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ABSTRACT: The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in late 2019 poses an immi-
nent global health crisis. There is an urgent need to develop effective therapeutics and vaccines for the treatment and prevention
of COVID-19. Animal models are a critical avenue of study to identify key molecular mechanisms and establish the safety and
efficacy of interventions. SARS-CoV-2 infection of mice, guinea pigs, ferrets, nonhuman primates, and other laboratory animals
has been established as models of COVID-19. They contribute significantly to the discovery and iz vivo testing of vaccine and
therapeutic candidates. In this study, I present a comprehensive literature review on the different animal models available to assess
SARS-CoV-2 infection. The standards of a faithful animal model are reviewed to evaluate the strengths and limitations of each
species in reproducing aspects of human disease. Differences in anatomy and physiopathology among the animal models present
difficulties in representing the complexity and complete spectrum of human disease. However, nonhuman primates have a closer
phylogenetic relation with humans compared to other animals, making them models of particular utility. Their applications for
vaccine and therapeutic development are discussed to highlight their critical role in present and future research efforts against the
pandemic.

KEYWORDS: Translational Medical Sciences; Pre-Clincal Studies; COVID-19; Nonhuman Primate Model; Vaccine Ther-
apeutic Development.

B Introduction All animal models present considerable differences in dis-
Severe acute respiratory syndrome coronavirus 2 (SARS- ease susceptibility and transmission, and once infected, they
CoV-2) is the cause of the novel coronavirus disease 2019 show varying degrees of replication. The variances in disease
(COVID-19). On 30 January 2020, the World Health Orga- progression among the models overlaps with human infection.
nization (WHO) declared the pandemic a global emergency of Each model provides insights into the disease mechanism, and
public health.! At the time of writing, infections are still rapidly notably, nonhuman primates resemble human systems more
spreading, increasing the number of reported daily cases. With closely than other phylogenetically distant models. As such,
no approved vaccine, drug, or treatment for COVID-19, a dire they have been commonly used to evaluate diseases. This re-
medical need continues to exist. Clinical trials are currently un- view will focus primarily on the nonhuman primate models
derway for prevention and interventions of the disease,” but of disease, including studies of rhesus macaques (Macaca mu-
it is still paramount to continue fundamental research on the latta), cynomolgus macaques (Macaca fascicularis), and more.
virus for a better understanding of the pathogenesis and devel- Their use as a model of human COVID-19 for SARS-CoV-2
opment strategies of therapeutic agents. therapeutic development will be addressed to show how they
Clinical testing is typically a top predictor of drug and thera- have contributed and will continue to aid global efforts against
peutic efficacy, but it must proceed with caution due to possible this disease.
unintended side effects, such as disease enhancement.® For Different Animal Models for COVID-19
this, animal models that can successfully reproduce the behav- Requirements of animal models for COVID-19:
ior and the pathology of COVID-19 are an important tool of A faithful animal model for SARS-CoV-2 infection should
study. These models, ranging from laboratory mice to mon- reflect the clinical signs, viral replication, and pathology seen
keys, provide insight on the usefulness and effects of vaccines in humans. It would ideally exhibit severe pneumonia, multiple
and antiviral therapeutic agents. Although no existing model organ failure, fatality, or other severe COVID-19 symptoms.*
of SARS-CoV-2 infection completely reproduces every feature The models do not need to reproduce all aspects of the disease
of severe COVID-19 in humans, nonhuman primates share to aid in human treatment efforts. Still, researchers around the
many aspects of their anatomy and physiology with humans, world continue to develop models of the disease with various
making them prime candidates of study. species to gather the most accurate results. They have used
Currently, nonhuman primate models are being used to in- many models, especially those that were historically used for
vestigate the pathogenesis of SARS-CoV-2 infection and for other coronaviruses, to best represent the novel coronavirus.
preclinical evaluation of drugs and vaccines against the virus. These animal models permit an understanding of the disease

and its complex pathophysiology through systemic virus host

© 2021 Terra Science and Education 12 DOI: 10.36838/v3i4.9



ijhighschoolresearch.org

interactions studied within the models. Since the pathology
of the disease is reproducible in a range of animal models,
numerous different animals and species have been useful to
study disease and test candidate therapeutic compounds.

Among the many different animals that have been studied,
such as laboratory mice, ferrets, cats, hamsters, nonhuman
primates, and more,’ there are advantages and disadvantag-
es that affect experimental results. These animals have been
used as models for other respiratory viruses before, such as
SARS-CoV-1 and other previous and existing diseases.*
Scientists often test the susceptibility of various animals to
SARS-CoV-2 to model pathogenic mechanisms and control
interventions,® which is important for preliminary studies.
Studies have found this virus replicates poorly in dogs, pigs,
chickens, and ducks, but many other small and large animals
have served as useful tools of study.5

Small animal models:

SARS-CoV-2 infection has been studied in many small
animal models that often reproduce faster and are easy to
handle, making them advantageous for urgent studies. The
use of mice and hamsters has proven to be cost-effective and
efficient. It was found that in wild mice, the novel coronavirus
cannot invade cells through mouse orthologue of the human
SARS-CoV-2 receptor, ACE2. Rodent studies were initially
a limited avenue of investigation since no mice or rodents
AFAIK could be infected, but through the use of human
ACE?2 transgenic mice, researchers were able to successful-
ly overcome the natural resistance of mice to the infection.”
Results with the use of these subjects showed human signs
of the disease, such as weight loss, virus replication in the
lungs, and interstitial pneumonia. In the model developed
by Dinnon et al.,® they performed this with two amino acid
substitutions in the viral SPIKE protein based on molecular
modeling and rodent ACE2. Despite these alterations, mu-
rine models were limited in their evaluation of COVID-19
pathogenesis due to their more acute differences in their
genetics, anatomy, and physiology. Golden ez al. developed a
human ACE2 transgenic mice mode and used it to evaluate
the pathogenesis of SARS-CoV-2 in male and female mice
expressing the human ACE2 under the control of the keratin
18 promoter (K18).” In contrast to nontransgenic mice, intra-
nasal exposure of K18-hACE2 animals to 2 different doses of
SARS-CoV-2 resulted in acute disease, including weight loss,
lung injury, brain infection, and lethality. Smith ez a/. evalu-
ated the immunogenicity of a DNA vaccine INO-4800 in
mice and guinea pigs.'® Following immunization of mice and
guinea pigs with INO-4800 they measured antigen-specif-
ic T cell responses, functional antibodies that neutralize the
SARS-CoV-2 infection with humoral immune response.

In golden hamsters, researchers have found they could be
consistently infected by SARS-CoV-2, clinically resembling
upper and lower respiratory tract infection manifestations
in humans. The animals showed increasing respiratory rate,
decreasing activity, and progressive weight loss. These symp-
toms were all similar to infected humans.! Since the hamster
ACE?2 is characterized by a higher degree of homology to

humans ACE2 compared to mice, researchers discovered dis-

tinct findings, such as the possibility of convalescent plasma
decreasing viral burden. The hamster model was natural-
ly susceptible to infection. Golden hamsters are genetically
dissimilar from humans in important aspects, which slightly
diminishes their value as suitable models of study.® Overall,
small animals like rodents lack many key human features
that other models, such as primates, carry. Examples of these
include sophisticated brain structure, developed immune sys-
tems, motor skills, metabolic functions, and more.'? Thus, for
turther reproduction of pathology, large animal models may
often be preferable.

Large animal models:

Large animal models often include ferrets and cats. Fer-
rets have successfully modeled respiratory disease and its
transmission in the past, such as cases of influenza and
SARS-CoV-1.For SARS-CoV-2, they have the advantage of
a cough reflex-like humans that rodents do not have." Since
SARS-CoV-2 replicates efficiently in the upper respiratory
tract, results from ferrets are useful to evaluate. Although
fatality was not often observed in infected ferrets, the ani-
mals showed higher body temperature and virus replication.
Additionally, they experienced viral shedding and acute
bronchiolitis in the 1ungs.5 The findings suggest the ferret
model will be especially helpful for studies of cough and fever
symptoms. Cats, although not a traditional model, have also
been studied, which primarily followed from reports showing
cases of domestic animals infected.’ These animals exhibited
some signs of disease, such as pulmonary oedema. Notably, it
was discovered that SARS-CoV-2 in cats was transmissible
via an airborne route. In comparison to ferrets, the cat model
has a more limited transmission of disease, and tested subjects
were noted to be particularly aggressive. Shi ez a/. experienced
difficulty collecting samples and data from subadult cats, as
the subjects responded violently to their attempts and pre-
vented the researchers from obtaining samples live. This
hardship presents additional limitations to cats for study, as
well as the ethical concerns in using a domesticated species in
close proximity to humans. Ultimately, the high susceptibility
of cats to infection has been warned as a consideration for
human elimination of COVID-19.

As shown in Figure 1, many animals have been used to
study SARS-CoV-2 infection to gain a clearer understanding
of the disease before clincal trials proceed. Although animals
such as ferrets and cats showed promising findings for spe-
cific areas of study, they presented limitations that could be
explored with use of other animal models. For example, stud-
ies have found that inoculated ferrets did not exhibit lower
respiratory pathological findings, and there was no oedema or
pulmonary replication caused by the infection.'® Cats are not
typically used for research for humanitarian and safety rea-
sons. A more often used model among the many large animal
subjects (Figure 1) are nonhuman primates.

Nonhuman Primate Models for COVID-19:

Historically, nonhuman primates have been the main
animals that allow for efficient response and research into
emerging viruses. These characteristics are of utmost impor-
tance during the current pandemic.'* Macaques and their
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similarities to humans in almost all anatomical traits have
made them a particularly accurate model for understanding
the pathogenesis of SARS-CoV-2 infection. They respond
similarly to many human immulogic, pathological agents, de-
veloping signs, and host responses humans experience. As one
of the most readily available models, they are indispensable to
medical research and development.15 The macaques appear
naturally susceptible to SARS-CoV-2 infection and display
many features of human COVID-19 disease, but it ranges
mainly from mild to asymptomatic infection. Studies show
that macaques and humans share extensive clinical mani-
festations of SARS-CoV-2, including pulmonary signs and
symptoms.'® Researchers can monitor the disease progression
of SARS-COV-2 infection in macaques by measuring similar
parameters as tested in humans, from radiographic imaging

and body fluid samples.
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Figure 1: SARS-CoV-2 infection and animal models for vaccine and
therapeutic development for the treatment of COVID-19. Small animals
such as mice and golden hamsters are pictured on the right. Large animal
candidates include dogs, cats, pigs, ferrets, and notably, nonhuman primates.
These models are typically studied before clinical testing. The figure was
created using BioRender (wwww.biorender.com).

Established macaque models:

Macaques are an animal model of particular utility because
they replicate many features of human disease. Most studies to
date have used the Old World Monkey rhesus macaque mod-
el, but other non-human primate species, such as Old World
cynomolgus macaques, African green monkeys, and New
World common marmosets have also been studied. The ani-
mals are inoculated via different routes, through intratracheal,
intranasal, ocular, and/or oral routes. Clinical observations are
made days after to varying degrees: for example, weight loss is
sometimes observed moderately, sometimes in all of the ani-
mals or mrely.ls'16 Many develop the respiratory disease and
develop some pulmonary pathology - radiographs often show
pulmonary infiltrates, the hallmark of human infection, and
their viral shedding pattern is similar to humans. Typically,
the rhesus macaque models mild disease observed in the ma-
jority of human cases.'” Fewer studies have been performed
using cynomolgus macaques, some of which did not show
weight loss or transient respiratory disease like other studies
with rhesus macaques did.’ This suggests the cynomolgus
macaque species models less severe cases of the infection.
emerging viruses. These characteristics are of utmost impor-
tance during the current pandemic.'” Macaques and their
similarities to humans in almost all anatomical traits have

made them a particularly accurate model for understanding
the pathogenesis of SARS-CoV-2 infection.

Due to differences in strain, inoculation route, age, and
other factors, Lu ez al. conducted a study to standardize re-
sults between cynomolgus macaques, rhesus macaques, and
common marmosets. They found that out of the three, rhe-
sus macaques were the most suitable and susceptible model
to SARS-CoV-2."® More recently, the African green mon-
key model has been established as a reliable model, showing
high levels of virus replication and development of the more
pronounced respiratory disease than the rhesus macaque and
cynomolgus macaque species. They needed a much lower
dose of SARS-CoV-2 to cause this response in comparison
to other nonhuman primate studies, suggesting their use is
more cost-effective as well.' African green monkeys should
be further evaluated for these advantageous findings along-
side other species studies.

Aged Macaque Model:

Individuals of the aged population have been found to be at
a greater risk of developing severe progression of COVID-19.
The macaque models are essential for understanding the ag-
ing process and identifying interventions of disease in the
aged, as they age similarly to humans. Yu e# a/. conducted a
study with five rhesus macaques of different ages, 3 old (15
years) and 2 young (3-5 years), by inoculating them with
SARS-CoV-2 infection.® The monkeys showed clinical
signs but no significant change in body temperature and
other typical signs of human infection.*® Overall, the older
monkeys infected with SARS-CoV-2 experienced more se-
vere interstitial pneumonia and more viral load than young
monkeys demonstrated through more viral replication, chest
X-rays, histopathological changes and immune responses.
The availability of older primate poses a timely limitation on
researchers because many of the test candidates would need
to wait years to age. Still, this aged animal model reinforced
increased risks for aged populations and serves as an import-
ant investigative path for modeling severe cases.

Reinfection Macaque Model:

Bao e al. developed a short-term infection rechallenge
macaque model to study whether patients have a risk of re-
infection and whether seroconversion provides immunity
against SARS-CoV-2 in nonhuman primate rhesus macaque
models.” In this report, the model was characterized by in-
terstitial pneumonia and systemic viral dissemination in the
respiratory and gastrointestinal tracts, as well as similar char-
acteristics of pathogenicity found in other studies.?®®1® The
monkeys were protected against short term reinfection, show-
ing a lack of viral shedding, histopathological changes, and
other signs that suggest protective immunity. Other studies
found similar results, indicating that the neutralizing anti-
body might provide protection from the secondary infection
but COVID-19 patients have tested positive twice.”> Thus,
more studies with a longer interval between the primary
challenge and rechallenge are necessary to further understand
the host-virus interactions and protective mechanism against
SARS-CoV-2. Overall, this susceptibility of macaques and

promising display of a similar disease spectrum in the models

DOI: 10.36838/v3i4.9

44



ijhighschoolresearch.org

has allowed researchers to move forward with preclinical test-
ing of vaccines and drugs.

Animal Models for Vaccine and Therapeutic Development

Vaccine:

Applications of the macaque model in vaccine and ther-
apeutics development for the treatment of COVID-19 are
summarized in Table 1. The ChAdOx MERS vaccine has
been tested in mice and rhesus macaques infected with
MERS-CoV.?* In this study, animals were inoculated with a
dose of virus that was higher than the amount most humans
are exposed to. The results showed broad protection and im-
mune responses in the animals that allowed them to adapt to
the single dose to SARS-CoV-2 infection. Researchers test-
ed vaccine efficacy on rhesus macaques once again, observing
that it effectively prevented lung damage, caused no signs of
virus replication in the lungs, and significantly lowered levels
of respiratory disease. There was no sign of immune en-
hanced disease after vaccination, which had been a common
problem for previous coronaviruses. These promising results
pave a way for further development, as ChAdOx1 vaccines
can be produced rapidly. In fact, clinical trials are currently
underway with human volunteers. This is part of the ongoing
phase I clinical trials, where safety, immunogenicity, and effi-
cacy against symptomatic PCR-positive COVID-19 disease
are assessed in randomized human subjects.

Yu ef al. confirmed the therapeutic effect of another po-
tential DNA vaccine candidate by testing the efficacy of a set
of prototype DNA vaccines expressing various forms of the
SARS-CoV-2 spike (S) protein.'” They assessed their im-
munogenicity and protective efficacy against SARS-CoV-2
viral challenge in rhesus macaques. After being vaccinated,
animals developed humoral and cellular immune responses,
including neutralizing antibody titers at levels comparable to
those found in convalescent humans and macaques infected
with SARS-CoV-2. This showed that animals had vaccine
protection against SARS-CoV-2 in nonhuman primates.
The researchers defined NAb titers as an immune correlate
of protection, which will be useful for vaccine development
considerations. Although data from this study was restricted
to DNA vaccines, findings may apply to other gene-based
vaccines as well, including RNA vaccines and recombinant
vector-based vaccines. If this NAb correlate is further shown
across multiple vaccine studies in nonhuman primates and
humans, it would be a simple and useful benchmark for clin-
ical development of SARS-CoV-2 vaccines.

In another preclinical study, Gao ez al. tested a purified in-
activated vaccine candidate, PiCoVacc, by immunizing rhesus
macaques.”* The animals showed no clinical abnormalities
after the vaccine when compared to the unvaccinated control
group. Researchers then inoculated the animals with SARS-
COV-2, and the vaccinated macaques were protected against
infection, showing mild and focal histopathological changes
in the lungs. Their data verified the protective efficacy: histo-
pathological evaluations of various organs demonstrated that
PiCoVacc did not cause any notable pathology in macaques.
With no observation of infection enhancement or immuno-
pathological exacerbation as well as complete protection with

a higher dose of PiCoVacc, this vaccine shows a promising
outlook for future human use and clinical development of a
vaccine.

Antiviral drugs:

Remdesivir has been proven effective against MERS-CoV
and SARS-CoV-1 infection in the past.25 Williamson ez
al. tested remdesivir using the established rhesus macaque
model of SARS-CoV-2 infection that resulted in lower respi-
ratory tract disease.”® In contrast to vehicle-treated animals,
remdesivir treated rhesus macaques did not show signs of re-
spiratory disease and had reduced pulmonary infiltrates on
radiographs. Viral loads of remdesivir treated animals were
significantly lower and there was a clear reduction in damage
to the lung tissue. Thus, they showed that therapeutic rem-
desivir treatment initiated early during infection has a clear
clinical benefit in the rhesus macaques. This supported early
remdesivir treatment in COVID-19 patients to prevent se-
vere pneumonia progression.

Hydroxychloroquine (HCQ) has also been extensively in-
vestigated in various animal models, but the results have not
been as promising. Studies have shown no significant pro-
phylactic or therapeutic benefit of HCQ_following in wvivo
infection in animal disease models, like nonhuman primates.*”
When tested in the rhesus macaque model, both high doses
and the standard human dose yielded no significant benefit,
clinical outcome, or reduction in virus replication or shedding
in the upper and lower respiratory tract. In another study,
Maisonnasse e al. infected cynomolgus macaques instead
and administered HCQ_daily to assess the anti-viral efficacy.
No antiviral activity in respiratory compartments nor clinical
efficacy of treatment was determined, regardless of the timing
of treatment initiation.”® Not only do these results exhibit
the common discrepancy between results from in vitro classic
assays and in vivo experiments, but they also fail to support

the use of HCQ_in prophylaxis or treatment of COVID-19.
B Discussion

Table 1.

Animal Therapeutic
Model s [o) Ref
Mouse DNA Vaccine INO-4800  neutralizing antibody response 10
Mouse DNA Vaccine PiCoVacc  protective immune response 23
Guinea Pig  DNA Vaccine INO-4800  humoral immune response 10
Macaques DNA Vaccine NAb humoral immune responses 17
(rhesus)
Macaques Vaccine PiCoVace _mlld and focal histopathological changes 23
(rhesus) in the lungs
Macaques . ChAdOx1 .
(hesus) DNA Vaccine MERS humoral immune responses 22
Macaques L L L .
(thesus) Antivirals Remdesivir no reduction in virus shedding observed 25
Macaques no significant benefit clinical outcome or

d Antivirals HCQ reduction in virus replication or shedding 26
(rhesus) . N

in the upper and lower respiratory tract

Macaques no antiviral activity in respiratory
(cynomolgu  Antivirals HCQ compartments and clinical efficacy of 27
s) treatment determined

Even with their close mimicry of the human disease spec-
trum, macaques are not a perfect proxy for COVID-19.
Nonhuman primates are extremely expensive to care for and
house in comparison to other models, even more so than hu-
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mans. Studies are also frequently limited in the number of an-
imals in their studies, partly due to high maintenance costs
and space requirements. Furthermore, equipment to conduct
studies is expensive and handling the primates is often la-
bor-intensive. Their similar aging and development periods
make them useful models for age-related studies, but this
means studies can take many years, which may be unfavorable
given the urgency of the current pandemic. The fewer num-
ber of animals studied also means that interpretation of data
should be made with due caution. Additionally, researchers
must make difficult choices about using primates for concept
pathology studies or future vaccine tests. Finally, there are
many ethical implications and legal constraints that limit re-
search with nonhuman primates that may raise adverse public
opinion.”> Nonhuman primate research is an indispensable tool
for disease study, but like other animal testing, it must proceed
with thoughtful consideration of various factors.

B Conclusion
Animal models are vital in vaccine and therapeutics treat-

ment development to identify mechanisms driving pathology.
Nonhuman primates have been a critical model for respiratory
infection to examine historically and at the same time as clin-
ical trials with humans. Since they mimic human COVID-19
more faithfully than most other species because of anatom-
ic, molecular, and physiological similarities, they have helped
shape our current understanding of the COVID-19 patho-
physiology tremendously. So far, established non-human
primate models, mainly rhesus macaques, have recapitulated
many aspects of human disease and are being used to test vac-
cine and other therapeutics efficacy and safety. Some species
of nonhuman primates may potentially serve as more effective
models of the disease, such as the African green monkey. Re-
searchers are often constrained to using only a few animals,
making the organization of data across multiple studies more
essential. The unprecedented speed of COVID-19 research
has been helped by the Internet’s capacity for faster and more
straightforward data sharing. Ultimately, the macaque models
have assisted and will continue to benefit preventative meth-
ods and interventions for preclinical animal trials. These have
paved the way for the ongoing human clinical trials. Further
study and refinement of methodologies will enhance our
knowledge as well as advance treatment and prevention of the
ongoing pandemic.
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