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ABSTRACT
Introduction: The search for an animal model capable of reproducing the physiopathology of the 
COVID-19, and also suitable for evaluating the efficacy and safety of new drugs has become a challenge 
for many researchers.
Areas covered: This work reviews the current animal models for in vivo tests with SARS-CoV-2 as well as 
the challenges involved in the safety and efficacy trials.
Expert opinion: Studies have reported the use of nonhuman primates, ferrets, mice, Syrian hamsters, 
lagomorphs, mink, and zebrafish in experiments that aimed to understand the course of COVID-19 or 
test vaccines and other drugs. In contrast, the assays with animal hyperimmune sera have only been 
used in in vitro assays. Finding an animal that faithfully reproduces all the characteristics of the disease 
in humans is difficult. Some models may be more complex to work with, such as monkeys, or require 
genetic manipulation so that they can express the human ACE2 receptor, as in the case of mice. 
Although some models are more promising, possibly the use of more than one animal model 
represents the best scenario. Therefore, further studies are needed to establish an ideal animal model 
to help in the development of other treatment strategies besides vaccines.
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1. Introduction

In late November 2019, a new disease of unknown etiol-
ogy emerged in Wuhan, China, causing several unidenti-
fied cases of pneumonia in humans, and spreading rapidly 
to many countries around the world [1–4]. The severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
was subsequently designated as the causative agent of 
coronavirus disease 2019 (COVID-19) [2,5] and the 
Director-General of the World Health Organization (WHO) 
in January 2020 declared COVID-19 as a worldwide public 
health emergency [1]. By October 2021, the disease had 
affected more than 233 million people, with about 4.7 
million deaths in more than 220 countries and the num-
bers continue to grow [6].

Currently, many drugs and therapies, including vaccines 
and hyperimmune sera, are being researched [7–9] with 
more than 40 vaccines in clinical trials, and more than 150 in 
preclinical studies [10,11]. Despite the efforts of researchers 
worldwide, few official therapies have been recognized as 
effective [3,12–15].

One of the greatest difficulties faced during preclinical trials 
is the selection of the most appropriate animal model relevant 
to the scope of the research. Several studies, with advantages 
and disadvantages, have been conducted, but no animal 
model, so far, reproduces accurately, the serious symptoms 
of COVID-19 in humans [8,13,14,16,17].

Issues related to infection rates, mechanisms of action, the 
possibility of reinfection, and potential therapeutic approaches 
require the use of experimental models as previously used for 
other coronaviruses, and assisting the development of strate-
gies to understand COVID-19 [4].

Until 2019, SARS-CoV-2 had not been detected in humans 
or animals, regardless of whether this virus shows about 96% 
genetic similarity with the coronavirus that was detected in 
2013, in China, in Rhinolophus spp. (horseshoe bats). Whether 
other animal species could become hosts for a virus that is 
widespread and whether the clinical manifestation of SARS- 
CoV-2 infection in humans behaves in the same way in other 
animals is questionable. In addition, in efforts to develop 
vaccines and antiviral drugs, which animals are most relevant 
for experimental tests to increase the effectiveness of such 
control measures in humans [2,18].

The present study, therefore, aimed to compile and analyze 
studies of the suitability of which animal models are more 
useful in preclinical trials with SARS-CoV-2, showing the patho-
physiology of the disease in animals, as well as the advantages 
and disadvantages in relation to their use in research with the 
new virus.

2. Animal models

Finding an animal model to study the new coronavirus and 
test vaccines or new forms of therapies, as well as understand 
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the molecular mechanisms of COVID-19 is not an easy task 
and has attracted the interest of researchers worldwide 
[19,20]. These models may be experimentally induced so that 
the study of the disease becomes possible, or they can be 
spontaneous models, including naturally existing genetic var-
iants, genetically modified models, negative models, resis-
tance to some diseases, or even orphan models, which suffer 
from certain natural disorders [21,22]. As the virus-host inter-
action is very complex, it may require the use of more than 
one animal model, since the chances of a single model repro-
ducing all aspects related to the disease in humans are 
low [23].

The coronavirus incubation period in humans is approxi-
mately 5 days, with the possibility of developing symptoms 
until day 14 [24]. Predicting the course of the disease in 
animals is challenging because the highest level of pathology 
mainly occurs in one week, which can be caused by variable 
immune responses, and the way the infection occurs and the 
virus replicates. When looking for an ideal model, we need to 
ensure that at the end of the experimental trials, the differ-
ences in the pathophysiology are not in doubt when extra-
polating to the human situation.

To assess the course of COVID-19 in the proposed animal 
models, histological, radiological, and visual inspection tests 
should be performed. The animal model must be able to 
indicate the presence of lung tissue damage and the devel-
opment of an inflammatory process. In addition, changes in 
the function of the alveolar-capillary barrier and physiological 
should be detectable so that, the effectiveness of the therapy 
implemented can be evaluated and determined [16].

Studies have shown that civet cats, camelids, monkeys, 
mice, hamsters, ferrets, and rabbits can be considered as 
animal models for coronavirus [3,25–31]. In studies with SARS- 
CoV-2, in some of these animals, viral replication was observed 
with limited histopathological changes and signs of clinical 
disease. However, the symptoms of the disease were not 
consistent and there was no pattern of immune response or 
mortality [32]. Furthermore, receptors in the Fc region of anti-
bodies differ between animal and human models, compromis-
ing the evaluation of vaccines for human use in tests in animal 
models [33].

Preclinical studies for the development of new anti-SARS- 
CoV-2 drugs can select suitable animal models and feasible 
infection neutralization pathways, detecting viral tropism and 
binding to ACE2 [34,35]. ACE2 represents the main receptor 

for SARS-CoV-2 entry into cells whereas lungs and bronchi are 
the main targets for viral infection. However, the heart, kid-
neys, liver, brain, gastrointestinal tract, and upper respiratory 
tract can also be affected [36]. Zeiss et al. [34] signaled that 
some amino acid sequences present in ACE2, considered cri-
tical residues, are more important than the total number of 
similar amino acids when comparing the animal model to the 
human. Apparently, they have a direct influence on the sus-
ceptibility to infection. It was verified that, when comparing 
the virus binding region to ACE2 in marmosets and pigs, the 
critical residues are absent or in a lower number than neces-
sary for a perfect viral coupling. Differently, Syrian hamsters 
and ferrets show these residues favoring viral tropism. This 
revealed Syrian hamsters and ferrets as better model animals 
for preclinical research studies [28].

Another factor that directly impacts ACE2 affinity and dif-
fers from one species to another is the tissue distribution of 
ACE2 together with TMPRSS2 and furin. The TMPRSS2 cellular 
serine protease and the furin proprotein convertase act as 
cofactors for this binding, which can be considered as a target 
for the action of inhibitory drugs and a difference among 
animal models facing infection [34]. The fact that the main 
targets (lungs and bronchi) express low levels of ACE2 pointed 
to the existence of other molecules involved in cell invasion. In 
addition, the presence of such molecules directly impacts viral 
tropism, including the AXL receptors (present lung), CD147, 
and ASGL1, independent of ACE2, which facilitate viral entry 
into cells. Furthermore, heparan sulfate, sialic acid, lectin 
receptors, Neuropilin 1, and CD4 act as co-receptors while SR- 
B1/cholesterol, Furin, PC-1, trypsin, matriptase, TMPRSS2, and 
cathepsin are cofactors, demonstrating that the engineering of 
the infection of SARS-CoV-2 in organs is a quite complex 
process, and the virus uses more than one pathway to cross 
the cell barrier [36].

After a careful review of the course of COVID-19, and the 
post-infection characteristics (virological, histological, and 
immunological), non-human primates (NHPs), ferrets, and 
hamsters have been considered to be potential natural hosts 
of SARS-CoV-2. However, the tree shrew, woodchuck, pango-
lin, rat, guinea pig, cotton mouse, cats [2], and dogs might also 
be potential hosts for SARS-CoV-2 infection [26].

2.1. Non-human primates

Due to their pathophysiological similarity to humans, studies 
with non-human primates have great clinical relevance for 
several diseases, especially for emergent pathogens such as 
coronaviruses. Some studies using these animals and per-
formed with SARS-CoV-2 failed to reproduce all the human 
characteristics of infections. However, such models had suffi-
cient similar characteristics and were used in the development 
of new vaccines against SARS-CoV-2 [13,37–39].

Studies involving SARS-CoV-2, carried out in monkeys, 
showed that infected animals had pulmonary infiltrates, with 
the presence of virus along the upper respiratory tract [22]. 
African green monkeys, cynomolgus, and rhesus exhibited 
mild symptoms of the disease but were able to produce 
neutralizing antibodies that could help fight the virus 
[16,23,40]. Elevated levels of chemokines and decreased levels 
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of TGFα were detected in the serum of these animals in the 
first 3 days after infection, but the difference was not statisti-
cally significant. The non-significance may be related to the 
fact that men and monkeys share the main amino acid resi-
dues present in the angiotensin-2 converting enzyme [22].

There are many studies involving rhesus monkeys in the 
literature where researchers have been analyzing the distribu-
tion and pathological changes caused by SARS-CoV-2, but 
many gaps remain in relation to immune responses induced 
by the infectious process [37,40,41]. Intranasal, intratracheal, 
oral, and ocular routes of administration were used for viral 
inoculation in these animal models [16,37], where the viral 
peak was detected between the third and fifth days of infec-
tion [42], and the symptoms observed with the aid of 
Radiology and histology that monitored alveolar infiltrates, 
irregular breathing patterns, and increased respiratory rates 
[16]. Transient severe pneumonia [43], with pulmonary, infil-
trates, histological lesions, and seroconversion has been 
observed in several studies [13,37], confirming the viral capa-
city to replicate throughout the respiratory tract, facilitating 
transmission between hosts [38,44], in addition to reduced 
appetite, transient hyperthermia, increased body temperature, 
and slight weight loss [23,44]. Zheng et al. [45] reported the 
functioning of Treg cells in disease progression, summarizing 
the T cell response and local cytokine/chemokine changes, 
important features in an animal model for application in vac-
cine evaluations and treatments against COVID-19.

In another study, Aid and colleagues [46] used rhesus 
monkeys, aged 6 to 12 years, to assess the development of 
vascular changes in animals affected by SARS-CoV-2, changes 
commonly seen in human patients. Histopathological analysis 
of lung tissue in animals on days 2 and 4 post-infection 
showed endothelial inflammation, similar to that observed in 
humans, with endothelial hyperplasia, tunica intima prolifera-
tion, in addition to macrophage and lymphocyte adherence. 
The proteomic and transcriptomic study was also carried out, 
which demonstrated the recruitment of macrophages and 
neutrophils, with platelet aggregation, culminating in 
endothelial alterations and thrombosis, as it happens in 
humans [47]. Jiao et al. [47] evaluated the pathogenesis of 
COVID-19 in a rhesus monkey model using the gastrointestinal 
tract as an alternative route for infection. Changes observed in 
the gastrointestinal and respiratory tracts from intranasal and 
intragastric virus inoculation were compared. After intranasal 
inoculation, no symptoms such as weight loss, hyperthermia, 
or diarrhea were observed, although the virus was detected in 
lung and intestinal tissue samples. Histopathological changes 
were observed in samples from lung, trachea, and bronchi, 
which included inflammatory cell infiltrate, congestion, 
edema, changes in epithelial cells, and vascular changes. In 
tissue samples from the gastrointestinal tract, infiltrates of 
inflammatory cells and changes in epithelial cells in the sto-
mach, duodenum, jejunum, ileum, descending colon and rec-
tum could also be identified [47]. In animals inoculated by the 
intragastric route, the authors observed in macroscopic ana-
lyzes that the lungs showed hyperemia in the first days after 
infection and consolidation on the 7th day. In the microscopic 
analysis, as well as in animals inoculated by the intranasal 

route, an inflammatory cell infiltrate was observed in the 
lungs, in addition to vascular congestion and hemorrhage. In 
the gastrointestinal tract, inflammatory cell infiltration and loss 
of epithelial cells were observed, similar to the changes 
observed in animals inoculated by the intranasal route. The 
findings show that SARS-Cov-2 can affect both the respiratory 
tract of affected animals, as well as producing enteropatho-
genic effects, as observed in human patients [47].

Research has shown that older animals were more suscep-
tible and developed stronger symptoms than younger ani-
mals, and there was no reinfection [16]. Although the 
condition presented is extensive, it is not common for these 
animals to evolve to death after the onset of the infectious 
condition [22,44,48]. To assess the impact of age on disease 
progression, Song et al. [49] used Chinese rhesus monkeys 
(Macaca mulatta) of various ages. The authors observe that 
young monkeys, after infection, have altered respiratory func-
tion, a high rate of viral replication, severe lung damage with 
cellular infiltrates (CD11+ and CD8+). Aged monkeys showed 
delayed immune responses, with a more severe cytokine 
storm. Furthermore, there was an increase in pulmonary infil-
tration of CD11b+ cells and persistent infiltration of CD8+. 
There was greater inflammation and chemotaxis of peripheral 
blood T cells from elderly monkeys. However, the antiviral 
response was less than that seen in young monkeys. Thus, 
the late and more severe cytokine storm and cellular infiltra-
tion help to elucidate the worse prognosis of elderly patients 
with SARS-CoV-2 infection [49]. Deng et al. [50] evaluated 
whether a previous SARS-CoV-2 infection would protect rhe-
sus monkeys from reinfection, where the results demonstrated 
that infected animals were able to produce an immune 
response that protected them during the initial period after 
recovery.

Lu and collaborators [39] conducted a comparative study 
between three species of non-human primates, M. mulatta 
and Macaca fascicularis and New World monkey Callithrix 
jacchus. Among all species studied, M. mulatta showed the 
strongest symptoms in the initial phase of the infection and 
was more similar to humans. According to their findings, as 
well as the studies previously presented, an increase in body 
temperature, as well as abnormal patterns in the lungs and 
presence of infiltrates, were detected. Early in the infection, 
viral RNA could be found in the respiratory system, spleen, 
lymph nodes, digestive and intestinal systems, as well as 
bladder and uterus. In the final stages, the location was 
restricted to the spleen, bronchi, and laryngopharynx. This 
study brings the oro-fecal transmission as one of the forms of 
transmission of this disease. For immunological evaluation, 
the production of specific antibodies and inflammatory cyto-
kines were analyzed. As for antibodies, all species produced 
antibodies, but young M. mulata produced less when com-
pared to older animals and M. fascicularis produced higher 
titers, and these two species also had the highest rate of 
production of inflammatory cytokines [39].

Alluwaimi et al. [21] and Salguero et al. [51] evaluated the 
susceptibility of cynomolgus monkeys to SARS-CoV-2 infec-
tion. This animal model also has pathological lung lesions, 
albeit mildly but quite aggressive, slightly more pronounced 
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in the elderly [21]. Viral RNA was found in the respiratory tract, 
conjunctiva, oral cavity, and rectal smears and no viral RNA 
was observed in the animals’ nervous system or lymphoid 
tissues, in addition to the animals seroconverting on the 
fourteenth day after infection [21,52]. According to Ishigaki 
et al. [52], viral RNA gradually decreases over the 28 days 
observed in the experiment. The most important clinical 
signs were a significant increase in body temperature in the 
first 3 days, weight loss, lungs with a ground-glass appearance 
during the first 7 days, and pneumonia with the presence of 
infiltrates, in addition to an increase in the production of 
inflammatory cytokines. The authors analyzed the production 
of neutralizing antibodies and found that after 28 days there 
was no more detection, unlike other studies in the literature, 
but justified by the use of elderly animals [52]. According to 
Salguero et al. [51], cynomolgus monkeys are as important a 
model as the rhesus monkeys for evaluating the efficacy and 
safety of drugs to be developed for therapies against SARS- 
CoV-2.

A therapy that has been widely discussed lately in the 
treatment of COVID-19 is the use of convalescent plasma. 
Cross et al. [53] carried out tests using African green monkeys 
(Chlorocebus aethiops). It was carried out in a cohort study 
with a group infected with SARS-CoV-2 by intratracheal and 
nasal routes versus not infected, and the efficacy of using 
convalescent plasma as therapy against untreated animals. 
The symptoms presented by the infected animals were mild, 
with coagulopathy, lack of appetite, presence of viral RNA in 
the airways, severe pneumonia with the presence of infiltrates, 
hemorrhage, and slow recovery. However, the difference 
between the group treated with a convalescent low-titer 
plasma and the untreated group was not as marked. In the 
group that received a plasma with a higher titer, the severity 
of the pulmonary manifestation of the disease, decrease in 
coagulopathy and the inflammatory processes resulting from 
the infection were more expressive when compared to the 
untreated groups, highlighting the importance of administer-
ing this treatment of early form with plasmas that have high 
levels of antibodies [53].

Greenough [43] and colleagues studied the course of SARS- 
CoV-2 infection in young marmosets and young adults in the 
first 7 days of infection. According to the results after nasal 
infection, the animals presented fever, diarrhea, pneumonia 
with the presence of infiltrates and edema, hepatitis, and 
multiple organ failure from the fourth day after the viral 
infection. Viral RNA could be detected in the lungs, liver, 
heart, and lymphatic system, showing that the ACE2 and 
virus interaction may be similar to the interaction that occurs 
in the human host. However, the researchers recognize that 
the results in marmosets are promising, but that further stu-
dies need to be carried out to better analyze this model over 
the entire period of viral infection and symptomatological 
manifestation [43].

2.2. Ferrets

Ferrets have been studied as an animal model for human 
respiratory viruses [54–60] like influenza virus A [8,13,57] and 
syncytial respiratory virus [8] owing to their pulmonary 

morphological similarity to humans. Animals are susceptible 
to coronavirus, are able to cough and sneeze, manifesting 
symptoms such as increased body temperature [22] because 
of their morphological similarity to humans. To assess the 
susceptibility of these animals to infection with SARS-CoV-2, 
Shi and collaborators [2] inoculated intranasal pairs of ferrets 
with virus samples collected from the environment and 
human patients. Components of the upper and lower respira-
tory tracts of each animal were collected, in addition to organs 
such as lung, heart, liver, spleen, kidneys, pancreas, small 
intestine, and brain. This sampling aimed to quantify viral 
RNA by qPCR and virus titration in Vero E6 cells. The authors 
noted that SARS-CoV-2 only replicated in the upper respiratory 
tract of animals, without causing serious illness or death. 
These data differ from what has been verified for the influenza 
virus and other coronaviruses, which are able to replicate in 
the upper and lower respiratory tract of animals [55].

Type II pneumocytes and serous epithelial cells of the 
tracheobronchial submucosal glands are the main cells that 
express ACE2 in ferrets [56]. These animals differ in only 2 
amino acids in the binding region of SARS-CoV-2 Spike protein 
with ECA2 [2,13] and the mechanism that inhibits viral replica-
tion in the lower respiratory tract of ferrets is still not well 
understood. However, the fact that the virus replicates in the 
upper respiratory tract of these animals may make them 
important candidates for animal models for testing new 
drugs against COVID-19 [2,13].

According to Cleary et al. [16], when inoculated with the 
coronavirus, ferrets show symptoms between the second and 
sixth days, and histological tests showed severe lymphoplas-
macytic pulmonary perivasculitis and vasculitis on the 
thirteenth day of infection. According to Khoury et al. [42], 
the animals had vasculitis on the third day and bronchiolitis 
on the fourth day. When exposed to SARS-CoV-2, ferrets show 
hyperthermia and allow viral replication, characteristics that 
allow this animal to be useful for the development of drugs 
and vaccines [2,61].

Richard et al. [62] and Fenollar et al. [63] verified the air-
borne transmission of SARS-CoV-2 between ferrets. This fact 
highlights the importance of community-level social distan-
cing, which has been applied in many countries around the 
world, and the adoption of infection control measures in 
healthcare settings [62]. Ferrets were able to transmit the 
virus through direct contact with other animals or by indirect 
contact [8,16,42,62]. This form of transmission reinforces that 
ferrets can be considered good models for studying the trans-
mission of SARS-CoV-2 [22].

2.3. Mouse (Mus musculus)

Mouse models exhibit an important role in drug development 
[17,64,65]. It is a reproducible, low-cost model that allows 
genetic manipulations [66,67] and is considered one of the 
main models used in the study of human diseases [68,69].

SARS-CoV-2 has a low affinity for mouse tissues, being 
inefficient to infect these animals. This is justified by the 
difference between mouse ACE2 compared to human ACE2 
proteins [17,70]. Due to this low affinity of the virus for mice 
tissue, the wild-type mouse strains were not considered ideal 
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for studying SARS-CoV-2 infections [17,70,71]. According to 
Deb et al. [22], 11 of 29 amino acids in mice and 13 of 29 
amino acids in rats differ in the ACE2 binding region com-
pared to human ACE. This means that the ACE2 of these 
animals is unable to bind to the virus.

McCray et al. [72] analyzed the introduction of a vector 
carrying a human ACE2-coding sequence into wild-type mice 
and the development of a hACE2 transgenic mouse strain. 
These mice may be useful in assessing the pathogenesis of 
SARS-CoV-2 and in the development of antivirals and vaccines 
against COVID-19 [32,73]. Humanized and genetically modified 
mice responded to viral infections. They present with weight 
loss, viral pulmonary replication, interstitial pneumonia, posi-
tive exudation, macrophage-rich infiltrates, and T and B lym-
phocytes, but these animals are unable to transmit the 
disease. Munshi et al. [74] reported that SARS-CoV-2 has tissue 
tropism for the lungs of these animals. However, an abnormal 
expression of receptors in different tissues can modify viral 
tropism. In addition, the maintenance cost of these mice can 
be high and the demand in the world market has increased 
due to the pandemic, which has hampered their acquisi-
tion [22].

The strategy of genetic modification of mice has also been 
studied by other authors [8,16,19,75,76]. Genetic modification, 
which makes it possible to introduce hACE2 in mice, allows 
these animals to manifest human-like symptoms of SARS-CoV 
-2 infection [21,44,77]. The human cytokeratin 18 (K18) pro-
moter in epithelial cells regulates ACE2 expression and has 
been observed in infected airway epithelial cells as well as the 
liver, kidney, spleen, heart, and intestine [13,75,76]. Studies 
have demonstrated that the K18-hACE2 transgenic mouse 
infected with a human SARS-CoV strain by the intranasal 
route would not survive [32]. The infection begins in the air-
way epithelium, spreads to the lungs and brain with pulmon-
ary infiltration of macrophages and lymphocytes and 
upregulation of pro-inflammatory cytokines and chemokines 
in the lungs and brain [32]. Subsequently, the mice began to 
lose weight and became lethargic, presenting difficulty 
breathing. All animals died by the seventh day. This informa-
tion reinforce that the expression of the hACE2 transgene in 
epithelial cells can transform a SARS-CoV infection initially 
considered moderate to severe and potentially fatal 
[17,71,78]. These findings are corroborated by Moreau et 
al. [79].

Some authors noted that a peak of pulmonary pathology 
occurred around the seventh day with abnormalities in the 
brain, heart, and kidney [42]. The animals had a high viral load 
in the lungs, in addition to weight loss and morbidity [13], 
inflammation and pulmonary infiltration developing severe 
lung disease, with thrombosis and anosmia, and mortality 
around the fourth day of infection [16,44,78].

Likewise, Jiang et al. [80] also evaluated the response of 
transgenic animals (HFH4-hACE2 in C3B6 mice) to SARS-CoV-2 
infection, in which the animals had high levels of receptors in 
the lungs and other tissues (brain, liver, kidney, and tract 
gastrointestinal). Infected animals developed typical interstitial 
pneumonia; a picture similar to that seen in human infections. 

The authors also concluded that pre-exposure to the virus may 
protect against the development of severe pneumonia.

Other techniques used with mice are collaborative crossing 
and the use of mice transplanted with human cells [8]. To 
produce AdV-hACE2 mouse adenovirus vectors are used to 
insert human hACE2 receptors into the animal DNA [13].

Zhang et al. [68] reported that mice susceptible to SARS- 
CoV-2 infection could be obtained by producing mice that 
express the hACE2 receptor, using recombinant adenovirus 
vectors, and through the adaptation of the virus to the respira-
tory tract of animals through sequential passages. Another 
technique is the viral passage in the mouse lung to develop 
a viral adaptive process, which can cause lung damage, infil-
tration of monocytes and lymphocytes, and death of the 
animal [21,44,77].

Israelow and collaborators [81] elaborated a model based 
on the expression of hACE2 mediated by an associated ade-
novirus. They mentioned that the transgenic models pre-
sented some obstacles, such as limited availability, being 
restricted to a single genetic fund. The animals used were 
inoculated intranasally and had viral replication and patholo-
gical characteristics similar to those presented in human infec-
tion [81].

Wang et al. [17] found that the viruses replicated efficiently 
in the lungs of BALB/c mouse-adapted virus model; in a 
reverse genetically modified SARS-CoV-2 infection model, 
and in a recombinant adenovirus-mediated transient expres-
sion of human ACE2 mouse models. It is important to con-
siderer that none of these animal models developed an 
infection considered significant and stable in the upper 
respiratory tract [17].

It was observed that humanized mice exhibited a high viral 
load in the lungs, trachea, and brain by using CRISPR/Cas9 
technique. Elderly mice manifested pulmonary neutrophilia, 
extensive alveolar thickening, vascular injury, and focal hemor-
rhage [18,76].

The infection of the upper respiratory tract in humans 
caused by SARS-CoV-2 is related to the initial infection, the 
spread of the virus, and ability to transmit the disease. Thus, 
one of the desirable aspects of the development of antiviral 
and vaccines against COVID-19 is the prevention of viral repli-
cation in the respiratory tract [17]. Wang et al. [17], using 
BALB/c and C57BL/6 J mice, suggested that combined intra-
nasal and intramuscular administration of Remdesivir treat-
ment efficiently inhibited viral replication in the upper and 
lower respiratory tracts of mice.

Another important point in understanding the pathogen-
esis of COVID-19 is an intragastric infection, which leads to the 
development of gastrointestinal symptoms in humans. This 
was also investigated by Sun et al. [82], and mice inoculated 
orally did not show the symptoms commonly seen in humans 
infected by this route, such as diarrhea, abdominal pain, and 
vomiting [82].

Dinnon et al. [70] remodeled the Spike protein-binding 
domain of the virus in a mouse model adapted for SARS-CoV 
-2, which was not genetically modified, thus facilitating its 
binding to the mouse ACE2 receptor. According to the 
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authors, this is a high-performance model for evaluating ther-
apeutic measures.

In a study published by Leist et al. [83], the authors reported 
a model that could help elucidate acute lung damage and acute 
respiratory syndrome, being useful for the study of new drugs. 
This model of lethal pathogenesis was adapted for BALB/c mice, 
using the SARS-CoV-2 MA10, and the severity of the disease was 
similar to that observed in older humans.

Gurumurthy et al. [19] believe that mice expressing the 
hACE2 receptor do not faithfully reproduce the course of 
human disease. In addition, the technique has limitations, 
since the mice continue to express the mACE2 receptor, redu-
cing the physiological concentrations of hACE2 available for 
binding to the virus. In addition, different promoters involved 
in the expression of transgenic cassettes can lead to the 
expression of proteins in different cells and at different con-
centrations of endogenous concentrations of mACE2. They are 
also not suitable for studies that require the expression of 
hACE2 in specific cells or at certain periods.

However, Hewitt et al. [23] reported that the use of NOD 
SCID gamma mice could be an important tool for studying the 
evolution of the disease in the presence of comorbidities, 
which can be induced or obtained by genetic crosses. These 
models can also help to understand why certain individuals 
may develop a severe form of the disease, while others may 
have mild symptoms or even be asymptomatic.

Zhu et al. [84] evaluated the virus induces a response by 
interferon (IFN) type I, which promotes the migration of 
monocytes and macrophages to the lungs the immune 
response to SARS-CoV-2 in mice. Regarding the innate 
immune response, the authors noted that SARS-CoV-2 is sen-
sitive to IFN-β, leading to a reduction in viral load. IFN has 
been used in the treatment of patients affected by Covid-19. 
Regarding the humoral response, immunoglobulins (IgG) spe-
cific for the Spike protein (S) of the virus were detected in the 
blood of mice 21 days after infection. The authors also eval-
uated the cellular immune response in these animals and 
observed the presence of different types of T lymphocytes, 
as well as B lymphocytes and natural killer cells [84]. In 
another study, Hassan and colleagues [85] demonstrated 
the importance of IFN in the immune response to SARS-Cov 
-2. Infected mice showed greater weight loss and lung invol-
vement due to the absence of signaling or partial signaling 
generated by this protein in response to the virus [85]. Leist 
and colleagues [83] observed the presence of cytokines and 
chemokines in the lungs and blood of experimentally 
infected mice. Like what is observed in humans, the authors 
found high levels of interleukins, tumor necrosis factor α 
(TNF-α), monocyte chemoattractant protein 1 (MCP-1), and 
IFN-γ [83].

2.4. Hamster (Mesocricetus auratus)

Hamster has been used as an animal model in other viral 
researches [16,86–91]. A comparative in silico study between 
human ACE2 and the hamster enzyme suggested that this 
animal may show symptoms similar to those presented by 
humans 1 or 2 days after SARS-CoV-2 infection [8], with 

pulmonary pathology, with peak load on the seventh day 
and transmission by direct contact [8,13,87]. Hewitt et al. [23] 
also reported that after intranasal infection, the animals 
showed clinical symptoms, histopathology, and viral kinetics 
similar to human disease.

The ACE2 amino acid sequence of these animals is very 
similar to the human sequence, differing only in 4 of the 29 
amino acids. They are susceptible to infection, with weight 
loss, presence of virus in the nose, lung, and trachea, with a 
lethality rate of 5%, exudative inflammation with hemor-
rhage and alveolar necrosis, inflammation of the intestinal 
mucosa epithelium with diarrhea, and myocardial degenera-
tion. The pathological picture seen in hamster lungs by SAR- 
CoV-2 infection may be the result of an intense immune 
reaction, as is observed in humans [8]. The unfolding of 
this immune response is the production of interferon γ, for 
macrophage recruitment, and pro-inflammatory cytokines 
two days after viral infection, which culminated in an acute 
inflammatory picture marked by cell death [22,23,86]. 
According to Muñoz-Fontela et a [8]., it was possible to 
detect neutralizing agents in the blood of these animals, 
7 days after the onset of infection, a period that coincides 
with the increase in TGF-β and reduction of interferon II and 
IL6, alleviating the inflammatory picture [22,86]. By 14 days 
after infection, a humoral immune response with high neu-
tralizing titers of can be observed, especially in young ani-
mals [92]. The fact that Syrian hamsters can transmit the 
disease under challenge with SARS-CoV-2, demonstrating 
to be an ideal animal model [22,87].

A recent study using a Syrian hamster as a model clearly 
demonstrated the need for the coexistence of the presence of 
ACE2 and the transmembrane serine protease 2 for SARS-CoV 
-2 to be able to invade the target cell. The first is responsible 
for binding with protein S while the second cleaves it, fusing it 
to the cell membrane. It was observed that in the lung of the 
hamster these proteins had a different distribution, and one 
was not always close to the other. Transcriptomic results 
suggested that transmembrane serine protease 2 is expressed 
in higher concentrations and is more widely distributed than 
ACE2. Only in places where both coexisted, pulmonary middle 
lobe, tertiary bronchioles, and in places at the interface 
between bronchioles and alveoli, infection was observed [93].

Cleary et al. [16] also observed that the animals presented 
pulmonary viral replication with edema, inflammation, cell 
death, animal weight loss, and increased respiratory rate. 
According to Johansen et al. [13], the animals still had goose-
bumps, protein-rich lung exudates, mononuclear cell infil-
trates, cell death, hemorrhage in the alveoli, and recovery 
after 10 or 12 days of infection.

According to Muñoz-Fontela et al. [8], these animal models 
may present mild to moderate symptoms with weight loss, 
difficulty breathing, lethargy, unkempt hair, and stooped pos-
ture. The most severe symptoms appeared after the fourth 
day, with the lung acquiring the appearance of ground glass, 
infiltration with cellular apoptosis in the lower respiratory 
tract, and lung damage. It was found that males and the 
elderly are more susceptible to the severe form of the disease, 
related to the viral load to which they are exposed. The 
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infectious condition ended on the fourteenth day, and it was 
not necessary to euthanize the animal to assess the course of 
the infection, as the evolution of the disease was monitored 
by computed tomography.

The pathogenesis of the disease in hamsters was studied 
by Sia et al. [88], used animals from 4 to 5 weeks of age, with 
viral replication was detected on the second day after infec-
tion, with a decrease on the fifth and absence on the seventh 
day. Histopathology revealed the presence of inflammatory 
cell infiltrate, with the presence of mononuclear cells in areas 
in which the presence of the virus was detected, with the 
consolidation of lung tissue whose proportion ranged 
between 5 and 60% between days 2 and 7 post-infection. 
On the seventh day of infection, the authors no longer 
observed the presence of viral antigens in the lungs, with 
significant type II pneumocyte hyperplasia [83,88]. The authors 
also observed the presence of the virus in epithelial cells of 
the duodenum, which is similar to that observed in human 
patients, even without the existence of inflammatory changes 
in these animals.

Regarding the oral inoculation of the virus, Lee et al. [94] 
reported that no clinical symptoms were observed, unlike 
animals inoculated intranasally. In the histopathological ana-
lysis, the authors observed mild inflammatory infiltration in 
the tongue and oral and stomach mucosa. In the intestine, a 
greater inflammatory cell infiltrate was observed when com-
pared to the anterior portions of the gastrointestinal tract and 
significant changes in the villi of the intestinal epithelial 
cells [94].

Chan et al. [86] isolated viral strains, and the animals were 
inoculated intranasally. The clinical and histopathological find-
ings observed in the infected hamsters proved to be similar to 
those observed in humans, and the authors concluded that 
the Syrian hamster model might be an important alternative 
for understanding the disease, its form of transmission, possi-
ble treatments, and vaccine for COVID-19. Hewitt et al. [23] 
considered the Syrian golden hamster as an ideal model for 
evaluating new drugs, with animals with compromised 
immune systems developing the severe form of the disease, 
and human antibodies could act as protectors against infec-
tion. This can be considered a stable model that is capable of 
predicting infection and is important in biological tests [95].

Contrary to other published studies [86,88,92], Osterrieder 
et al. [92] analyzed the impact of age differences in the course 
of SARS-CoV-2 infection in Syrian hamsters, establishing a 
model that resembles the most serious SARS-CoV-2 infection 
in elderly patients. Imaia et al. [87] also addressed the different 
age groups and noted that older hamsters had more marked 
weight losses.

Furthermore, through in situ hybridization, these authors 
showed that viral genetic material was detected in cells of the 
lower respiratory tract and macrophages, that were potential 
targets of SARS-CoV-2 in human lung tissue. Therefore, the 
infection of hamsters seems to reflect what has been reported 
for human patients [92]. Du et al. [96] evaluated the effective-
ness of the administration of antibodies (BD-368-2) in ham-
sters infected with SARS-CoV-2. The data demonstrated 
weight loss of the animals and reduction in viral load.

Suresh et al. [97] evaluated the proteomic alteration in 
SARS-CoV-2 infection using this animal model. Although the 
study had some limitations, such as sample size and experi-
mental conditions, they found alterations in the complement 
system pathway, coagulation dysregulation and programmed 
cell death. Besides alterations in the extracellular matrix, and 
the organization of the actin cytoskeleton in the animals’ 
lungs, abnormal expression of pulmonary surfactants was 
also detected. It affected the gas exchange whereas the 
Scgb1a1 protein, a surfactant component, was downregu-
lated. This protein has anti-inflammatory, immunomodulatory, 
and antifibrotic activities and this downregulation may be 
related to the respiratory difficulty observed in lung injury.

2.5. Lagomorphs

ACE2 is considered the main receptor for SARS-CoV-2 and other 
beta coronaviruses such as SARS-CoV, which caused an epi-
demic, in 2002–2003, in 26 countries, although other entry 
mechanisms and cell receptors are under investigation [98–100].

According to Preziuso [100], further studies are needed on 
the interaction between SARS-CoV-2 and ACE2 of lagomorphs, 
despite the common use of these animals in laboratories. This 
work investigated the ACE2 sequences of lagomorphs and the 
binding of the complexes SARS-CoV-2-ACE2, showing a high 
affinity of the ACE2 to the viral Spike protein [100]. According 
to Maurin et al. [101] viral RNA was detected in nasal and 
throat smears with pulmonary, peribronchiolar, and peribron-
chial infiltration with lymphoid tissue growth. It is worth men-
tioning that the role of these animals in SARS-CoV-2 
epidemiology should be investigated [98].

2.6. Mink (Neovison vison)

In this model, the animals can develop pneumonia with infil-
tration, when infected with SARS-CoV-2, which can evolve to 
death [13]. They present moderate symptoms with respiratory 
difficulty with viral detection in the respiratory and intestinal 
tracts. It was also used in studies with SARS-CoV-1 by Muñoz- 
Fontela and collaborators [8].

Recently, SARS-CoV2 infection has severely affected mink 
farms in countries such as Denmark, Netherlands, the USA, and 
Spain. Transmission of the infection between animals and 
from animal to human has been suggested [63,102,103]. 
These animals may represent important reservoirs of SARS- 
CoV-2 [104]. Evaluation of genetic and epidemiological data 
from this event showed zoonotic transfer with a variant SARS- 
CoV-2 strain [102,104,105].

In a study published in 2020, Oude Munnink et al. [105] 
observed a high diversity in the SARS-CoV-2 genomic 
sequences obtained from some mink farms. This data may 
represent prolonged circulation of the virus between minks, 
which may have led to virulence of SARS-COV-2 due to the 
accumulation of mutations [105].

Since its emergence, SARS-CoV-2 has continued to accu-
mulate mutations [106]. A total of 214 human cases of COVID- 
19 have been reported in Denmark with different variants of 
SARS-CoV-that may come from cultured mink [107]. The 
Statens Serum Institut (State Serum Institute), Denmark, has 
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identified seven mutations in the Spike protein of SARS-CoV-2 
variants found co-circulating in mink and humans [108].

It is evident that mink farms will still play an important role 
in the emergence of newer and more virulent variants of 
SARS-CoV-2 [106].

Hoffman and collaborators [109] evaluated the reduced 
response to therapies involving antibody-mediated viral neu-
tralization caused by SARS-Cov-2 mutations in minks. This 
work reported the mutation in protein S leading to greater 
efficiency in the invasion of human cells, whereas reduces viral 
neutralization by antibodies in use in therapeutic protocols, 
due to the Y453F4 mutation. On the other hand, in a study 
carried out by Bayarri-Olmos and collaborators [110] on the 
Y453F variant, it was shown that there was no reduction in 
humoral immunity or viral neutralization by antibodies. Similar 
to the study of Hoffman and collaborators, Bayarri-Olmos and 
collaborators observed a greater affinity of the virus to the 
human cell receptors, which may increase its transmissibility 
potential [109,110].

2.7. Non-mammalian animals

The use of zebrafish (Danio rerio) for testing new drugs could 
be an alternative to the development of humanized mice. 
They are small animals, easy to handle, that have become a 
model of choice for studying human viral diseases. It is note-
worthy that zebrafish have a well-defined and human-like 
immune system. In addition, it is possible to produce huma-
nized models by xenotransplantation to study respiratory dis-
eases with COVID-19 [111].

Fernandes et al. [112], using zebrafish, sought to test the 
safety of vaccines and the immune response developed 
against the SARS-CoV-2 virus. The study comparing the 
human genome with that of the zebrafish showed 70% simi-
larity. In order to allow the animal to present a natural and 
acquired immune response, in addition to adverse effects, an 
N-terminal region of the recombinant SARS-CoV-2 Spike pro-
tein was inoculated into the zebrafish. Although these animals 
do not have a lung, the inflammatory responses were similar 
to those presented by humans with the infection. Seven days 
after the immunization process, IgM could be detected in the 
plasma, reaching up to twice the value presented by the 
control animals. Many organs present inflammatory changes, 
such as the brain, with the presence of macrophages, ovarian 
stroma, renal thrombosis, impaired blood filtration, among 
other symptoms forming a pattern similar to that of 
humans [112].

In Table 1, it is possible to observe the main differences 
between animal models, advantages and disadvantages in 
their use in preclinical trials.

3. The role of other animals in the epidemiology of 
COVID-19

During the SARS-CoV-2 outbreak in Wuhan, infection was 
observed in cat populations. This finding was based on the 
detection of specific antibodies to SARS-CoV-2 in approxi-
mately 14% of the animals evaluated [102]. Zhang et al. 
[122] show that a higher antibody titer was detected in 

cats that lived in close contact with owners infected with 
SARS-CoV-2. In addition, the US Centers for Disease Control 
and Prevention announced SARS-CoV-2 infection in two pet 
cats for the first time at two separate sites in New York [102]. 
In addition, SARS-CoV-2 was detected in the feces and vomit 
of two infected cats that also lived with infected owners in 
Belgium and Hong Kong, indicating active virus replication 
[123]. In this regard, it has been reported that SARS-CoV-2 
replicates only in the upper respiratory tract of cats and this 
replication has not been associated with severe illness or 
death [2]. It is worth mentioning that younger cats were 
more tolerant to SARS-CoV-2 infection [2]. In addition, cats 
can transmit the infection to other cats [124]. Therefore, pet 
cats are more susceptible to SARS-CoV-2 than dogs, but with 
mild symptoms and virus shedding [125].

Although dogs have low susceptibility to SARS-CoV-2 infec-
tion [2], two pet dogs from Hong Kong and one from northern 
Italy were infected with this virus, without symptoms, due to 
contact with people infected [102]. Dogs have ACE2 receptors 
similar to humans ACE2 (hACE2), which function as SARS-CoV 
receptors, raising the possibility that dogs may be a potential 
intermediate host [126]. Although there is no evidence that 
infected dogs can transmit the virus to animals or humans 
[127]. Recently, Freuling et al. [128] showed the susceptibility 
of raccoon dogs to SARS-CoV-2 infection after intranasal 
inoculation. Virus shedding was detected in nasal and oro-
pharyngeal smears from infected dogs on the 2nd day post- 
infection. In addition, infected dogs were able to transmit the 
virus to contact animals, suggesting that raccoon dogs may be 
a potential reservoir for SARS-CoV-2 [128].

A Malay tiger at the Bronx Zoo, New York, USA was tested 
positive for SARS-CoV-2 as the first case of animal infection in the 
USA [102]. This tiger was the first infected tiger in the world and 
the first case of transmission from humans to non-domestic ani-
mals [129,130]. Later, infection was detected in four tigers and 
three lions [102], indicating that different feline species are sus-
ceptible to SARS-CoV-2 infection [130]. It was suspected that the 
tiger was infected from an asymptomatic site worker [102,129].

4. Tests of vaccines in in vivo mammal models

Many anti-SARS-CoV-2 vaccines are in the process of develop-
ing worldwide. Each has a particularity, based on viral vectors, 
mRNA, DNA, subunit vaccines, nanoparticles, or inactivated 
whole virus [35,131,132].

Studies with a human adenovirus with a type 5 replication 
defect were used to test a vaccine proposal in mice and ferrets 
(Ad5-nCoV). A single dose of the vaccine protected ferrets and 
mice from viral infections. The intramuscular and intranasal 
routes were analyzed and considering that SARS-CoV-2 causes 
a serious respiratory disease, the vaccine applied to the 
mucosa can lead to the best efficacy, but must be well mon-
itored, as it can induce risks of asthmatic crises [131].

In both ferrets and mice, after vaccination, challenge tests 
showed that no virus was found in the lungs and nasal shells, 
unlike the control group that had a detectable viral load. This 
result was observed for animals vaccinated intramuscularly 
and intranasally. In tests with ferrets, intranasally and intra-
muscularly, it was shown that all the animals that received the 

8 C. B. P. DA COSTA ET AL.



Table 1. Main animal models: general aspects of SARS-CoV-2 infection, advantages and disadvantages of their research applications.

Animal model General aspects and immunology Advantages Disadvantages References

Nonhuman 
primates (NHP)

Non-human primates, due to 
their high physiological and 
phylogenetic similarity with 
humans, are excellent models 
for studying the effects of 
SARS-CoV-2 and present 
symptoms ranging from mild 
to moderate. 
Seroconversion, production of 
neutralizing antibodies, and 
pro-inflammatory cytokines, 
and development of cellular 
immunity. 
Presence of pulmonary 
infiltrates in contaminated 
animals, as well as endothelial 
inflammation, endothelial 
hyperplasia and proliferation of 
the tunica intima.

Rhesus monkeys: most affected 
by SARS-COV-2 among NHP. 
Older animals may be more 
susceptible. 
Cynomolgus monkeys: viral 
RNA was found in the 
respiratory tract, conjunctiva, 
oral cavity and rectal smears 
and no viral RNA was observed 
in the animals’ nervous system 
or lymphoid tissues. Slightly 
more pronounced in the 
elderly. 
It is possible to observe 
pathogenicity for up to 
4 weeks after viral infection. 
African green monkeys: they 
allow a higher rate of viral 
replication, and may present 
more severe conditions than 
other NHP. 
Presence of viral RNA in the 
airways. 
Marmoset: viral RNA can be 
detected in lungs, liver, heart 
and lymphatic system, fever, 
diarrhea.

Rhesus monkeys: In the final 
stages of infection, viral 
detection was restricted to the 
spleen, bronchi and 
laryngopharynx. 
Slower playback rate than 
cynomologus. 
Slow reproduction rate 
They are animals that require a 
greater infrastructure for 
maintenance, with a higher 
cost involved, which can make 
their use impossible in some 
cases.

[8,13,17,22,23,39– 
42,45,46,53,109,113,114]

Ferrets

Severe lymphoplasmacytic 
pulmonary perivasculitis and 
vasculitis, bronchiolitis, 
hyperthermia. 
Seroconversion, production of 
neutralizing antibodies and 
development of cellular 
immunity

Advantageous model for viral 
transmission studies. 
Ferrets are models that share 
important binding residues 
with SARS-Cov-2 on ACE2 
receptors with humans, which 
strengthens their use as an 
animal model for Covid 19.

SARS-CoV-2 only replicated in the 
upper respiratory tract without 
causing serious illness or 
death. 
They are larger animals when 
compared to rodents and, for 
this reason, its use in research 
presents greater difficulty 
about installation and handling 
needs. These models also lack 
some symptoms commonly 
observed in humans, which 
can range from non-existent to 
mild.

[8,16,42,56,62,115–117]

Mouse (Mus 
musculus)

Seroconversion, production of 
neutralizing antibodies, and 
pro-inflammatory cytokines, 
and development of cellular 
immunity. 
Interstitial pneumonia, positive 
exudation, infiltrates rich in 
macrophages and T and B 
lymphocytes

Mice, in general, are very docile 
animals, with small size and 
easy handling, short life cycle, 
high productivity and short 
gestation period, known 
genetic background, and low 
cost. 
The genetic similarity between 
mice and humans can vary 
between 70 and 90%, which 
may explain the fact that this is 
the most used model in 
research. 
High reproduction rate. 
Wild-type: no symptoms. 
K18-hACE2: The infection starts 
in the airway epithelium, 
spreads to the lungs and brain, 
heart and kidney, and the 
animal’s death occurs. 
HFH4-hACE2 – C3B6 mice: It 
affects brain, liver, kidney and 
gastrointestinal tract. 
High reproduction rate.

Wild-type: SARS-CoV-2 has low 
affinity for ACE2. 
K18-hACE2: females have a 
stronger immune response 
than males, but are more 
resistant to the virus, with a 
lower mortality rate. 
They do not transmit the 
disease to other animals. 
HFH4-hACE2 – C3B6 mice: The 
infected mice that survived 
become resistant to new 
infections.

[8,17,22,32,70,80,115,117– 
119]

(Continued )
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vaccine produced specific antibodies against glycoprotein S, in 
addition to presenting cellular immunity and some cytokines, 
which were not detected in the control group. Preexisting 
human immunity to viral vector vaccines is a concern for 
developers, as a weak humoral and cellular response may 
occur, which makes it necessary to choose the second route 
of administration [131].

Another vaccine study, using an adenovirus vector, was 
carried out by Van Doremanlen et al. [133], which showed 
that the vaccine administered intramuscularly was immuno-
genic in mice, generating a robust humoral response 
mediated by cells, mainly type 1 T helper cells, in addition to 
IgG and some cytokines. This scientific finding is extremely 
relevant in the current scenario, in which researchers need to 
focus on developing vaccines that can protect against mutant 
strains of SARS-CoV-2 in which helper T cells can maintain 
lasting immunity [134]. When tested in rhesus monkeys, 
there was a balance between the humoral and cellular 
immune responses, and when challenged with the virus after 
vaccination, the pulmonary viral load was reduced, without 
pneumonia, without lung damage, without viral detection, 
and without detectable adverse effects [131]. Jia et al [135]. 
also reported that DNA vaccine conferred protection to rhesus 
monkeys against SARS-CoV-2 infection. It is worth mentioning 
that the use of adjuvants can favor the durability and intensity 

of the antibody response induced in vaccines that are based 
on proteins, but also modulate the cytokines produced by T 
cells [136].

Sun et al. [76] used BALB/C mice genetically modified to 
express hACE2 using adenovirus vectors. These mice were 
immunized with Venezuelan equine encephalitis replicon par-
ticles, expressing the SARS-CoV-2 Spike protein, a transmem-
brane protein, nucleocapsid, and envelope proteins. Only 
immunization with SARS-CoV-2 Spike protein reduced viral 
titers and the protection provided by anti-S antibodies that 
prevented the virus from fixing.

In an attempt to select an animal model for tests to assess 
the effectiveness of vaccines, GU et al. [137] used isolates of 
human SARS-CoV-2 to perform intranasal inoculation in older 
BALB/c mice. This method aimed to adapt this strain to the 
animal and allow the manifestation of infectious symptoms of 
the disease, with inflammatory responses and moderate pneu-
monia. There were six passages, in which the viral strain 
mutated amino acids Asn501 to Tyr (N501Y), inside the recep-
tor-binding domain (RBD), increasing its virulence. Elderly ani-
mals showed more severe symptoms, but no visible clinical 
symptoms or weight loss were observed in any of the groups 
studied. The most common symptoms were denatured epithe-
lial cells, alveolar damage. The animals were challenged with 
the virus intramuscularly, hemorrhage, and adherent 

Table 1. (Continued). 

Animal model General aspects and immunology Advantages Disadvantages References

Hamster

Seroconversion and production of 
neutralizing antibodies. 
Exudative inflammation with 
hemorrhage and alveolar 
necrosis, lung acquiring 
ground-glass appearance, 
infiltration with cell apoptosis 
and lung injury.

They reproduce quickly. 
Direct-contact transmission 
was significant, but indirect- 
contact transmission was not.

The pneumonia is very fast, 
2 weeks, and the antibodies 
titer rapidly reduces, being a 
poor model for studying the 
pathogenicity of severe forms 
of COVID-19. 
They are less docile animals, 
which can make their handling 
a little difficult. Furthermore, as 
in mice, these models do not 
present some symptoms 
commonly observed in humans 
and may be mild to moderate

[8,13,16,22,87,115–118]

Lagomorphs

Rabbits are known to produce 
high titers of antibodies 
against infectious agents. 
Presence of pulmonary, 
peribronchiolar and 
peribronchial infiltration with 
lymphoid tissue growth.

Viral RNA was detected in nasal 
and throat swabs.

Transmission between animals 
may be less effective. 
Although animals are 
susceptible to the virus, the 
disease is usually 
asymptomatic.

[100,101,113,120]

Neovison vison

SARS-CoV-2 can mutate in these 
hosts. 
Lung lesions similar to those 
seen in humans with COVID- 
19. Presence of pulmonary 
infiltrate, fibrinous necrosis of 
the blood vessels, hemorrhage, 
exudation, vasculitis and 
perivasculitis. In addition to 
fibrin formation in blood 
vessels and bronchial injuries.

Viral detection in the respiratory 
and intestinal tract. 
They are able to transmit to 
other animals. 
Its high transmission capacity 
can lead to large outbreaks 
among animals, as happened 
in Denmark in 2020.

There is evidence of transmission 
of the virus from these animals 
to humans.

[102,104–109,114,121]

Danio rerio

The inflammatory responses 
remaining at the brain level, 
with the presence of 
macrophages, ovarian stroma, 
renal thrombosis with difficulty 
in blood filtration.

Seven days after the 
immunization process, IgM 
could be detected in plasma.

They do not have lungs. [111,112]
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inflammatory cells, which appeared 3 days after inoculation. 
However, the symptoms regressed after 5 days, suggesting a 
process of self-recovery. These animals were tested to assess 
the protective action of a possible vaccine candidate. 
Subcutaneous immunization was performed with doses of 
recombinant RBD-Fc from mice that when challenged with 
the viral strain, showed high levels of specific antibodies 
against the virus and neutralizing antibodies, with reduced 
viral load and an extremely small number of infected cells 
when compared to the control group [137].

Yu et al. [138] assessed the impact of a candidate DNA 
vaccine, which encodes Spike protein, on the immunization 
of rhesus monkeys. Animals that were vaccinated showed 
cellular and humoral immune responses, similar to humans 
recovered from COVID-19 and monkeys infected with SARS- 
CoV-2. After immunization and challenge with the virus, their 
ability to respond to infection was demonstrated, suggesting 
the efficacy of this vaccine, which generated neutralizing anti-
bodies in monkeys, proving to be promising.

Mercado et al. [139] studied the effectiveness of adminis-
tering a single dose of an adenovirus-based vaccine against 
SARS-CoV-2 in nonhuman primates. The Ad26-S.PP vaccine 
(which encodes a pre-fused stabilized S immunogen), with a 
single administration, induced robust neutralizing antibody 
responses, with detectable S-specific antibodies (IgG and 
IgA). The animals also showed cellular immune responses 
and, when challenged with SARS-CoV-2, no virus replication 
was detected in the lungs.

Vaccine trials should consider the possibility of antibody- 
dependent enhancement (ADE). This event occurs when non- 
neutralizing antibodies or in subneutralizing concentrations 
bind to the virus, facilitating its entry into cells expressing 
the Fc receptor, such as macrophages. This process requires 
prior awareness, such as the use of inactivated whole virus 
vaccines, and an increase in viral infectivity may occur during 
subsequent exposure to the virus. When the virus-antibody 
complex is internalized by endocytosis, the production of high 
amounts of viral particles is stimulated, in addition to inflam-
matory mediators, which contribute to the serious evolution of 
cases [136,140]. Although there is no scientific evidence to 
confirm the occurrence of ADE in SARS-CoV-2 infection, stu-
dies using animal models have shown its occurrence in SARS 
and MERS-CoV, which will require monitoring of post- 
vaccination individuals [141].

5. Immunotherapies tests

Many studies aim to discover therapies that prevent Spike 
protein binding to the ACE2 receptor, to prevent the devel-
opment of infection. In this context, the role of heterologous 
antibodies was studied, providing immediate immunity to the 
patient and preventing the binding of Spike protein to the 
ACE2 receptor [7,77].

For over 120 years, serotherapy has been the only officially 
recognized therapy for the treatment of venomous animal 
poisoning. The use of antivenoms in therapies started at the 
beginning of

the 20th century with Albert Calmette. At that time, first- 
generation hyperimmune sera were produced from 

immunized horses whose blood serum was free of red blood 
cells, but the purification process was practically nonexistent, 
which favored the manifestation of adverse reactions that 
were often fatal. Clinical trials and pharmacological research 
involving hyperimmune sera have only emerged since the 
1950s. The therapeutic value outweighed the risk of adverse 
drug reactions, a concept that has been changing over the 
years, causing producers to modernize their production route, 
leading to the emergence of the second and third generation 
of hyperimmune sera [142,143].

Many producers of hyperimmune sera already have an 
antiviral product, anti-rabies serum, on their technological 
platform [7]. This serum neutralizes rabies virus particles, pre-
venting their entry into cells, in addition to promoting anti-
body-dependent cell-mediated cytotoxicity [144]. In Brazil, 
Instituto Vital Brazil [145], Instituto Butantan [146], and 
Ezequiel Dias Foundation [147] are the three official labora-
tories that manufacture anti-rabies serum [7].

The search for a hyperimmune serum for the treatment of 
COVID-19 has led countries such as Brazil, Argentina, and 
Costa Rica to a new scenario in their research [148]. 
Argentina has already started phase I clinical studies, while 
in Brazil and Costa Rica, the studies are still in the preclinical 
phase [7]. Recently, the Brazilian National Health Surveillance 
Agency (ANVISA) authorized the Butantan Institute to start its 
clinical studies in humans, changing the status of this research 
in the country [149].

As established in the Brazilian Pharmacopoeia, sixth edition 
[150], for hyperimmune serums of general use already estab-
lished in therapeutics for other diseases where it is used, the 
tests to determine the protective potency of the hyperim-
mune serum aim to determine the median effective dose 
(ED50) capable to protect mice against lethal viral effects. For 
this, a statistical calculation was performed to compare the 
number of dead and alive animals in each test. This is a major 
difficulty in using this technique for anti-SARS-CoV-2 sera, as 
the ideal animal model that evolves to death spontaneously 
has not yet been defined.

Thus, in vitro plaque reduction neutralization test (PRNT) to 
quantify antibody titers, in equine plasma and hyperimmune 
serum was expressed as the dilution factor of the formulations 
in which 50% of the virus was detected. Neutralization was 
expressed as the ratio of protein concentration/ED50 [151,152].

According to Guimarães [153], among the available serolo-
gical tests, the PRNT is the most specific when it comes to 
viruses. It is considered a gold standard for serology and 
requires BSL-3 laboratories to function [154]. This methodol-
ogy exposes a cell monolayer to the study target virus and 
quantifies the neutralizing antibodies produced against this 
stimulus. When not neutralized, viruses invade the cell, caus-
ing cell lysis, which is visible, forming plaques of dead cells 
that can be observed. Antibodies added by the introduction of 
hyperimmune serum neutralize the virus, preventing these 
reactions [153]. In the Guimarães study, virus concentrations 
were kept constant, varying only the serum samples per dilu-
tion, which allowed the final result of the PRNT to be calcu-
lated for each serum sample dilution tested [153].

Cunha et al. [155] conducted two different studies, but the 
antigen used in both was the trimeric Spike protein. First, they 
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performed a bench test to assess the possibility of producing 
an equine anti-SARS-CoV-2 hyperimmune serum. In this test, 
equine plasma was purified, generating a concentrated F(ab’)2 

solution with PRNT50 1:32.000 and PRNT90 1:16.000. In the 
second experiment, a pilot industrial batch was produced, in 
which the equine plasma purification process generated a 
concentrated F(ab’)2 solution PRNT50 1: 65.556 and PRNT90 
1:16.384. The product was compared to plasma obtained from 
three convalescent patients for PRNT results, and the product 
was found to be approximately 150 times more potent than 
human plasma.

Herrera et al. [156] also performed two experiments, but 
each group received a type of antigen. The recombinant 
protein SARS-CoV-2 S1 Group 1 was used to immunize group 
1 and group 2 received a mixture (anti-Mix) of S1, SEM (SPIKE- 
EM), and N protein. mean effective dose (ED50) was 1:29.108 
for anti-S1 and 1:25.355 for anti-Mix. Thus, when compared to 
convalescent plasma, the anti-S1 and anti-Mix formulations 
were considered 80 times more potent.

Zylberman et al. [152] and Pan et al. [157] used RBD as an 
immunogen. In the study by Zylberman et al. [152], the results 
of the in vitro neutralization tests were 1:10.240 (complete 
neutralization dilution) of the titer and 30 mg mL−1 of protein 
in the final product, concluding that it was 50 times the 
neutralizing potency of the convalescent serum used as a 
control [152]. The results obtained by Pan et al. [158] revealed 
that the neutralization rate for SARS-CoV-2 was greater than 
90% by treatment with F(ab’)2 at a concentration of 31,15 μg 
mL−1 and more than 50% at a concentration of 7,81 μg mL−1 

Sapkal et al. [159] used SARS-CoV-2 inactivated by gamma 
radiation to prepare the antigen, which generated a final 
product with neutralizing titers of PRNT90 above 20.000.

It is not possible to make a direct comparison between 
these studies, as they differ in several aspects, such as antigen, 
adjuvant, immunization plan, and plasma purification process. 
Each one, in its own way, managed to develop a hyperim-
mune plasma with a superior neutralizing capacity when com-
pared to the plasma of a convalescent patient, regardless of 
the chosen production route. Lopardo et al. [160] recently 
published a clinical study with anti-SARS-CoV-2 hyperimmune 
serum in Argentina. Although this study has many limitations, 
the authors suggested that the serum was more promising in 
severe cases and indicated the need for further studies.

Research using animals to verify the potency of hyperim-
mune sera has not been published yet. However, Pakdemirli et 
al. [161] used animals to assess nonspecific toxicity. In these 
assays, mice were intraperitoneally inoculated with the hyper-
immune serum and monitored for seven days to verify weight 
loss. The product is considered nontoxic when no animal has 
reduced weight. In addition to these tests, it is also possible to 
analyze the presence of pyrogen in the samples using rabbits, 
following the current Pharmacopoeia [150].

Although the study with monoclonal antibodies also finds 
difficulties in establishing a unique animal model for evaluat-
ing SARS-CoV-2, Baum et al. [162] analyzed the efficacy of a 
two-human monoclonal antibodies cocktail in hamsters and 
rhesus monkeys. The trials aimed to investigate the neutraliz-
ing capacity of antibodies in these models that exhibited mild 

(rhesus monkeys) or severe (hamsters) symptoms. This allowed 
a broader understanding of the evolution of this disease with 
the use of this therapy, the impact on the viral load, and the 
pathological manifestation of the infection. Jia et al. [135] 
reported that the CB6 monoclonal antibody reduced the viral 
load in rhesus monkeys, whereas inhibited pathological pul-
monary manifestations. Furthermore, the MD65 antibody pro-
tected transgenic mouse hACE2 against infection, and CC12.1 
protected the Syrian hamster against weight loss and lung 
disease. These studies demonstrated the need for more stu-
dies involving preclinical in vivo evaluation of new immunolo-
gical therapies against COVID-19.

6. Expert opinion

The search for animal models capable of faithfully reproducing 
the course of COVID-19 in humans or allowing trials of new 
therapies against this new disease is complex and requires 
efforts by many researchers.

The use of animals in preclinical trials is a controversial issue, 
especially with regard to the question of whether these models 
produce reliable results. On the other hand, one should con-
sider the ease of using animal models to assess the course of 
the disease, since they can be sacrificed, allowing a more in- 
depth analysis of some parameters, such as histopathology.

A single model is unlikely to have all the characteristics 
related to the disease in humans, and it may be necessary to 
use more than one model. In addition, given the current 
global health emergency scenario, which requires the rapid 
development of new therapies to treat COVID-19, more 
researches are required to establish which animal model is 
best suited for use in experiments with the disease.

One case that deserves to be cited is that of hyperimmune 
serum, under development in countries such as Brazil, 
Argentina, and Costa Rica, which have not yet established 
the ideal animal model for use in their tests. As a result, 
there are still no publications referring to its pre-clinical animal 
tests. Generally, the potency of the antivenoms is tested in 
mice and analyzed for the relationship between live and dead 
animals at each dilution challenged. Unlike conventional anti-
venom tests, in the case of SARS-CoV-2, wild mice are no 
longer the ideal model, as animals do not die easily due to 
infection with this virus. Thus, studies to evaluate the efficacy 
of these products have been carried out and presented by 
means of plaque sero-neutralization techniques in vitro.

This unprecedented pandemic has highlighted a problem 
that consists of the availability of animals for clinical trials with 
SARS-CoV-2. In view of the increase in the development of 
new vaccines and antiviral drugs development, the supply of 
ideal animals has not kept up with demand. This had a direct 
impact on the price and availability of these animals, favoring 
countries with more financial resources and greater purchas-
ing power to the detriment of the poorest countries.

The use of animals in pre-clinical tests is still part of an ethical 
discussion, in the scope of animal protection. In this sense, 
alternative techniques should be encouraged and employed, 
whenever possible. It is worth mentioning the need to develop 
validated in vitro methodologies, capable of replacing in vivo 
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tests in safety and efficacy tests for vaccines, hyperimmune and 
antiviral serums. This thinking reinforces the ideology of cruelty 
free, where products are developed without the need for testing 
on animal models. The cosmetic industry has already evolved a 
lot in this aspect, making us think that the pharmaceutical 
industry also needs to move forward.

Despite this, the current pandemic scenario has made ethi-
cal question regarding animal research temporarily less rele-
vant, for the rapid and effective development of vaccines. 
Thus, the use of in vitro assays in combination with in vivo 
assays, is still important as a confirmatory test or guideline for 
animal testing. This approach can improve the toxicological, 
safety, and efficacy assessment in the development of new 
drugs, as well as to reduce the number of animals used in 
tests. Furthermore, in vitro assays are generally accessible, 
have good reproducibility and have fewer ethical limitations.

All of these factors reflect the importance of international 
collaborations, which allow the exchange of knowledge and 
equity in scientific research. This is more evident at this time, 
when countries with less financial resources have difficulties 
developing research for prophylactic treatments or new therapies, 
but have high rates of new cases and deaths, in addition to new 
variants of the virus. An example of this successful collaboration is 
the Covax Facility program, which reduces disparities in the acqui-
sition of vaccines, created by the World Health Organization with 
some philanthropic entities. This program aims to distribute vac-
cines equally, without neglecting low-income nations.
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