
Once the SARS S protein binds to the ACE2 recep-
tor, it is further primed by TMPRSS2. TMPRSS2 is 
expressed in human epithelial tissues, including 
those found in the lining of the lungs, bronchi and 
upper respiratory airways13. In SARS research, 
TMPRSS2 knockout mice have demonstrated that 
TMPRSS2 plays a role in SARS-CoV entry into 
cells, suggesting that the inhibition of TMPRSS2 
may be an effective therapeutic against SARS-CoV-
2 infections. 

In one study, TMPRSS2 knockout mice infected 
with a mouse-adapted SARS-CoV strain exhibited 
only weak pro-inflammatory responses and no 
weight loss, whereas wild type mice developed 
signs of acute pneumonia and weight loss. In the 
knockout model, the loss of TMPRSS2 inhibited 
viral infection in several ways: it restricted the pri-
mary sites of viral infection within the lungs, 
diminished viral replication and dissemination, 
and was associated with less severe immunopathol-
ogy compared to the wild type mice. Such results 
demonstrate the role of TMPRSS2 in the spread of 
SARS-CoV within the airways of infected mice and 
the subsequent pulmonary pathology and systemic 
immunopathology14.  

 
hDPP4 is the MERS receptor – does  
it also play a role in COVID-19? 
Middle Eastern Respiratory Syndrome (MERS) is 
caused by a coronavirus called MERS-CoV which 
is related to SARS-CoV-2. Like the viruses which 
cause SARS and COVID-19, MERS-CoV spike 
protein binds to a human cell surface receptor (in 
this case DPP4) to facilitate entry. Until recently, it 
was not thought that DPP4 played a role in 
COVID-19, but modelling using information from 
crystal structures identified DPP4 as a potential co-
receptor for SARS-CoV-27. DPP4 may help facili-
tate entry into cells upon binding by the viral spike 
protein. Mouse DPP4 is not permissive for MERS 
infection, so mice expressing the human version 
were developed to facilitate studies of that dis-
ease15. Those mice may now assist investigations 
into what role DPP4 plays in SARS-CoV-2 infec-
tion.  

 
Does APOE genotype impact  
COVID-19 severity? 
Apolipoprotein (APOE) is a protein involved in 
cholesterol transport. The human population has 
three variants of this gene: E2, E3 and E4, the lat-
ter associated with atherosclerosis and Alzheimer’s 
Disease. APOE also plays an important 
immunomodulatory role and is implicated in some 
viral infections. APOE*4 is associated with height-
ened susceptibility to inflammation compared to 
APOE*2 and APOE*3 in both mice and humans. 
A recent publication identified that the E4 allele 
may be associated with risk of more severe 
COVID-19 infection and clinical outcomes com-
pared to the E3 allele16. With information emerg-
ing on the host inflammatory response to COVID-
19 and vascular involvement, this connection is 
intriguing and needs more study. Luckily, mice 
which carry each of the three human alleles in 

References 
1 Li, W, Greenough, TC, 
Moore, MJ et al. Efficient 
replication of severe acute 
respiratory syndrome 
coronavirus in mouse cells is 
limited by murine angiotensin-
converting enzyme 2. J Virol. 
2004;78(20):11429 11433. 
doi:10.1128/JVI.78.20.11429-
11433.2004. 
2 Wan, Y, Shang, J, Graham, R, 
Baric, RS, Li, F. Receptor 
Recognition by the Novel 
Coronavirus from Wuhan: an 
Analysis Based on Decade-
Long Structural Studies of 
SARS Coronavirus. J Virol. 
2020;94(7): e00127-20. 
Published 2020 Mar 17. 
doi:10.1128/JVI.00127-20. 
3 Bao, L, Deng, W, Huang, B et 
al. The pathogenicity of SARS-
CoV-2 in hACE2 transgenic 
mice [published online ahead 
of print, 2020 May 7]. Nature. 
2020;10.1038/s41586-020-
2312-y. doi:10.1038/s41586-
020-2312-y. 
4 Hoffmann, M, Kleine-Weber, 
H, Schroeder, S et al. SARS-
CoV-2 Cell Entry Depends on 
ACE2 and TMPRSS2 and Is 
Blocked by a Clinically Proven 
Protease Inhibitor. Cell. 
2020;181(2):271 280.e8. 
doi:10.1016/j.cell.2020.02.052. 
5 Shang, J, Ye, G, Shi, K et al. 
Structural basis of receptor 
recognition by SARS-CoV-2. 
Nature. 2020;581(7807): 221 
224. doi:10.1038/s41586-020-
2179-y. 
6 Yan, R, Zhang ,Y, Li, Y, Xia, L, 
Guo, Y, Zhou, Q. Structural 
basis for the recognition of 
SARS-CoV-2 by full-length 
human ACE2. Science. 
2020;367(6485):1444 1448. 
doi:10.1126/science.abb2762. 
7 Li, Y, Zhang, Z, Yang, L et al. 
The MERS-CoV Receptor 
DPP4 as a Candidate Binding 
Target of the SARS-CoV-2 
Spike [published online ahead 
of print, 2020 May 13]. 
iScience. 2020;23(6):101160. 
doi:10.1016/j.isci.2020.101160. 
 
 
 
 
 
 
 

Continued on page 47



Drug Discovery World Summer 2020 47

COVID-19

place of the mouse gene are readily available and 
may contribute to this line of inquiry.  

 
Standard mouse strains also relevant 
While various transgenic models will play a central 
role in COVID-19 studies, several inbred mouse 
strains previously used in SARS research may also 
have utility in studying the novel coronavirus. 
Young BALB/c, C57BL/6 and 129S6 mice have 
been demonstrated to support replication of the 
SARS-CoV virus17 and, in combination with 
mouse-adapted SARS-CoV-2 viruses, may be use-
ful to study disease pathogenesis as well as in the 
development of COVID-19 therapeutics or vac-
cines. Following infection with mouse-adapted 
SARS-CoV-2, more severe disease was seen in aged 
BALB/c mice (aged 9-12 months) compared to 
young mice18,19. Inbred mouse strains are widely 
available, and these experimental systems could 
serve a role in modelling the age-related differences 
in mortality seen in human COVID-19 patients. 
Additionally, since C57BL/6 mice have been used 
in various models of acute lung injury, they may 
provide utility in studies on potential therapies for 
ARDS, a severe complication of COVID-19.  

 
Modeling human immune  
responses in a mouse 
Availability of a COVID-19 vaccine is viewed as 
critical to avoiding a resurgence that would jeopar-
dise human health, overwhelm healthcare systems 
and further impact global economies. Many 
COVID-19 vaccine candidates are under investiga-
tion, some already in clinical trials. Yet a signifi-
cant challenge in vaccine development is the fact 
that the antigens presented to the immune system 
by major histocompatibility complex (MHC) pro-
teins – called human leukocyte antigen (HLA) in 
humans – differ greatly between species. Mice that 
carry human HLA genes model human response to 
epitope-based vaccines more faithfully than wild 
type mice or even non-human primates, so these 
models may aid in COVID-19 vaccine discovery 
work. Additionally, mice engrafted with human 
immune cells may be useful in studying the 
immune system’s response to both infection as well 
as COVID-19 vaccine candidates. In fact, immun-
odeficient NOG mice engrafted with human 
peripheral blood mononuclear cells already have 
been used to study SARS vaccine response.  

 
What’s next? 
While mouse models previously used to study 
SARS-CoV can assist in jump-starting COVID-19 
research, before these models can be applied to 

SARS-CoV-2 they must be appropriately validated 
and adequately scaled. Simply inserting a relevant 
human gene into the genome of a mouse does not 
ensure the resulting line will be a model of viral 
infection that provides value to investigators. It is 
possible the human gene inserted into the mouse 
genome is insufficiently expressed or not expressed 
in the prime target cells accessible to the virus 
(such as the epithelium of the respiratory airways 
in the case of COVID-19). Even if gene expression 
is targeted and sufficient, the human protein is nev-
ertheless inserted into the cellular environment of a 
mouse, which poses limitations.  

The validation process ensures that the genetic 
modification produces the desired physiological 
results in the mouse. Validation experiments can be 
rigorous to carry out; in the case of a highly conta-
gious and virulent virus like COVID-19, many 
such experiments must be conducted using spe-
cialised lab infrastructure and procedures imple-
mented by highly-trained staff, which may not be 
accessible on a widespread basis. While these steps 
impact the timeline for research deemed highly 
urgent, they are nonetheless vital to establishing 
that the model is relevant and suitable for the 
research objective. 

Whether the model recapitulates the disease 
pathology faithfully is another consideration. 
While this is always a critical factor, it is particu-
larly so in diseases for which symptoms may be 
caused or exacerbated by the host’s immune 
response, as is the case with some of the severe 
manifestations of COVID-19. Even if the human 
ACE2 protein facilitates entry of the coronavirus 
into the mouse cells, hACE2 mice may not mani-
fest the full range of disease as seen in humans, 
since some SARS-CoV-2 complications seem to be 
elicited by the host immune response to the virus. 
Thus, individual mouse models may only have util-
ity for study of specific disease aspects, and a wide 
range of models may be required to truly under-
stand COVID-19. 

While many useful models exist today, undoubt-
edly new models are still needed to advance 
COVID-19 research. A variety of genetic engineer-
ing technologies are at the disposal of model gener-
ation companies, each with different considerations 
and timelines. A relatively simple model in which a 
human gene is randomly inserted into the mouse 
genome might require a four- to five-month time-
line for model design and generation. A similar 
timeline would apply in using CRISPR/Cas-9 to 
make targeted modifications to the murine version 
of the gene, for instance, to make the ACE2 protein 
more human-like. More complex modifications, 
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such as inserting either an entire human gene into a 
specific target in the mouse genome, would require 
upwards of 15-18 months for model design and 
generation, plus additional time for breeding scale-
up.  

Mouse models have played a vital role in infec-
tious disease research as a whole and in advancing 
investigators’ understanding of the SARS-CoV 
virus following the 2003 outbreak. Preclinical 
studies conducted with humanised ACE2 mice and 
knockouts of ACE2 and TMPRSS2 have helped 
elucidate the pathogenesis of SARS-CoV, to which 
the virus that causes COVID-19 is closely related. 
Additionally, several inbred mouse strains have 
been used in SARS research and may have great 
utility for modelling SARS-CoV-2 now that mouse-
adapted viruses have been generated. As investiga-
tors work rapidly to develop and test COVID-19 
therapeutics and vaccines, mouse models will be 
critical tools in this race.                              DDW 
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