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The Preclinical Working Group of Accelerating COVID-19 Therapeutic Interventions and Vaccines (ACTIV), a
public-private partnership spearheaded by the National Institutes of Health, has been charged with identifying, prioritizing, and communicating SARS-CoV-2 preclinical resources. Reviewing SARS-CoV-2 animal
model data facilitates standardization and harmonization and informs knowledge gaps and prioritization of
limited resources. To date, mouse, hamster, ferret, guinea pig, and non-human primates have been investigated. Several species are permissive for SARS-CoV-2 replication, often exhibiting mild disease with resolution, reflecting most human COVID-19 cases. More severe disease develops in a few models, some associated with advanced age, a risk factor for human disease. This review provides a snapshot that recommends
the suitability of models for testing vaccines and therapeutics, which may evolve as our understanding of
COVID-19 disease biology improves. COVID-19 is a complex disease, and individual models recapitulate
certain aspects of disease; therefore, the coordination and assessment of animal models is imperative.
INTRODUCTION
COVID-19 took the world by surprise. While the disease spread
around the globe, no vaccines or drugs were available to ameliorate its effects. As a result, the National Institutes of Health (NIH)
and the Foundation for the NIH (FNIH) established the Accelerating COVID-19 Therapeutic Innovations and Vaccines (ACTIV)
partnership in April 2020 comprised of experts in the fields of
virology, public health, vaccine and drug development. This public-private partnership brings together industry, academic and
government stakeholders in an unprecedented collaboration to
share information and resources to impact the trajectory of the
pandemic. There are four working groups: Preclinical, Clinical
Therapeutics, Clinical Trial Capacity and Vaccines (Collins and
Stoffels, 2020; NIH, 2020).
The Preclinical Working Group (WG) was charged ‘‘to standardize and share preclinical evaluation resources and methods
and accelerate testing of candidate therapies and vaccines to
support entry into clinical trials’’ (Collins and Stoffels, 2020). Under normal circumstances, the response to emerging pathogens
is a methodical linear progression of in vitro, in vivo, and clinical
studies, yet the urgency of the response to the current pandemic
requires these activities to be carried out in parallel. Prior experience with other coronaviruses, both in vitro and in vivo models,
provides a guiding foundation for current research and effectively enables interventions to the disease. ACTIV’s recommendations on accelerating preclinical in vitro studies are described
in the accompanying manuscript (Grobler et al., 2020).

Animal models help us not only to understand the pathogenesis
and mechanisms of SARS-CoV-2 disease biology but also to
elucidate aspects of pharmacology, toxicology, and immunology
of the therapeutic and vaccine strategies. These data may provide
confidence that the products being developed can prevent or treat
disease; however, no single animal model fully recapitulates human COVID-19 disease. While there is no substitute for randomized controlled clinical trials, there are great advantages to adjunctive research in animal models to explore in-depth mechanisms,
immunology/pharmacology, and vaccine or therapeutic efficacy
as well as to discover biomarkers that may be useful in the clinic
and to ensure the safety of the candidates in humans. Understanding the pharmacokinetic/pharmacodynamic relationships such
that effective and safe doses can be extrapolated from in vitro antiviral activity, preclinical pharmacokinetics, toxicology, and clinical
modeling (FDA, 2020) can allow compounds to proceed into clinical testing without necessarily demonstrating efficacy in an animal model. Although animal model data may not be required to
advance to the clinic, it can provide useful comparison data, which
is especially informative in a pandemic.
The selection of appropriate animal models of infection, disease manifestation, and efficacy measurements is important
for vaccines and therapeutics to be compared under ACTIV’s
umbrella using Master Protocols with standardized endpoints
and assay readouts. Models of SARS-CoV-2 infection include
mice (ACE2 transgenic strains, mouse adapted virus, and AAV
transduced ACE2 mice), hamsters, rats, ferrets, and non-human
primates (NHPs).
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The urgency of the need to coordinate efforts to reduce duplication and cycle times also necessitated an assessment of supply and demand. Specifically, resource optimization of all the
models—but particularly that of the NHPs—and priority setting
of experimental therapeutic and vaccine interventions was
immediately warranted. The National Primate Research Centers
(NPRCs), established 60 years ago with funding from the NIH,
serve as a major resource in this effort to provide NHP expertise,
models for human diseases, and NHP resources to NIH and
other investigators (www.nprcresearch.org). Similarly, NIHfunded mouse repositories stand ready to supply mice to the
broader scientific community for research and testing. The ACTIV Preclinical WG efforts are facilitating a coordinated effort of
the seven NPRCs, which work together as a consortium to
assure the highest degree of rigor and ethics and to manage
the relative paucity of available primates and NPRC-ABLS3 facilities in which to perform SARS-CoV-2 in vivo research. The
NPRCs are playing a major role in ACTIV, although the animal
models in our assessment are not restricted to the NPRCs or
those available through NIH-sponsored repositories.
Beyond ACTIV, Operation Warp Speed (OWS) is the US government’s effort to make 300 million doses of vaccine available
by January 2021 (HHS, 2020). OWS is also making use of master
protocols, and ACTIV and OWS are sharing information around
protocols being developed. OWS plans to perform animal model
testing at contract research organizations under contract to the
Biodefense Advanced Research & Development Authority
(BARDA) and NIAID as well as government labs in the Department of Defense. Coordinating protocols and plans between ACTIV and OWS for the supply of non-human primates is critical to
the success of all pandemic-related efforts.
The ACTIV Preclinical WG aims to assess the status and applicability of all animal models that are under development and to
share information in real time, including taking inventory of the resources and annotating the salient features of the models, establishing a data collection tool to assess the status and applicability,
highlighting the gaps in effort and knowledge, and suggesting
redirection to fill the gaps. This initial publication describes the
current status of animal models as determined from the available
data in the inventory. As features of the COVID-19 disease are
described—for example, the rare but serious multisystem inflammatory syndrome in children (MIS-C) (Rowley, 2020) —new animal models can help address these complications, ideally in a coordinated fashion to accelerate our understanding. Additional
animal model data are welcomed, particularly to address gaps
in our knowledge, and we will describe how members of the scientific and medical community can submit data for inclusion.
HUMAN DISEASE
It is appropriate to understand the course of human infections in
order to model disease in animals; therefore, we present a summary of human disease first. Since the outbreak began in China,
some of the earliest and most cited publications report numerous
cases from China (Chauhan, 2020; Huang et al., 2020; Wu and
McGoogan, 2020). COVID-19 is characterized by phases of
increasing severity, generally described as asymptomatic, mild,
moderate, or severe disease. Mild disease includes general
symptoms such as fever, fatigue, cough, headache, diarrhea,

sore throat, congestion, muscle or body aches, and/or vomiting;
loss of sense of smell and/or taste and a dry, non-productive
cough are more pathognomonic of COVID-19. Moderate disease
is characterized by mild pneumonia, shortness of breath, and/or
pressure in the chest. Severe symptoms include difficulty breathing, bluish lips, inability to stay awake, confusion, acute respiratory distress, septic shock, and/or multi-organ failure which may
lead to death. The median time from symptom onset to pneumonia is about 5 days and to severe hypoxemia is 7 to 12 days
(Chauhan, 2020). Progression to severe disease is associated
with advanced age and/or comorbidities (Wang et al., 2020).
Siddiqi and Mehra (Siddiqi and Mehra, 2020) noted that the
progression of disease was associated with transition from an
antiviral response to an inflammatory response. Garcı́a (2020)
posits that responses at various immunological checkpoints
determine the course of disease, to include relatively weak stimulation of innate immune responses, adaptive antibody and T cell
responses, and potentially strong activation of proinflammatory
chemokines. Garcia urges increased monitoring of immunological responses to better understand the checkpoints that prevent
progression of or promote disease severity, noting that much of
what we understand comes from comparing immunological findings in moderate and severe cases, with few reports following
asymptomatic or mild cases. Finally, Ziegler et al. (2020) recently
described regulation of ACE2 cell surface expression in upper
airway cells by IFN-a with significant upregulation in humans
and NHPs, but not in mice. This highlights the need to further understand the risk/benefit of antiviral or IFN therapy treatments in
infected humans. Further understanding of this dynamic is critical to balancing the immune response and efficacious treatments (Ziegler et al., 2020).
Descriptions of viral loads determined by PCR in clinical infections note that respiratory viral loads (sputum or nasopharyngeal
swabs) were significantly higher, peaked later, and were detected
longer in severe than mild infections (Liu et al., 2020b; Zheng et al.,
2020). While virus could be detected for longer periods from stool
samples, there was not a difference between mild and severe disease (Zheng et al., 2020). A larger study of hospitalized cases
demonstrated that viral load detected by PCR from nasopharyngeal swabs was a significant predictor of mortality, with mean
log10 viral loads of 5.2 copies per mL for survivors versus 6.4
copies per mL for those who died (Pujadas et al., 2020).
Gulati and colleagues published a comprehensive review of
coronavirus disease, comparing SARS-CoV, MERS-CoV and
SARS-CoV-2, focusing not just on pulmonary disease but encompassing other organ systems as well: cardiovascular, hepatobiliary, gastrointestinal, renal, neurologic, musculocutaneous,
and hematologic (Gulati et al., 2020). The COVID-19 reports
were retrospective, clinicopathologic, or case reports and
generally noted increased frequency of extrapulmonary involvement with more severe disease (ICU) and comorbidities. Dyspnea is predictive of ICU admission, and many patients exhibited
abnormal chest-computed tomography, predominantly ground
glass opacities. Histopathology demonstrated interstitial fibrosis
and inflammatory infiltrates. Severe disease requiring intensive
care was associated with lymphopenia, leukocytosis, and neutrophilia and with increases in alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase, total bilirubin,
creatinine, creatinine kinase, blood urea nitrogen, troponin-I,
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and D-dimer (Gulati et al., 2020). These extrapulmonary organ
systems are not well understood in most animal models; hence,
the primary endpoints of animal models have been testing of viral
load and immune and inflammatory responses.

ing early (day 3) pulmonary histological changes; they therefore
are not the best model of disease (Dick Bowen, personal
communication).
SMALL ANIMAL MODELS

CURRENT STATUS OF ANIMAL MODELS FOR COVID-19
RESEARCH
No single animal model has ever been predictive of human infection or exactly modeled it. Human infection happens by chance,
and very little is known about how long a person needs to be in
contact with the pathogen or how much pathogen is needed
prior to symptoms presenting. For animal models to be useful,
we need to identify the most reproducible methods for challenge
that lead to infection and symptoms that emulate those seen in
humans. Host tropism for viruses is complicated by the need
for host factors to facilitate virus entry and replication, the host’s
immune response, and pathways by which viruses evade immune responses (Douam et al., 2015). Models for the closely
related SARS-CoV and MERS-CoV viruses have paved the
way for SARS-CoV-2 infection and pathogenesis studies and
have bolstered expertise in studying coronavirus vaccines and
therapeutics. Angiotensin-converting enzyme 2, or ACE2, was
discovered as the receptor for SARS-CoV and has proven to
be the receptor for SARS-CoV-2 as well (Zhou et al., 2020b).
Phylogenetic comparisons of ACE2 proteins allowed for predictions of species that are susceptible to SARS-CoV-2 infection
(Liu et al., 2020a; Luan et al., 2020; Qiu et al., 2020; Wan et al.,
2020), as ACE2 is a key determinant of infectivity (Liu
et al., 2020a).
Mice have mismatched ACE2 receptors, and two approaches
have been used to solve this problem: 1) mice that express the
human ACE2 receptor; and 2) a SARS-CoV-2 strain that is adapted to recognize the murine ACE2 receptor. Although both approaches provide a way to model COVID-19 infection in mice,
neither is a perfect substitute for human infection. The goal for
animal models is to understand and/or provide the most accurate and complete predictor of results in a variety of human clinical settings.
At this time, there are several models for SARS-CoV-2 in
development (Table 1). NHP models are traditionally considered
the most translational models to humans. NHPs bear close similarities to human genetic, neurological, cognitive, physiological,
reproductive, anatomical, and immunological systems. Their
susceptibility to most human pathogens is not surprising; they
are therefore models for many of the most intractable acute
and persistent pathogens. Their size and longevity make them
excellent models for pathogenesis, allowing repeated sampling
and imaging in vivo for longitudinal studies. However, their
limited supply in the face of numerous drug and vaccine candidates makes them an even more precious resource. It is therefore imperative to prioritize agents to be tested by demonstrating
tolerability and efficacy in smaller mammalian models: mice,
hamsters, and ferrets are currently the small animal species of
choice. Small animal models are presented first as the tractable
models used in early discovery and development. Mice and
hamsters predominate, given that there are many choices that
are becoming available. Guinea pigs do not appear to be productively infected, as virus cannot be detected despite present648 Cell Host & Microbe 28, November 11, 2020

Mice
Mice hold a prominent position in disease research. Their small
size, ease of use, rapid breeding, and ability to be inbred as
well as readily genetically modified have made the mouse the
go-to model in biomedical research. Mice can be used to rapidly
screen vaccines, antivirals, and other therapeutics in a relatively
high-throughput, pipeline approach. There are several mouse
models for SARS-CoV-2 infection listed in Table 1, each with advantages and limitations. It bears emphasizing that mouse
models that are not available from public repositories or commercial vendors cannot be scaled effectively to meet the high
demand for animals and supply the high throughput needs of
the community. Those models that remain in private labs, no
matter how good they may be, will be of limited value to the
large-scale efforts needed to evaluate the many vaccines, antivirals, and other therapeutics being investigated for the pandemic
response, unless they are made available through commercial
suppliers or repositories.
The use of the standard laboratory mouse for infection of
SARS-CoV and SARS-CoV-2 has been limited due to amino
acid differences in the ACE2 receptor between mouse and humans that result in reduced susceptibility to infection in this
model. Older BALB/c mice are more susceptible to infection,
but the infectivity is still modest, and the requirement of an
aged animal can be a significant disadvantage in screening therapeutics (Roberts et al., 2005a; Vogel et al., 2007). One solution
to the lack of infectivity in laboratory mice is to use an adapted
virus in which multiple passages/or and selected mutations in
the virus make the mice more susceptible to infection. A recent
publication demonstrated a mouse adapted virus Q498T/
P499Y that was not only able to readily infect mice but was
used to demonstrate the effectiveness of neutralizing antibodies
to reduce viral replication in vivo (Li et al., 2020). A second solution to the lack of infectivity in common laboratory mice is to express the human ACE2 gene (hACE2), either by viral transduction
or genetic engineering. Two labs have used adenovirus transduction to express human ACE2 in the lungs of mice, resulting
in mild disease noted by viral replication and weight loss; this
could be ameliorated by neutralizing monoclonal antibodies
(Hassan et al., 2020) or antivirals and convalescent sera (Sun
et al., 2020a).
Several transgenic mouse models carrying the human ACE2
gene were created to study SARS-CoV infection. Five transgenic
models currently exist and are rapidly being assessed for their
use in the study of COVID-19. The first model is a transgenic
mouse developed in China by Chuan Qin in which the human
ACE2 cDNA is under the control of the mouse ACE2 promoter
ICR-Tg(Ace2-ACE2)1Cqin/J. SARS-CoV-2 infection in these
mice leads to weight loss and virus replication in lung with histopathology indicative of interstitial pneumonia. SARS-CoV and
SARS-CoV-2 cause mild disease, and no death was reported
in this model (Bao et al., 2020b). A second model, developed
by Clarence Peters in 2007, employed another transgenic

Antivirals

Disease Manifestation &
Pathology

Extent of Disease

TBD

TBD

U

Lung lesions; interstitial
pneumonia; weight
loss;
varied death and
recovery

Mild to severe

U

Lung lesions; interstitial
pneumonia; weight
loss; death

Severe

U

Lung lesions; interstitial
pneumonia; recovery

Mild

U

U

Lung lesions; interstitial
pneumonia; recovery

Mild

U

U

Lung lesions; interstitial
pneumonia; recovery

Mild

U

Lung lesions; interstitial
pneumonia; weight
loss;
recovery

Mild

Lung lesions; interstitial
pneumonia; recovery

Mild to moderate

TBD

TBD

Details

Mouse

Tg(CAG-ACE2)
AC70Ctkt

Mouse

C3B6.Cg-Tg(FOXJ1ACE2)1Rba/Mmnc

U

U

U

Mouse

B6.Cg-Tg(K18-ACE2)
2Prlmn/J

U

U

U

Mouse

ICR-Tg(Ace2-ACE2)
1Cqin/J

U

C57BL/6-Ace2em1

U

Mouse

Vaccines

Neutralizing
Antibodies

Species

Other
Therapies

Infectivity

Transmission

Disease
Enhancement

(ACE2)Yowa

BALB/c (adapted virus)

U

Mouse

Adenovirus
transduced
hACE2

U

U

U

Hamster

Syrian Golden

U

U

U

Hamster

Tg(K18-hACE2)

Guinea Pig

Wild type

Ferret

outbred

U

AGM

Wild caught, St. Kitts

Aged AGM

U

–

–

U

U

U

U

U

Wild caught, St. Kitts

U

Cynomolgus
macaque

Cambodian

U

Rhesus
macaque

Chinese or Indian

U

–

Lung lesions

None to minimal

Viral titers in nasal
washes; fever

Mild

U

Lung lesions; interstitial
pneumonia; recovery

Mild to moderate

U

U

Lung lesions; interstitial
pneumonia; cytokine
storm, ARDS; varied
death and recovery

Severe

U

U

U

Lung lesions; interstitial
pneumonia; recovery

Mild

U

U

U

Lung lesions; interstitial
pneumonia; recovery

Mild

This listing of animal models indicates features of disease and efficacy testing that have been tested or are in testing, with check marks indicating positive results and dashes indicating negative
results. This table is adapted from the NCATS Open Portal table (https://opendata.ncats.nih.gov/covid19/animal), which will be updated as new information becomes available. AGM, African green
monkey; TBD, to be determined; ARDS, acute respiratory distress syndrome.
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Table 1. Summary of COVID-19 Animal Models
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construct, Tg(CAG-ACE2)AC70Ctkt, with the human ACE2 gene
expressed under the control of a ubiquitous CAG promoter.
These mice are highly susceptible to SARS-CoV infection and
demonstrate weight loss along with other clinical manifestations
before reaching 100% mortality within 8 days after intranasal
infection (Tseng et al., 2007; Yoshikawa et al., 2009). These
mice are currently being bred in order to determine how they
respond to infection with SARS-CoV-2 (Kent Tseng, personal
communication). Two other transgenic mouse models also expressing the human ACE2 gene using different epithelial based
promoters, Tg(FOXJ1-ACE2)1Rba and B6.Cg-Tg(K18-ACE2)
2Prlmn/J, were developed by Ralph Baric and Stanley Perlman,
respectively (McCray et al., 2007; Menachery et al., 2016). Both
models are considered severe models of SARS-CoV, with significant weight loss, disease pathology, evidence of encephalitis,
and death by 5–7 days post infection. Interestingly, they differ
in severity for COVID-19; the B6C3Tg(FOXJ1-ACE2)1Rba model
displayed a variable response to infection with SARS-CoV-2,
whereas the B6.Cg-Tg(K18-ACE2)2Prlmn/J model develops
a uniformly severe response. Half of the infected
B6C3Tg(FOXJ1-ACE2)1Rba mice recovered from infection,
demonstrating no significant signs of weight loss or illness; the
other half of the infected B6C3Tg(FOXJ1-ACE2)1Rba mice
demonstrated severe illness and body weight loss and required
euthanasia (Jiang et al., 2020). The B6.Cg-Tg(K18-ACE2)
2Prlmn/J mouse develops a severe infection and lung pathology
in response to SARS-CoV-2. Reports from multiple independent
research groups report that upon infection, mice lose significant
body weight, have a hunched posture, and require euthanasia 5–
7days post challenge in 100% of infected mice (Golden et al.,
2020; Moreau et al., 2020; Oladunni et al., 2020; Rathnasinghe
et al., 2020; Winkler et al., 2020). Importantly, these mice are
not hypersensitive to infection, and lower doses of the virus
result in less severe disease progression (Golden et al., 2020).
Viral loads are detected in the brain of these mice, but initial reports indicate the brain infection to be less than the severityassociated encephalitis seen with SARS-CoV infection in this
model, with minimal histopathological changes observed (Oladunni et al., 2020). The Tg(FOXJ1-ACE2)1Rba and B6.CgTg(K18-ACE2)2Prlmn/J mice are available for distribution to
research scientists by the MMRRC and The Jackson Laboratory,
respectively. Another mouse model was recently developed by
Sun and colleagues: C57BL/6-Ace2em1(ACE2)Yowa. This model
utilizes CRISPR/Cas9 to knock the human ACE2 cDNA into the
mouse ACE2 locus, utilizing the endogenous mouse Ace2 promoter. This model also results in infectivity; however, the mice
recover from body weight loss post infection with SARS-CoV-2
with mild lung pathology (Sun et al., 2020b).
Given the ease of genetic engineering in mice, one can expect
to see a variety of new models developed in the immediate
future. These models will differ in terms of random transgenesis,
targeted knockins, variations in constructs, reporter tags, and
new ways to deliver the human ACE2 gene, such as through
recently reported viral transgenesis (Hassan et al., 2020; Sun
et al., 2020a). Humanized mice represent another potential
approach, and while there are distinct advantages, there are
additional challenges that impact rigorous testing of vaccine
and therapeutic efficacy—namely, the required technical expertise, preparation time, immunocompromised status of mice,
650 Cell Host & Microbe 28, November 11, 2020

variability, and limited throughput (Skelton et al., 2018). Xenografts of human lung tissue into immunodeficient mice have resulted in lung-only mice or bone marrow/liver/thymus-lung
(BLT-L) mice, which demonstrated infection with MERS-CoV,
RSV, Zika, and cytomegalovirus, and in the case of BLT-L
mice, produced a human immune response (Wahl et al., 2019).
The use of NOD scid gamma (NSG) mice for engraftment of human immune cells will prove to be a powerful tool in studying the
interaction of the human immune system with the virus. New
models incorporating the NSG genetic background and the human ACE2 gene are underway. While the current models will
be critical for high-throughput screening of therapeutics, the
newer and milder models will be critical to understanding how
infection responds to comorbidities such as type 1 diabetes, hypertension, obesity, etc. These comorbidities can be induced
but also achieved through genetic crosses to existing mouse
models engineered with mutations in key genes to produce
these desired phenotypes. Furthermore, differences between
mice and humans can be manipulated to more faithfully represent human disease—for example, exploiting differential regulation of ACE2 by interferons (Ziegler et al., 2020). Other applications of the mouse models include exploring the effects of
genetic diversity and various genetic backgrounds, again helping to translate why some individuals are more susceptible to severe disease manifestations while others recover quickly or are
asymptomatic.
Hamsters
Golden Syrian hamsters have been shown to have distinct advantages as models for diseases involving respiratory viral infections including influenza virus, adenovirus, and SARS-CoV (Miao
et al., 2019; Roberts et al., 2005b). Following infection by the
intranasal route, golden Syrian hamsters demonstrate clinical
features, viral kinetics, histopathological changes, and immune
responses that closely mimic the mild to moderate disease
described in human COVID-19 patients (Chan et al., 2020; Imai
et al., 2020; Sia et al., 2020). In this form of non-lethal disease,
the clinical signs include rapid breathing, decreased activity,
and weight loss that is most severe by day 6 post infection.
Airway involvement is evident, with histopathology showing progression from the initial exudative phase of diffuse alveolar damage with extensive apoptosis to the later proliferative phase of
tissue repair. Micro-CT analysis of infected hamsters revealed
severe lung injury with the degree of lung abnormalities related
to the infectious dose. Commonly reported imaging features of
COVID-19 patients with pneumonia were present in all infected
animals (Imai et al., 2020). High-dose SARS-CoV-2 infection
led to severe weight loss and partial mortality (Tostanoski et
al., 2020), while older hamsters appear to exhibit more pronounced and consistent weight loss (Osterrieder et al., 2020).
Other findings include intestinal mucosal inflammation, myocardial degenerative changes, viral RNA in brain stem, and lymphoid
necrosis. There is a marked activation of the innate immune
response, with high levels of chemokines/cytokines induced by
the infection (Chan et al., 2020).
Transmission of COVID-19 from infected hamsters to naive
cage mates suggests utility of the model for studying transmission (Chan et al., 2020a; Chan et al., 2020b; Sia et al., 2020). In
addition, passive transfer studies with either convalescent sera
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(Chan et al., 2020b) or neutralizing monoclonal antibodies
(Rogers et al., 2020) show great promise for studies related to
immunity and vaccine development. The golden Syrian hamster
model of SARS-CoV-2 infection appears to be a suitable model
for the evaluation of antiviral agents (Kaptein et al., 2020; Rosenke et al., 2020) and candidate vaccines (Tostanoski et al., 2020).
Hamsters carrying the hACE2 receptor under the control of the
epithelial K18 promoter are also being evaluated as a model. In
an initial study of SARS-CoV-2 infection of hACE2-hamsters,
clinical signs were observed, including elevated body temperatures, slow or reduced mobility, weight loss, and mortality
(1 out of 4 animals). Virus titers were detected in lungs, heart,
and brain tissues, with the highest titers observed in lungs on
days 1–3 (R6 logs) (Bart Tarbet, personal communication). Hamsters with immune systems compromised by either cyclophosphamide treatment or RAG2-deficiency demonstrated more
severe disease, longer in duration (cyclophosphamide induction)
or resulting in mortality (RAG2 / ), and could be protected by
human antibody given prophylactically (Brocato et al., 2020).
Ferrets
Ferrets are considered good models for respiratory diseases, as
the physiology of their lung and airways are close to humans, and
they have been used extensively to model disease caused by
many respiratory viruses including influenza (Thangavel and
Bouvier, 2014), RSV (Stittelaar et al., 2016) and SARS-CoV
(van den Brand et al., 2008). Unlike rodents, ferrets cough and
possess a sneeze reflex, making them a particularly useful model
in the study of disease transmission. Ferrets exhibit lethargy and
appetite loss following infection with SARS-CoV-2 via the intranasal route, but the disease does not progress to acute respiratory disease, and the animals recover from the infection (Kim
et al., 2020; Shi et al., 2020). Virus shedding from the upper respiratory tract (nasal washes, saliva) can persist for up to 21 days
post infection; the length of shedding appears to be dependent
on the initial viral challenge dose and can be intermittent after
14 days. Mild multifocal bronchopneumonia is observed early
post infection (day 3 in animals receiving 4 to 6 logs of virus),
with mild multifocal bronchopneumonia developing after one
week. Fever has been reported in some studies, but neither
coughing nor dyspnea have been observed (Kim et al., 2020;
Shi et al., 2020). Ferrets re-challenged after 28 days post initial
infection appear to be completely protected (Ryan et al., 2020).
SARS-CoV-2 was transmitted readily to naive direct contact ferrets but less efficiently to naive indirect contact ferrets (Shi et al.,
2020) and efficiently via the air, resulting in a productive infection
and the detection of infectious virus in indirect recipients (Richard et al., 2020). Disease in ferrets following SARS-CoV-2
infection appears to be very mild—less severe than ferrets infected with SARS-CoV.
The use of small animals for preclinical research in the study
of SARS-CoV-2 infection involves a broad spectrum of models,
from infecting wild-type animals with adapted viruses to multiple methods of introducing human ACE2 receptors. Disease is
typically mild, although transgenic mice present with more severe disease. Each model offers selected advantages that will
be useful not only for the testing of therapies and diseases
but in the understanding of disease enhancement and related
comorbidities.

PRIMATES
NHPs are indispensable models for evaluating medical countermeasures against infectious diseases and are considered the
gold standard animal model for modeling human infectious diseases. The lack of suitable substitutes for NHP models for predicting response in humans serves as a bottleneck for the development of countermeasures against infectious disease like
SARS-CoV-2. Summarized below is the progress to date to
establish models for COVID-19 in different primate species.
Rhesus Macaques
Rhesus macaques (M. mulatta) exposed to SARS-CoV-2
become infected and display a mild, non-lethal shedding disease phenotype, which includes few to no clinical observations.
If clinical observations are reported, they are typically transient
and include reduced appetite, mild dehydration, tachypnea, piloerection, and dyspnea (Munster et al., 2020). When reported,
fever is mild and transient beginning shortly after exposure
(i.e., day 2 PE) and resolving within 2 or 3 days (Munster et al.,
2020). Body weight loss findings, if reported, are mild, transient
drops in weight followed by recovery (Munster et al., 2020). Clinical chemistry and hematology are generally unremarkable.
However, transient leukocytosis, neutrophilia, monocytosis,
and lymphopenia are reported (Munster et al., 2020; Singh
et al., 2020).
Imaging (radiographs or PET/CT) confirm rhesus macaques
are infected, with infiltrates and ground-glass appearances in radiographs beginning early after exposure (day 2 or 3) and resolution occurring by day 10–14 post-exposure (PE) (Munster et al.,
2020; Singh et al., 2020). Anecdotal evidence suggests that older
rhesus macaques develop a chronic infection in which infiltrates
persists throughout the study (Yu et al., 2020b). When available,
PET/CT images corroborate the radiograph findings (Singh
et al., 2020).
Virus is detected in nasal, throat, rectal, and ocular swabs and
in bronchoalveolar lavage (BALs) via median tissue culture infectious dose (TCID50) beginning at approximately day 2 PE, peaking around day 4/5 PE, and decreasing after day 6 PE (Chandrashekar et al., 2020; Shan et al., 2020; Deng et al., 2020; Lu et al.,
2020; Munster et al., 2020; Yu et al., 2020b). Finally, exposed
rhesus macaques seroconvert, as demonstrated by a SARSCoV-2 anti-spike ELISA and neutralization assays to various
endpoint titers, depending on the laboratory and assay format
utilized, and are protected from reinfection (Bao et al., 2020a;
Munster et al., 2020).
Cynomolgus Macaque
Cynomolgus macaques (M. fascicularis) have been used to study
the pathogenesis of SARS-CoV in which aged animals were
more likely to develop disease. When exposed to SARS-CoV2, they become infected, but show no overt clinical signs of disease (Rockx et al., 2020). Weight loss is not observed, but in
some studies infected animals have a fever on day 2 to 3 (Johnston et al., 2020; Lu et al., 2020). Virus shedding from the upper
respiratory tract occurs, peaking early at day 1 post infection in
young animals and day 4 in aged (15–20 years) animals, then
decreasing rapidly but still detected intermittently up to day 10
post infection (Rockx et al., 2020). Overall, higher levels of virus
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shedding were measured in aged animals than young animals
(Rockx et al., 2020). They develop mild to moderate lung abnormalities and macroscopic lesions in the lungs including alveolar
and bronchiolar epithelial necrosis, alveolar edema, hyaline
membrane formation, and accumulation of immune cells (Finch
et al., 2020; Johnston et al., 2020). While self-limiting, the disease
in cynomolgus macaques does recapitulate many aspects of human COVID-19 and could be utilized to test preventative and
therapeutic strategies (Rockx et al., 2020).
African Green Monkeys
African green monkeys (AGMs) exposed to SARS-CoV-2 as
young adults display a mild, non-lethal shedding disease phenotype that includes few to no clinical observations (Hartman et al.,
2020). If clinical observations, such as fever, are reported, they
are typically transient and mild with no serious manifestations
(Hartman et al., 2020; Woolsey et al., 2020). Body weight findings
are generally unremarkable. Clinical chemistry and hematology
reveal mild and transient shifts in leukocyte populations, mild
thrombocytopenia, and selected liver enzymes (Woolsey et al.,
2020). A measure of acute inflammation, CRP, is elevated early
in infection (Woolsey et al., 2020).
Imaging (radiographs or PET/CT) confirms that AGMs are infected with infiltrates and ground-glass appearances in radiographs beginning early after exposure (day 2 or 3) and resolving
by day 10–14 PE. When available, PET/CT images corroborate
the radiograph findings. Finally, plethysmography suggests respiratory disease, but there is no consistent trend (Hartman
et al., 2020).
Presence of SARS-CoV-2 in BAL via RT-PCR and plaque
assay is detected by approximately day 3 PE and is present at
least through day 7 PE (Hartman et al., 2020; Woolsey et al.,
2020). Finally, exposed AGMs do seroconvert, as demonstrated
by a SARS-CoV-2 anti-spike ELISA and neutralization assays to
various endpoint titers, depending on the laboratory and assay
format utilized (Hartman et al., 2020; Woolsey et al., 2020). Of
note, one study (Hartman et al., 2020) used a viral isolate from
Munich, which had the D614G amino acid substitution in the
spike protein that has been demonstrated to be more infectious
to cells in culture (Zhang et al., 2020) and was reported to be
more infectious in humans (Korber et al., 2020). Disease in those
animals was similarly mild, as was seen in AGMs infected with
the Washington isolate without the D614G substitution.
A limited dataset suggests that age is a co-morbidity for
SARS-CoV-2 disease severity in AGMs. Investigators at Tulane
National Primate Research Center infected 4 older AGMs, two
by multiple routes of infection including intranasal, intratracheal,
and conjunctival routes and two animals by aerosol route with
SARS-CoV-2. One of two animals from each group exhibited
acute respiratory disease syndrome, ARDS, with radiologic
and histologic abnormalities observed primarily within the right
caudal lung lobes (Blair et al., 2020). Of the two animals with severe disease, one met the criteria for euthanasia at day 8 (aerosol) and the other at day 22 (multi-route infection) (Blair et al.,
2020). There did not appear to be significant differences in viral
replication or disease pathogenesis associated with aerosol
versus multi-route infection (Blair et al., 2020).
Of the surviving older AGMs, clinical disease was mild. Some
transient fevers and lethargy were observed, but no serious man652 Cell Host & Microbe 28, November 11, 2020

ifestations occurred. Clinical chemistries and hematologies were
generally unremarkable. Radiographs confirm that the older
AGMs are infected with infiltrates and ground-glass appearances in radiographs beginning early after exposure (day 2 or
3) through at least day 14 PE. PET/CT images corroborate the
radiograph findings. Finally, viral shedding (RT-PCR) in pharyngeal, nasal, buccal, bronchial brush, rectal, and vaginal swabs
begins ~D2–D7/14 PE in exposed animals (Blair et al., 2020).
In view of the severe disease observed in 2 of 4 animals as well
as the observation of cytokine storm in 3 of 4 animals, older
AGMs may serve as faithful if impractical models of severe disease to evaluate therapeutic strategies such as immune modulators and may also provide insights into SARS-CoV-2 pathogenesis. However, additional studies are clearly needed to
corroborate these initial findings.
Other Non-human Primates
Finally, limited data is available describing disease presentation
following SARS-CoV-2 exposure in pigtail macaques, baboons,
and marmosets. PE data shows that these animals can be infected, but they are not as widely used. Baboons had more severe pathology and shed virus longer than macaques, and they
may be a good model for cardiovascular and diabetic comorbidities (Singh et al., 2020); they have also been used for immunogenicity studies (Tian et al., 2020). Marmosets did not exhibit fever,
were difficult to monitor by radiograph, and did not mount an immune response even though they were positive for virus by nasal
swabs (Lu et al., 2020); pathology was reduced compared to macaques (Singh et al., 2020). Thus far, pigtail macaques have only
been used for immunogenicity studies (Erasmus et al., 2020).
SUMMARY OF ANIMAL MODELS
The authors recognize that the development of new and refined
animal models for COVID-19 disease is a rapidly evolving field
and that this summary is not a complete review but rather a
description of the currently available data and the resulting guidance that can be drawn from it. Some themes are emerging and
warrant monitoring. Mice expressing hACE2 and hamsters are
reasonable models for early testing of potential countermeasures, displaying mostly mild disease with reproducible endpoints of weight loss and viral burden and, in transgenic mice,
severe disease resulting in lethality. Intranasal inoculation is
generally the route of infection, and the dose of virus varies
and has an impact on the course of disease. Given the availability
of animals and the ability to rigorously test for statistical significance using groups of 10 or more animals, small models should
be utilized to the greatest extent possible and may be sufficient
for moving into clinical studies. Based on available NHP data
from multiple challenge routes (intratracheal, intranasal, oral,
ocular, and combinations of these along with small-particle aerosol) and multiple dose ranges (10e3–10e6), routes and challenge
do not appear to have significant impact on disease presentation
(i.e., mild yet reproducible). As the NHP model matures, focused
efforts will be required to demonstrate any dose response and
different disease presentation following a range of doses and
routes. Anecdotal evidence suggests severe disease may be
more common; however, focused studies are needed to confirm.
Based on a Fisher’s exact test with alpha level 0.05, a sample
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STAGE 1
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STAGE 3
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STAGE 2
Moderate infection

DISEASE PROGRESSION
Viral response
Pre-infection/
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Host inflammatory response

CLINICAL SYMPTOMS
None

Fever, dry cough,
diarrhea, headache

Shortness of breath,
hypoxia

ARDS, SIRS/shock,
cardiac failure

Figure 1. Alignment of Animal Models with
Course of COVID-19 Disease
The top panels represent the course of disease in
humans, adapted from Siddiqi and Mehra (2020),
along with clinical symptoms. The bottom panel
aligns animal models with the typical course of disease seen in those models. Minimal to no disease
means that there is no or limited viral replication,
such that these models are not tractable for testing
interventions. Bold text indicates non-human primate models. Models that are not widely available or
are currently in testing are not represented here.
ARDS, acute respiratory distress syndrome; SIRS,
systemic inflammatory response syndrome.

DISEASE SEVERITY IN DIFFERENT ANIMAL MODELS
Minimal/no disease
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Ferrets

Guinea pigs
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Marmosets

Cynomolgus macaques

Baboons

Rhesus macaques

Pigtail macaques

Moderate disease

Hamsters
FOXJ1-ACE2 TG mice
K18-ACE2 TG mice
Aged African green monkeys

size of n = 8 per group ensures 80% power to detect 77% vaccine efficacy in a comparison of protection between vaccinated
and sham animals (measured by absence of pathology in lung,
assuming that 90% of sham animals become infected). Analysis
of selected NHP studies shows that n = 8 per group ensures 80%
power to detect a mean difference of ~1.88 log10 viral burden
between groups (as measured by genomic RT-PCR in BAL on
day 1 post challenge; Allan deCamp, personal communication).
Additional data are needed to allow these calculations to be
applicable to across studies and laboratories. Young adult rhesus macaques have extremely mild symptoms that may be difficult to associate with symptomatic benefit for interventions;
however, viral load differences may prove a useful biomarker. African green monkeys may prove to be more useful, and data is
still being collected for cynomolgus macaques. While there
may be a desire to select the best animal model for comparison
across studies, in practice, all good models should be utilized to
meet the demand for countermeasure testing. Few models faithfully recapitulate severe disease, and further exploration is
needed, including assessment of comorbidities.
DISCUSSION
To understand the landscape and to facilitate rapid data sharing,
ACTIV WG members created an inventory tool to collect information on animal studies from published literature, preprints, and
unpublished studies in progress. This tool started as a spreadsheet to collect the most important information about studies,
such as information on the animals, the virus isolates used, the
challenge process, parameters measured in the studies, and
relevant observations/endpoints along with the laboratory performing the study. The group then made assessments as to
whether disease was none-to-minimal, mild, moderate, or se-

Severe disease

vere. A few species that are not infected
are included to prevent unnecessary duplication or perhaps even to spur enhancements—for example, the development of
adapted viruses. A summary of the information is available on the NCATS Open
Portal under the Animal Models tab
(https://opendata.ncats.nih.gov/covid19/
animal). As we learn more about models,
this site will be updated.
ACTIV Preclinical WG members have
curated this information by combing peer
reviewed publications and preprints along with information that
is not publicly available but is available to us. Additional efforts
are currently underway to develop a Nonhuman Primate Studies
COVID-19 Coordinating Center (NHPSCCC) that will bridge the
COVID-19 work at the National Primate Research Centers and
that could be a repository for data from many animal models.
Recognizing that ACTIV does not constitute the entire universe
of activity in this area, we invite others to submit data to ACTIV,
particularly as it fills gaps or further informs the models we have
summarized. The information on submitting such animal model
data will be found on the NCATS Open Portal Animal Model
page when it becomes available.
It is important to consider these animal models in the context
of human disease. We adapted a framework for human disease
from Siddiqi and Mehra (Siddiqi and Mehra, 2020) and placed the
animal models summarized here in that framework (Figure 1).
This graphical framework includes the full spectrum of disease
but does not indicate the frequency of severity. The authors
noted that 81% of cases recovered after mild disease, while
5% progressed to the most severe form, with half of those cases
succumbing to disease for a 2.3% mortality rate (Siddiqi and
Mehra, 2020). It is therefore not surprising and completely
consistent with human disease that most animal models present
with mild disease and recover. Some aged mice and aged African green monkeys present with more severe disease than
younger animals; additional comorbidities have not yet been
explored but would be expected to model more severe disease.
Each of the current models in development is yielding valuable
information about infectivity, routes of infection, viral persistence, reinfection, and relative level and types of pathogenesis
per species. As researchers around the world seek to discover
effective therapies and vaccines to treat or to prevent COVID19, judicious choices will be needed to assure that the models
Cell Host & Microbe 28, November 11, 2020 653

ll
Perspective
10 - 15 years
PRECLINICAL

CLINICAL TRIALS

TYPICAL
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ACTIV PRIORITIZATION
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Rapid repurposing

LARGE SCALE GMP
PRODUCTION

COVID-19
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Disease control
DISCOVERY
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vaccines & interventions

PRECLINICAL COMPARATIVE ANIMAL MODELS
FDA ROLLING REVIEW AND APPROVAL

Figure 2. Animal Models in Context of Accelerated Product Development
The top panel represents the typical course of product development as sequential activities with the process taking 10–15 years. The bottom panel shows the
pandemic or COVID-19 response, focusing on rapid repurposing and multiple activities occurring concurrently, in order to compress timelines into 1–2 years. The
phase of compounds being repurposed are color coded with the phases of drug development, from discovery through preclinical to clinical. GMP, good
manufacturing practices.

are available for comparative studies. The complex interplay between the host and the virus means that each model is unlikely to
represent every aspect of disease in humans, and thus different
models may be recommended for therapeutics compared with
vaccines due to animal availability and endpoints of studies.
Indeed, investigators have begun testing vaccines and therapeutics as soon as species are known to get disease, more
rapidly than under normal circumstances, in which additional
studies might be performed to better understand the disease
model prior to testing countermeasures.
Table 1 indicates which models could be used for testing vaccines, antivirals, neutralizing antibodies, or other therapies, but
does not make specific recommendations. This is based on
the relevant endpoints one can measure that would inform vaccine or therapeutic efficacy: viral load (swabs, BAL, etc.), body
weight, body temperature, lung imaging, lung function, and cytokines. Antivirals have been tested in mice (Sheahan et al., 2020),
hamsters (Kaptein et al., 2020; Rosenke et al., 2020), cynomolgus macaques (Maisonnasse et al., 2020), and rhesus macaques
(Rosenke et al., 2020; Williamson et al., 2020). Antibodies have
been assessed in hamsters (Brocato et al., 2020; Rogers et al.,
2020) and mice (Dinnon et al., 2020). Finally, vaccines have
been tested for immunogenicity in small animals, but efficacy
studies have largely been done in rhesus macaques (Gao
et al., 2020; van Doremalen et al., 2020; Yu et al., 2020a). The ACTIV Animal Model pages on the NCATS Open Portal will be updated with publications reflecting the utility of various models.
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Master protocols currently in development will define key parameters and time points to follow along with group sizes, allowing
comparison across studies.
The severity of disease, rapid transmission, and global spread
of this new virus make the development of vaccines and therapeutics an urgent priority. Typical development plans have
been greatly accelerated by performing many activities in parallel, often at risk, shortening timelines with unprecedented speed
(Figure 2). This includes animal model development and testing,
which can contribute to the identification and confirmation of
correlates and surrogate markers for use in the clinic. The vaccines that have been chosen by OWS can be compared in animal
models while phase I and phase II clinical work continues (Corey
et al., 2020).
Selection of an appropriate animal model depends on the
questions to be addressed. Table 2 presents our recommendations on which of the currently available animal models to select,
focusing on testing classes of therapeutics and vaccines for
reducing various aspects of COVID-19. For example, carboxylesterase activity is high in rodents, but not humans (Bahar
et al., 2012; Li et al., 2005; Rudakova et al., 2011), impacting
the pharmacokinetics of antivirals such as Remdesivir and the
suitability of models for preclinical testing of specific drugs (Warren et al., 2016). It is clear that many models are available which
faithfully reproduce the early phases of infection and lung disease, followed by recovery; recovery is a prevalent feature of
COVID-19 in humans. Models of severe disease are largely

COVID-19 Medical Need

Disease aspect

Recommended model(s)

Advantages

Limitations

Drugs and
immunomodulators

Lung lesions, Interstitial
pneumonia

Mouse models

Ease of handling; availability for statistical
significance

May not be reflective of human
pharmacokinetics; may not metabolize
antiviral prodrugs as humans

Syrian Golden hamsters

Ease of handling; availability for statistical
significance; historically used by
coronavirus researchers due to natural
ACE2 permissiveness & tissue distribution

May not be reflective of human
pharmacokinetics; may not metabolize
antiviral prodrugs as humans

AGMs, Aged AGMs

Immune modulators can be tested

Availability of animals

Rhesus macaque

Pharmacokinetics similar to humans

Limited supply to test drugs; narrow
window for treatment

Cough, fever

Ferret

Symptoms seen in humans

Disease is mild

Cytokine storm

Aged AGMs

Cytokine response well characterized;
Immune modulators can be tested

Availability of aged animals

K18-ACE2 mice

Cytokine response well characterized;
Immune modulators can be tested

–

ARDS

Post-exposure
prophylaxis with mAbs

Vaccines designed to
generate T cell response

Immune modulators can be tested

Availability of aged animals

Drugs could show promise; disease
presentation resembles ARDS

Not true ARDS; Narrow treatment window

Coagulation

None to date

–

–

Limit viremia

Rhesus or cynomolgus
macaques

PK similar and valuable information about
dosing; reagents available

Anti-drug antibody may develop

Mouse models

Potential for quick screens to choose
cocktails

May not be reflective of human dosing or
efficacy

Syrian Golden hamsters

Potential for quick screens to choose
cocktails

May not be reflective of human dosing or
efficacy

Mouse, Syrian golden
hamster

Proof of concept, required prior to NHP
studies; multiple models are equivalent

–

Rhesus macaque,
cynomolgus macaque

B cell responses similar to humans; can
quantify correlates of protection; reagents
available

Low level of viremia may be easier to clear
than humans

Antibody-dependent
enhancement

None to date

–

–

Limit viremia or peak
of viremia; reduced
pathology

Rhesus macaque,
cynomolgus macaque

T cell responses similar to humans and can
be studied in depth; identify correlates;
reagents available

T cell ‘only’ vaccines unlikely to protect from
infection but can test concept

Limit viremia; Prevent
infection; reduced
pathology

Within each medical need, the disease aspects are presented in order of increasing complexity, while animal models are presented in the order in which they should be approached. Advantages and
limitations are also presented to help in the selection of the appropriate animal model. AGM, African green monkey; ARDS, acute respiratory distress syndrome; mAbs, monoclonal antibodies; NHP,
non-human primates; PK, pharmacokinetics
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generate neutralizing
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Aged AGMs
K18-ACE2 mice
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Table 2. Recommended Animal Models for Specific Stages of Human COVID-19 Disease
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determined by fatal outcomes when untreated but may not capture all signs and symptoms associated with human COVID-19
disease—for example, coagulopathies. One difference between
some models and human disease is the observation of virus in
the brain in mice and hamsters, which requires further exploration. There is a report of virus in CSF in a single clinical case
(Zhou et al., 2020a), though most neurological complications
are considered to be inflammatory responses (Gulati et al.,
2020). Comorbidities have not been rigorously explored in animal models thus far, yet we know the strong association of
age, hypertension, diabetes, lung and heart disease with poor
prognoses in COVID-19. Immune responses likely play a key
role in determining the severity of disease, yet are not as easily
manipulated in animal species that are phylogenetically closer
to humans as they are in mice.
In order for these preclinical studies to have the most impact,
their design is critically important to assure that results are
rigorous and reproducible. Studies will require statistical justification based on clinical and laboratory measures such that
studies are appropriately powered to prevent getting uninterpretable results that can be misleading and wasteful of animal resources. One method to enhance reproducibility that is currently
under development is the adoption of shared Master Protocols
for design and sampling. Not only can experiments be compared
across sites, but controls located at different sites can also be
combined for increased power while retaining contemporaneous
infection controls at each site. This strategy can reduce the number of controls used overall, conserving precious resources. If
assays and challenge stocks can be harmonized across experimental sites, many of the variables can be further reduced.
Defining animal models and their use is a prerequisite to performing studies to compare vaccines and therapeutics so that
the most promising ones advance to the next phase, whether it
is testing in NHPs or the clinic. The prioritization schemes for
the development and testing of treatments and vaccines are
beyond the scope of this manuscript. This aim of this manuscript
is defining the utility of animal models to inform the requisite prioritization of animal studies, particularly in NHPs, in which resources are limited relative to the number of candidate vaccines
and therapeutics.
CONCLUSION
COVID-19 is a multi-faceted, multi-factorial, multi-systemic,
highly infectious disease that evokes wide-ranging responses
in humans, from asymptomatic to severe disease with respiratory, gastrointestinal, circulatory, neurological, and normal to hyper immune responses. No single animal model recapitulates the
totality of pathogenesis or predicts interventional responses
faithfully as in the human. Yet as with the response to other
emerging infections, animal models will play a key role, even
as candidate vaccines and therapeutics are entering clinical trials at a record pace. We have presented various animal models
that are being developed and the role they may play in responding to COVID-19. Our summary table of animal models and their
applications has been posted to the NCATS Open Portal (https://
opendata.ncats.nih.gov/covid19/animal) and will be continuously updated as models are advanced and further interrogated.
The key models appear to be mice (various), hamsters, and for
656 Cell Host & Microbe 28, November 11, 2020

NHPs, rhesus macaques and African green monkeys. Most
mimic the mild form of COVID-19 disease, with the exception
of transgenic mice; additional research may result in development of more severe disease models. ACTIV invites submission
of information on animal models to be included in our assessment as we work toward standardized and harmonized animal
models while balancing resources and availability.
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