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Abstract

Emerging and re-emerging viral diseases can create devastating effects on human lives and may 

also lead to economic crises. The ongoing COVID-19 pandemic due to the novel coronavirus 

(nCoV), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which originated in 

Wuhan, China, has caused a global public health emergency. To date, the molecular mechanism of 

transmission of SARS-CoV-2, its clinical manifestations and pathogenesis is not completely 

understood. The global scientific community has intensified its efforts in understanding the 

biology of SARS-CoV-2 for development of vaccines and therapeutic interventions to prevent the 

rapid spread of the virus and to control mortality and morbidity associated with COVID-19. To 

understand the pathophysiology of SARS-CoV-2, appropriate animal models that mimic the 

biology of human SARS-CoV-2 infection are urgently needed. In this review, we outline animal 

models that have been used to study previous human coronaviruses (HCoVs), including severe 

acute respiratory syndrome coronavirus (SARS-CoV) and middle east respiratory syndrome 

coronavirus (MERS-CoV). Importantly, we discuss models that are appropriate for SARS-CoV-2 

as well as the advantages and disadvantages of various available methods.
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1 | INTRODUCTION

In late December 2019, a viral outbreak of unknown aetiology in Wuhan, China, was 

reported and several patients were admitted to hospitals with a diagnoses of pneumonia and 

respiratory distress (Bogoch et al., 2020). This ‘viral pneumonia’ was linked to the Huanan 

Seafood Market in Wuhan, China (Huang et al., 2020). This emerging novel coronavirus 

(nCoV) was named SARS-CoV-2, and on 11 February 2020, the WHO named the disease 

associated with SARS-CoV-2 as coronavirus disease 19 (COVID-19) (Li et al., 2020; 

Rothan & Byrareddy, 2020). Similar to previously detected HCoVs, such as SARS-CoV and 

MERS-CoV, this nCoV infects human and spread rapidly from person-to-person through 

droplets (Lewis, 2020). The COVID-19 outbreak was recognized as a pandemic on 11 

March 2020 (Cucinotta & Vanelli, 2020). As of 8 October 2020, the virus has surpassed 36 

million infections and more than a million deaths worldwide. At the same time, in the 

United States of America there are more than 7 million confirmed cases and deaths. (https://

coronavirus.jhu.edu/us-map).

CoVs are enveloped and positive-stranded RNA viruses that have large viral genomes 

ranging from 26–32 kb in length (Denison et al., (2011). Common HCoVs, such as 229E 

and NL63, belong to alpha coronavirus genus, comparatively OC43 and HKU1 belong to the 

genus betacoronavirus, that usually cause mild and self-limiting respiratory tract infections 

(Corman et al., 2018). In the last two decades, the pandemics associated with SARS-CoV 

and MERS-CoV (betacoronaviruses) caused severe acute respiratory syndrome (SARS) and 

middle east respiratory syndrome (MERS), respectively (Peiris et al., 2003; Raj et al., 2014). 

The antigenicity of the virus depends on the enveloped spike protein, which is the major 

determinant of attachment and entry of the virus into host cells (Sui et al., 2004). The viruses 

belonging to the family coronaviridae have a wide variety of hosts including birds, pigs, 

cats, dogs, bats, pangolins and humans (Woo et al., 2012). These beta coronaviruses 

manifest symptoms of varying severity ranging from symptoms comparable to the common 

cold affecting the upper respiratory tract (URT), to more severe symptoms such as 

bronchitis, pneumonia and associated fatalities affecting the lower respiratory tract (LRT) 

(Peiris et al., 2003; Raj et al., 2014). The outbreak of SARS pandemic in 2002 resulted in a 

9.6% fatality rate from 8,096 cases and almost 774 deaths worldwide (World Health 

Organization, 2003). MERS, which emerged in 2012, and was monitored for new cases until 

October 2018, had 2,229 confirmed cases and 791 deaths resulting in a higher rate fatality 

rate of around 35.5% (World Health Organization, 2019). These viruses are known for being 

cross-species (zoonotic) and human-to-human communicable where transmission can be 

coupled with severe pathological effects (Corman et al., 2018). SARS-CoV and MERS-CoV 

use angiotensin-converting enzyme 2 (ACE2) (Li et al., 2003) and dipeptidyl peptidase 4 

(DPP-4) (Raj et al., 2013) as receptors to enter host cells, respectively.
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SARS-CoV-2 belongs to the same clade of beta coronaviruses as SARS-CoV and MERS-

CoV, with more than 80% and 50% sequence similarity, respectively (Cui et al., 2019). The 

genome of SARS-CoV-2, which was isolated from a cluster of patients with pneumonia in 

Wuhan, had more than 90% nucleotide identity with the bat CoV, RaTG13 (Zhou et al., 

2020). The exact route of animal-to-human transmission of SARS-CoV-2 remains unclear 

but genomic data suggest their evolution is from bats to humans (Zhou et al., 2020) (Figure 

1). A recent study suggested that there is 99% sequence similarity between SARS-CoV-2 

structural proteins and coronavirus isolated from pangolins, suggesting pangolins may be 

intermediate hosts (Xiao et al., 2020) (Figure 1). Another study suggested that snakes could 

be an intermediate host for SARS-CoV-2 based on codon usage (Ji et al., 2020) (Figure 1). 

In contrast, the bamboo rat has also been proposed to be the intermediate host (Nanshan, 

2020;) (Figure 1). Despite active investigation, the definitive animal reservoir responsible for 

cross-species transmission of SARS-CoV-2 from animals to humans remains elusive 

(Bassetti et al., 2020). Like SARS and MERS, clinical symptoms of COVID-19 range from 

acute to severe. Characteristic mild symptoms include fever, sore throat with a dry cough, 

respiratory stress and myalgia (Huang et al., 2020). In severe conditions, bilateral lung 

ground-glass opacity is observed under chest-computed tomography (Shi et al., 2020). 

Neurological manifestations like dizziness, headache, ataxia, seizure with taste, smell and 

visual impairment were reported (Acharya et al., 2020; Mao et al., 2020) Histopathological 

reports showed diffuse alveolar damage and pulmonary oedema, indicating acute respiratory 

distress syndrome (Rothan & Byrareddy, 2020; Xu et al., 2020), which was also seen in 

SARS-CoV infection (Nicholls et al., 2003).

SARS-CoV-2 uses ACE2 as a receptor for binding to and entering host cells; this is 

facilitated by the host protease transmembrane serine protease 2 (TMPRSS2) (Hoffmann et 

al., 2020). ACE2 is expressed in airway epithelial cells, lung parenchyma and vascular 

endothelial cells in the kidney and small intestine (Hamming et al., 2004). Therapeutic 

interventions for COVID-19 such as vaccines, anti-virals and antibodies are an active area of 

investigation (Mukherjee, 2020), and several have already reached the stage of clinical trials 

(Scavone et al., 2020). In vitro cell culture models and organoids are also helpful in 

understanding virus entry and life cycle and for testing the efficacy of therapeutics 

(Takayama, 2020); however, they are unable to exhibit the exact pathological changes and 

lesions that are specific to particular organs. Therefore, suitable biological and relevant 

animal models are necessary for testing the safety and efficacy of the vaccines, anti-virals 

and other potential therapeutics that are currently in the pipeline.

2 | REQUIREMENTS OF A SARS-COV-2 ANIMAL MODEL

An ideal animal model should be permissive to infection and be able to mimic the clinical 

pathology of the disease observed in humans (Sutton & Subbarao, 2015). These models play 

a crucial role in studying host-virus interactions that contribute to disease pathogenesis and 

transmission. A protocol for the development of animal models is mentioned by the ‘FDA 

animal efficacy rule’ (Product Development Under the Animal Rule, 2015). Accordingly, 

these models should have the same receptors as those present in humans, which help viruses 

during the attachment and entry process, and the outcome of infection should match the 

severity observed in humans. In many emerging diseases, in vitro studies cannot completely 

Pandey et al. Page 3

Transbound Emerg Dis. Author manuscript; available in PMC 2021 July 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



simulate human pathophysiology. Also, the immunological components are very complex in 

humans, which cannot be proven in the in vitro experiments. However, despite differences 

between animal models and humans, critical information related to the pathogenesis, 

prevention and treatment of newly emerging infectious diseases can still be discovered.

Animal models can be categorized as large or small. Small animal models include the use of 

mice, rats, ferrets, hamsters and rabbits, which are relatively smaller in size and require 

limited space. Small animal models offer several advantages because they, and the animal-

specific reagents, are readily available, the animals can be handled with less effort and cost, 

and they may be used in large numbers for stronger statistical power during data analysis 

(Sutton & Subbarao, 2015). The limitation with using a small animal model is the significant 

intrinsic biological differences between humans and rodents or small mammals. This 

divergence led to requirements declaring that either virus must be adapted to the animals or 

the animals must be genetically manipulated to recapitulate the human system (Subbarao et 

al., 2004). In addition, the animals’ short life span hampers the ability to monitor the long-

term prognosis of the disease (Gretebeck & Subbarao, 2015). Large animal models such as 

non-human primates (NHP) are more reliable models to replicate human disease 

pathogenesis as they are physiologically, immunologically and genetically more closely 

related to humans (Fujiyama et al., 2002; Lu et al., 2008). The major limitations of using 

NHP models are the high cost and resources involved, which limit the number of animals 

that may be included in a study and thus adversely affect the statistical power of the 

outcome. In addition, most NHPs are outbred animals and have a wide variability in genetic 

backgrounds, which sometimes make it difficult to interpret the outcome of a study due to 

variability in results among individual animals (Lu et al., 2008).

For the ongoing COVID-19 pandemic, direct human clinical trials are complicated by the 

mild to severe forms of the disease due to genetic diversities, age of the host, comorbidities 

and multiple infections along with other pre-existing diseases (Chan & Chan, 2013; Gold et 

al., 2020; Begley, 2020). The virus uses the ACE-2 receptor that is expressed in cells found 

in the heart, lungs, gastrointestinal tract and urinary tract (Hoffmann et al., 2020). After 

entry, viral replication kinetics in most of the target cells remains unknown. Air droplets and 

aerosols are critical aspects of the global spread of SARS-CoV-2 (Hamid et al., 2020; 

Meselson, 2020). Regardless, there is an urgent need to understand the risks factors of 

transmission for SARS-CoV-2 (Figure 2). The symptoms of COVID-19 with other specific 

and non-specific upper respiratory tract symptoms are similar in nature, which make it 

difficult to distinguish it from other diseases (Bhatraju et al., 2020). A case report from Eiju 

General Hospital Tokyo, Japan, reported the existence of the influenza virus along with 

SARS-CoV-2 showing similar types of symptoms that posed a difficulty in the differential 

diagnosis of the two diseases (Azekawa et al., 2020). Another case in Rhode Island showed 

the co-infection of SARS-CoV-2 with human metapneumovirus, where a patient tested 

positive for human metapneumovirus but failed to test for SARS-CoV-2. The symptoms did 

not subside even after treatment for metapneumovirus. Subsequently, the patient tested for 

SARS-CoV-2 by PCR (Touzard-Romo et al., 2020). A travel-related case of an 80-year-old 

man from Japan, with a history of diabetes, showed co-infection of SARS-CoV-2 and 

Legionella with respiratory distress and gastrointestinal symptoms. The patient passed away 

after 13 days and later was confirmed to be infected with COVID-19 (Arashiro et al., 2020). 
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These individual case reports reveal the need for suitable animal studies of SARS-CoV-2 co-

infection with other pathogens that have similar disease manifestations for better 

management of clinical outcomes.

COVID-19 has a variety of clinical outcomes (Chan et al., 2020; Huang et al., 2020). Most 

of the patients who are admitted to hospitals with severe clinical manifestations have other 

comorbid conditions such as diabetes, cardiovascular disease, gastrointestinal disease or 

hypertension (Gold et al., 2020). In the case of Influenza, one publication showed that the 

risk of the acute respiratory distress increases 3.4-fold in the H7N9-infected person with 

similar comorbidity (Gao et al., 2013). Age-related comorbidity has mostly affected the 

transmission cycle of the disease (Sun et al., 2020). The exact mechanism of how these 

comorbidities deteriorate SARS-CoV-2 patient conditions remains unknown. These 

comorbid conditions that lead to severe to fatal outcomes are another aspect of COVID-19 

pathogenesis that require a suitable animal model for study.

There is a concerted effort in the research community to develop therapeutics and vaccines 

against COVID-19. For example, Remdesivir is an anti-viral drug that failed the clinical trial 

for Ebola a decade ago (Mulangu et al., 2019) and now has been proposed for COVID-19 

treatment (Beigel et al., 2020) (ClinicalTrials.gov: NCT04257656, NCT04252664, 

NCT04280705). It was repurposed for COVID-19 treatment because it directly blocks RNA 

synthesis (Agostini et al., 2018). Preliminary reports for Remdesivir in a clinical trial of 

1,063 adult patients with lower respiratory tract infection showed a shortened recovery time 

in 538 patients given Remdesivir intravenously (median 11 days), compared to the 521 

patients given a placebo (median 15 days) (Beigel et al., 2020). There were still serious 

adverse effects reported in COVID-19 patients given Remdesivir, but Remdesivir worked 

better in comparison with the placebo. A study using Lopinavir (a protease inhibitor) and 

Ritonavir (primes the action of Lopinavir which is widely used to treat HIV infection) is in 

clinical trials for COVID-19 (Bhatnagar et al., 2020). ACE-2 inhibitors as well as some 

fusion inhibitors such as Arbidol are also in clinical trials (Chinese Government Clinical 

Trials: ChiCTR2000029573) (Wang et al., 2020). Clinical trials using convalescent serum as 

treatment for COVID-19 have already begun at the Icahn School of Medicine at Mount 

Sinai, New York, USA (Liu et al., 2020). Similarly, polyclonal antibodies have been 

employed in clinical trials because polyclonal human immunoglobulin G (IgG) showed 

effectiveness against MERS-CoVs(Luke et al., 2016). Vaccine development is important for 

achieving control of the disease and protection against the transmission of the virus to 

immunized individuals. Many groups are working to develop potential vaccines for SARS-

CoV-2, out of which some candidates are already in clinical trials (Mukherjee, 2020). 

Moderna, a vaccine manufacturer, has started phase II clinical trials of their vaccine 

candidate mRNA-1273, which passed phase I trial recently by generating desired immune 

responses by natural infection (ClinicalTrials.gov Identifier: NCT04283461) (Moderna, Inc., 

2020, Press release).

Recombinant protein-based vaccines by University of Queensland and viral vector-based 

vaccines by University of Oxford, England, are also being actively tested for vaccine 

efficacy (NIAID, 2020 Press release). Another study has suggested that polio vaccine could 

be used to prevent SARS-CoV-2 (Yeh et al., 2020).
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In order to study various unanswered questions about disease pathogenesis, suitable animal 

models are essential. Several studies are in progress to find suitable animal models to study 

the transmission, disease pathogenesis and pre-clinical trials of potential therapeutics for the 

management of COVID-19. However, to successfully end the COVID-19 pandemic, efforts 

to develop vaccines to prevent the virus spread should synchronize with studies to uncover 

disease pathogenic mechanisms in comorbid and high-risk co-infection conditions. Although 

difficult, identifying a model that adequately mimics the human disease of SARS-CoV-2 is 

bolstered by several studies of SARS-CoV and MERS-CoV, which has provided some 

preliminary insights on the models. All laboratory animal models, from mice and hamsters 

to ferrets and NHPs, are valuable in addressing various questions to better understand 

disease mechanisms.

3 | ANIMAL MODELS FEASIBLE FOR SARS-COV-2 STUDIES

3.1 | Mouse model

Mice are the most widely used animal models in infectious disease research. Mice have a 

well-characterized immune system, high reproduction capability and short gestation period. 

Many inbred mouse strains have been tested for SARS-CoV infections. BALB/c mice, 

C57BL/6 (B6) and 129SvEv mice were challenged intranasally with SARS-CoV Urbani 

strain (Glass et al., 2004; Roberts et al., 2005). This resulted in a productive infection with 

peak titres on day 3, but there was an early clearance of the virus. Furthermore, mice did not 

lose weight, display signs of clinical disease nor develop pulmonary pathology observed in 

humans (Yin and Wunderink, (2018). Mutant mice such as B6, Beige and CD1−/− (lack NK 

cell function and NK-T cells) and RAG1−/− mice (lack T and B lymphocytes) did not 

develop clinical disease (Glass et al., 2004). STAT1−/− mice showed some clinical signs of 

weight loss and bronchiolitis, but were unable to show the pathological signs and mortality 

observed in human cases (Frieman et al., 2010). Examination of the ACE-2 amino acid 

sequence of mouse and rat revealed differences in the amino acids at positions 353 and 82 

compared to human. Mice have histidine, and humans have lysine at position 353 (Li et al., 

2005), which may explain why SARS-CoV replicated less efficiently in murine cells (Li et 

al., 2004). At position 82, mice ACE2 has serine, whereas human ACE2 has methionine; this 

difference did not prevent the S-protein of SARS-CoV from binding to mice cells and 

entering, but there was reduced permissiveness of these cells to infection, thus making it 

semi-permissive to the SARS-CoV.

Various transgenic mouse models like mice expressing the human ACE2 (hACE2) receptor 

and transgenic hACE2 under the control of an epithelial cell-specific promoter K18 (K18-

hACE2) showed infectivity with disease pathogenesis similar to that in humans (Bao et al., 

2020; McCray et al., 2007), thus making them suitable for pathogenesis studies and 

evaluation of vaccines and other therapeutics against SARS-CoVs. Genetically engineered 

mice expressing human ACE-2 (hACE2) are suitable for SARS-CoV infection and produced 

mortality (Dediego et al., 2008). Different contract research companies have produced 

hACE-2 expressing mice models and are already supplying them for SARS-CoV-2 studies. 

Taconic Biosciences, Rensselaer, New York, is supporting CoV research by providing 

ACE2-expressing mice, which express human ACE2 cDNA under the control of the CAG 
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promoter. The Jackson Laboratory (JAX), Maine, Florida, is working to provide a transgenic 

mouse expressing hACE-2 that was originally developed by Dr. Stanley Perlman at the 

University of Iowa. A study by Bao et al., used the mice model for SARS-CoV-2 and 

reported that transgenic hACE2 mice, when inoculated with BetaCoV/Wuhan/IVDC-

HB-01/2020|EPI_ISL_402119 strain, developed clinical signs of COVID-19, including 

weight loss and interstitial pneumonia with histopathological signs in lungs (Table 1) (Bao et 

al., 2020) (Table 1). Jiang et. al. used a SARS-CoV-2 hACE2 transgenic mouse (HFH4-

hACE2 in C3B6 mice) infection model, where infected mice demonstrated clinical 

pathology like that of COVID-19 patients (Jiang et al., 2020). Mice were infected with 3 × 

10^4 TCID50 virus, each intranasally, and samples were collected after necropsy; lung 

samples were deemed a major site for viral replication; additionally, some viral RNA was 

found in the heart, brain and eye. They were rechallenged with the same dose of the virus 

via the same route, which revealed generation of antibodies against SARS-CoV-2, which 

protected them from pneumonia on re-exposure. Viral vector-mediated hACE2 delivery 

systems have been developed and used in SARS-CoV-2 studies. A study done by Doremalan 

et. al. showed the immunogenicity of the adenovirus-vectored vaccine ChAdOx1 nCoV-19, 

encoding the spike protein of SARS-CoV-2 in mice (Doremalen et al., 2020). They used two 

mouse strains- BALB/c and outbred CD1 which were vaccinated with ChAdOx1 nCoV-19 

or ChAdOx1 GFP, a control vaccine expressing green fluorescent protein, intramuscularly. 

There was robust generation of humoral and cellular immunity after 9–14 days of 

vaccination, which was detected by examination of total IgG titres. Similarly, researchers at 

Icahn School of Medicine at Mount Sinai compared K18-hACE2 transgenic model and 

adenovirus-mediated delivery of hACE2 to the mouse lung. They showed that while 

adenovirus-mediated delivery produced lower viral replication in the lungs of mice and 

showed no profound clinical signs of infection even though challenged with 104 plaque 

forming units (PFU) virus dose, K18-hACE2 mice, when infected, showed high viral 

replication in both the lung and brain which led to fatal conditions in mice. This study shows 

the potency of K18-hACE2 mice models in studying anti-viral and vaccine efficacy 

(Rathnasinghe et al., 2020). Researchers at the University of Pittsburgh School of Medicine 

have developed a vaccine candidate ‘PittCoVacc’ (Pittsburgh CoV Vaccine) using in vitro-

generated fragments of the viral proteins. Administration of the vaccine to transgenic 

BABL/c mice resulted in the successful production of neutralizing antibodies against SARS-

CoV-2 (Kim et al., 2020).

Many researchers have been trying to adapt the virus in a mouse model that can produce 

comparably severe clinical signs as seen in humans. A study by Sheahan et. al. showed that 

an orally bioavailable broad-spectrum, ribonucleoside analog β-D-N4-hydroxycytidine 

(NHC, EIDD-1931) is able to inhibit SARS-CoV-2 replication. Following intranasal 

challenge with a mouse-adapted 2019-nCoV/USA-WA1/2020 strain of SARS-CoV-2 virus, 

there was nasal congestion and difficulty in breathing, both of which are symptoms that have 

been reported in COVID-19 patients (Sheahan et al., 2020). Researchers at the NIH tested an 

mRNA vaccine, developed by Moderna in Phase I clinical trials, and confirmed immune 

responses by natural infection where BALB/c mice were challenged with mouse-adapted 

SARS-CoV-2, which is now in its phase III trial (Moderna Inc., 2020, Press release). Gu et. 

al. also generated a mouse-adapted SARS-CoV-2 from serial passage of human clinical 
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isolate BetaCov/human/CHN/Beijing_IME-BJ05/2020 in aged mice (Gu et al., 2020). Nine-

month-old (aged) and six-week-old (young) BALB/c mice were intranasally inoculated with 

mouse-adapted strain of SARS-CoV-2, and after 3, 5 and 7 days post-infection, lungs and 

tracheal samples were measured for viral loads. A high virus titre was detected in the trachea 

and lungs, and in heart, liver, spleen and brain, as well as in faeces from both young and old-

aged mice. Mild-to-moderate pneumonia was seen in both aged mice, whereas more severe 

pathological signs like interstitial pneumonia characterized by thickened alveolar walls due 

to inflammatory cell infiltration were seen in aged mice. Similar to this study, Dinnon et. al. 

showed the pathogenicity of mouse-adapted SARS-CoV-2 on aged mice to prove the 

comorbidities and its effect in aged patients(Dinnon et al., 2020). They used mouse-adapted 

SARS-CoV-2 in young and 12-month old mice where they found virus replication in upper 

and lower respiratory tracts of both aged mice, but severe pathological conditions were only 

observed in old-aged mice. Wang et. al. also showed mouse-adapted SARS-CoV-2 

replication in upper and lower respiratory tract of aged and young BALB/c and C57BL/6J 

mice with high pathogenicity in aged mice(Wang, et al., 2020). These studies demonstrate 

that severity of pathogenicity in COVID-19 in patients correlates with age.

A purified, inactivated SARS-CoV-2 virus candidate (PiCoVacc) tested in mice, rats and 

non-human primates has also shown a protective immune response suggesting neutralizing 

activity against SARS-CoV-2 (Gao et al., 2020). Administration of an inactivated SARS-

CoV-2 vaccine, PiCoVacc, to ten BALB/c mice at multiple doses on day-0 and day-7 

produced a good amount of SARS-CoV-2 spike and receptor binding domain-specific 

immunoglobulin G (IgG) responses (Gao et al., 2020). All these studies signify the 

importance of mouse models in the testing of vaccines against SARS-CoV-2.

Transgenic mice model, mouse-adapted SARS-CoV-2 virus, immunodeficient mice and 

delivery of viral proteins through vector in mice represent promising mice models that are 

beneficial in the study of SARS-CoV-2. The major limitation with transgenic mice is that 

they are susceptible to lethal encephalitis. However, they are suitable models for therapeutics 

and pathogenesis studies. Similarly, mouse-adapted SARS-CoV-2 is produced by serial 

passaging of virus in mouse lungs, which reduces virus potency but on the other hand also 

increases chances of mutations. They could be helpful in vaccine studies and comparison of 

COVID-19 pathogenicity (Table 2).

3.2 | Hamster model

Golden Syrian hamsters are rodents that belong to the hamster subfamily and are widely 

used in research related to human diseases, accounting for 19% of research in the United 

States (Valentine et al., 2012). These hamsters showed productive viral replication as well as 

pathological signs in lungs and disease pathogenesis when challenged with SARS-CoV. 

However, despite the fact that lung pathology looked similar to that in humans, hamsters did 

not recapitulate clinical disease nor mortality in SARS-CoV infection (Roberts et al., 2006). 

Many other studies used different strains such as Urbani, HKU-39849, Frankfurt 1 and a 

recombinant clone GD03T0013, but failed to recapitulate the SARS-CoV-mediated fatality 

in hamsters (Roberts et al., 2008). Collectively, these studies demonstrate that the hamster 
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represents a suitable model for SARS-CoV infection, but it is not suitable to model severe 

disease that is at times fatal in the human.

Hamsters support SARS-CoV-2 replication, (Chan et al., 2020) which was recently 

demonstrated. In a study from Hong Kong, 8 hamsters were infected with a viral isolate 

purified from the nasopharyngeal aspirate specimen of a laboratory-confirmed COVID-19 

patient. Clinical signs included weight loss, ruffled furs and laboured breathing with high 

viral loads in the hamster’s lungs and intestines. Histopathological examination revealed 

multifocal areas of inflammatory cell infiltration with pleural invaginations in lung tissues 

(Chan et al., 2020) (Table 1). Another study used hamsters as a model to understand the 

mechanism of intraspecies transmission (Sia et al., 2020). In this study, nine hamsters were 

infected intranasally with BetaCoV/Hong Kong/VM20001061/2020 virus where peak viral 

load was attained at day 2 post-infection in nasal washes, lungs and faecal samples. 

Histopathological changes like consolidation and infiltration in lungs, kidneys and intestines 

were detectable 7 days post-infection. At 24 hr post-inoculation, 3 of the experimentally 

infected animals were group housed with 3 naïve hamsters, and after remaining in full 

contact for one day, they successfully transmitted the infection to naïve hamsters with 

substantial viral loads in nasal swabs, and clinical signs including weight loss and 

respiratory distress (Table 1). At day-13 post-contact, both donors and contact hamsters had 

developed neutralizing antibodies against SARS-CoV-2 (Sia et al., 2020). These studies 

clearly suggest that hamsters can be used to better understand the transmissibility of the 

virus.

Syrian hamsters have also been used to investigate age-related effect in COVID-19 patients 

and the prophylactic models against SARS-CoV-2. Imai et al., used two different groups of 

Syrian hamsters—Juvenile (a month old) and Mature adults (7–8 months old)— and 

infected them with SARS-CoV-2/UT-NCGM02/Human/2020/Tokyo (UT-NCGM02) strain 

at 10^5.6 (PFU) or with 10^3.0 PFU by intranasal and ocular routes (Imai et al., 2020). There 

was mild to no weight loss in both groups, but high virus titres were observed in the nasal 

turbinates, trachea, lungs and brain. Severe pathological lung lesions were seen with the 

higher infectious doses used. Microcomputed tomographic imaging showed severe lung 

lesions such as consolidation of lungs and ground-glass opacity. When rechallenged with the 

same dose of virus, they were shown to develop protective immunity against the virus. Next, 

the authors transferred convalescent serum from the infected animals to the naïve animals, 

which suppressed virus replication 2 days post-infection suggesting the advantages of the 

hamster model in testing vaccine efficacy and anti-virals.

The sequence of hamster ACE2 revealed the presence of asparagine at position 82, which 

contrasts with human ACE2 that has lysine at this position. Although hamsters were 

permissible for SARS-CoV and SARS-CoV-2 infections, they did not show severe fatal 

disease as seen in the human, which may be due to the amino acid change at position 82. 

Also, there is a lack of sequence data and other tools needed to carry out experiments in 

hamsters. Despite these shortcomings, hamsters may be used as models for SARS-CoV-2 

because they do not need any adapted virus or transgenic models. Taken together, a hamster 

model would be a good model to study transmission and consequently immunoprophylaxis 

(Table 2).
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3.3 | Ferret model

Ferrets have been used mainly in respiratory disease-related studies because their lungs 

share many similarities with that of humans (Vinegar et al., 1985). Ferrets mimic clinical 

symptoms of the SARS-CoVs such as coughing and fever. They were previously used in 

human (Lee et al., 2020) and Swine influenza virus studies (Brand et al., 2010). Ferrets are 

permissive to SARS-CoV infection (Martina et al., 2003; Weingartl et al., 2004) and may be 

a potential model for the study of the SARS-CoV-2. Like mice models, ferrets were shown 

to support SARS-CoV replication with varying degrees of clinical signs, but without 

significant mortality. When ferrets were infected with SARS-CoV at a high dose, they 

showed productive infection in the lungs, trachea and nasal turbinates (Martina et al., 2003). 

Viral replication peaked in the lungs on days 5 or 6 as seen in humans, but another study 

using the same conditions failed to produce infection and mortality (Weingartl et al., 2004).

Ferrets may be a suitable model to study SARS-CoV-2 pathogenesis and human-human 

transmission (Kim, et al., 2020; Shi, et al., 2020). Shi et al., tested the susceptibility of 

ferrets to SARS-CoV-2 by infecting pairs of ferrets with two viral strains: SARS-

CoV-2/F13/environment/2020/Wuhan (F13-E) or SARS-CoV-2/CTan/human/2020/Wuhan 

(CTan-H) intranasally with 10^50 PFU. After four days of inoculation, the animals were 

euthanized and tissues from the nasal turbinate, soft palate, tonsils, trachea, lung, heart, liver, 

spleen, kidneys, pancreas, small intestine and brain were collected. Viral RNA was detected 

in areas of the upper respiratory tract-nasal turbinate, soft palate and tonsils (Shi, et al., 

2020). Another study from Korea showed that when infected intranasally with NMC-

nCoV02, a strain isolated from a COVID-19 patient in South Korea, clinical signs developed 

two days after infection (Kim, et al., 2020). Although they showed an increment in body 

temperature, lethargy and occasional coughs, all animals recovered day 8 post-infection 

(Table 1). In follow-up studies, naïve ferrets were exposed to the infected ones to study the 

transmission dynamics. Interestingly, nasal swabs and saliva samples of the exposed ferrets 

showed high viral loads. In support of this, two other studies from the Netherlands and 

Germany demonstrated aerosol mediated transmission of SARS-CoV-2 from infected to 

naïve exposed ferrets (Schlottau et al., 2020; Richard et al., 2020) (Table 1). These studies 

also showed that the pathogenicity of the virus was the same in the inoculated and 

subsequently exposed naïve ferrets. These studies showed the rapidity of virus transmission 

and the requirement of the appropriate distancing to avoid getting infected. A study by Ryan 

et al., used a ferret model to understand the suitable dose of virus necessary to conduct 

experiments (Kathryn et al., 2020). Ferrets were challenged intranasally with 1ml of 

Victoria/1/2020 SARS-CoV-2 at three different titres: high (5 × 10^6 PFU/ml), medium (5 × 

104 PFU/ml) and low dose (5 × 10^2 PFU/ml). The high and medium dose induced virus 

replication in upper respiratory tract consistently in all the infected animals that developed 

pathological bronchopneumonia, whereas in low dose group only one animal out of six got 

infected. In the high dose virus-infected group, viral shedding was observed from days 14 to 

21 which represents the mild clinical symptoms that are mostly seen in the patients.

Ferrets are permissive to SARS-CoV-2 infection, but they are unable to produce clinical 

signs and symptoms with the same degree of severity as seen in humans. Other difficulties in 

working with ferrets are their larger size compared to mice and hamsters, difficulty in 
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handling, expenses and uniquely ferret-specific reagents. Nonetheless, ferrets can reproduce 

the virus dynamics of infection and transmission pattern (Table 2). The respiratory illness 

seen in ferrets resembles that in humans because their lungs are proportionately larger 

compared to other organs in their body. Moreover, their lungs abundantly express ACE2 

protein similar to the human, which makes them excellent models to study the early events 

in SARS-CoV-2 attachment and entry into host cells (Peters, 2020, Press release). Further, 

ferrets can cough and sneeze and in doing so transmit the disease to nearby ferrets via 

aerosol/droplets, which makes them useful in transmission studies as well. Furthermore, 

their immune systems share a lot of similarities with the human, thereby making them 

potential animal models for testing vaccines, therapeutics and anti-virals against SARS-

CoV-2. Finally, the fact that ferrets are long-lived animals makes them well suited for 

studying the impact of ageing on COVID-19 pathogenesis.

3.4 | Non-human primate (NHP) models

Several species of NHP’s have been used in SARS-CoV and MERS-CoV studies. This 

includes old world monkeys such as rhesus macaques, cynomolgus macaques and african 

green monkeys, as well as new world monkeys that include the common marmosets, squirrel 

monkeys and moustached tamarins (Lawler et al., 2006; McAuliffe et al., 2004; Qin et al., 

2005). Squirrel monkeys and moustached tamarins are not permissive to SARS-CoV 

(Roberts & Subbarao, 2006). MERS-CoV can only replicate in rhesus macaques and the 

common marmosets (Falzarano et al., 2014; Wit et al., 2013; Yao et al., 2014). In a study 

that utilized cynomolgus macaques for SARS-CoV studies, the virus was retrieved from 

nasal secretions and lung samples via RT-PCR including the detection of pulmonary 

pneumonia, which resembled the human disease (Lawler et al., 2006). African green 

monkeys, cynomolgus macaques and rhesus macaques infected with SARS-CoV Urbani 

strain did not develop clinical signs but viral replication was detected in nasal swabs and 

tracheal lavage samples (McAuliffe et al., 2004). The virus replicated to the highest titre in 

african green macaques followed by cynomolgus macaques and finally rhesus macaques. 

Infection of the common marmoset with SARS-CoV Urbani resulted in mild clinical disease 

accentuated by the development of fever and diarrhoea (Greenough et al., 2005). High levels 

of viral RNA were detected in lung samples on days 4 and 7 after infection, and there was 

evidence of both pulmonary (interstitial pneumonia) and hepatic pathology. These macaques 

developed significant hepatic lesions on days 4 and 7 post-infection. The marmoset was the 

only NHP that showed liver pathology resembling that described in humans (Greenough et 

al., 2005).

The rhesus macaque and common marmoset are susceptible to MERS-CoV infection and 

showed a wide spectrum of disease manifestations (Falzarano et al., 2014; Wit et al., 2013). 

When infected intratracheally with a high dose of the EMC-2012 virus strain, rhesus 

macaques developed mild clinical signs such as anorexia, respiratory distress and elevated 

WBCs on days 1–2 post-infection. Viral RNA could not be detected in the kidney or bladder 

(Yao et al., 2014). Another study by Falzarano et al., utilized marmosets and inoculated via 

intranasal, oral and ocular routes resulting in high virus titres (Falzarano et al., 2014). The 

animals showed respiratory distress, fever, nausea and lethargy at 4–6 days after infection. 

Viral RNA was detected in the throat and nasal swabs. Out of 9 marmosets used in the study, 
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two of them developed multiple organ failure (kidney, liver and heart). Common marmosets 

were also used to study the therapeutic potential of combined anti-virals Lopinavir and 

Ritonavir. Chan et al., used Lopinavir and Ritonavir with IFN-beta and showed improvement 

in the pulmonary functions of the infected animals (Chan et al., 2015). Thus, from these 

studies, it was suggested that NHP models could provide deeper insights into the virus-

induced pathology associated with severe human coronavirus infections. In summary, 

african green monkeys and rhesus macaques were identified as good models for SARS-CoV 

replication studies. Between the two, rhesus macaques showed viral replication kinetics that 

was consistent with the MERS-CoV replication in humans. However, the common marmoset 

remains the best model to study disease severity and multiple organ failure in both SARS-

CoV and MERS-CoVs.

Many studies have been done to better understand the disease pathogenesis of SARS-CoV-2 

in NHPs. A recent study by Bao et. al. used the non-human primate models with SARS-

CoV-2 infection followed by a repeat challenge with the same virus to ascertain the 

possibility of re-infection (Bao et al., 2020). In this study, four adult Chinese rhesus 

macaques were intratracheally challenged with SARS-CoV-2/WH-09/human/2020/CHN at 1 

× 10^6 TCID50 via intratracheal route. Weight loss, reduced appetite, increased respiration 

rate and hunched posture were observed, and the viral loads from nasal and anal swabs 

showed peak viremia (RNA) at 3 days post-infection (Table 1). After 28 days, two infected 

monkeys were intratracheally challenged with the same dose (1 × 10^6 TCID50) of SARS-

CoV-2 to verify the possibility of re-infection. Viral loads in nasopharyngeal and anal swabs 

tested negative after re-exposure to SARS-CoV-2. The presence of the high levels of 

neutralizing antibodies in infected animals revealed that they had protective antibodies. 

Deng et. al also performed a similar type of challenge and rechallenge study, where six out 

of seven Chinese rhesus macaques were intratracheally challenged with SARS-CoV-2 at the 

dose of 1 × 10^6 TCID50. About 28 days post-primary challenge, four out of six were 

rechallenged with the same dose and strain of SARS-CoV-2 (Deng et al., 2020). Clinical 

diagnosis, viral loads, haematological analysis and binding and neutralizing antibodies were 

examined following some time point’s post-secondary challenge, which confirmed negative 

infection in the rechallenged animals.

Numerous research groups as well as pharmaceutical companies are using NHP models for 

testing suitable vaccine candidates. PiCoVacc, a purified inactivated SARS-CoV-2 vaccine 

candidate, was tested in rhesus macaques and showed a good immunogenic response (Gao et 

al., 2020) (Table 1). The vaccine candidate neutralized ten representative SARS-CoV-2 

strains and offered complete protection in rhesus macaques. A second set of studies was 

performed in the rhesus macaque model to test the efficacy of a DNA vaccine candidate 

against SARS-CoV-2 (Yu et al., 2020). A total of 35 adult rhesus macaques were injected 

with the DNA vaccine candidates, with various constructs of SARS-CoV-2 proteins such as 

S (n = 4), S.dCT (n = 4), S.dTM (n = 4), S1 (n = 4), RBD (n = 4), S.dTM.PP (n = 5) and 

Control (n = 10) intramuscularly, and after 6 weeks, they were challenged with 1.1 × 10^4 

PFU SARS-CoV-2 intratracheally and intranasally. Nasal swabs and bronchoalveolar lavage 

(BAL) taken from both control and vaccinated animals found lower viral RNA in the 

vaccinated groups compared to the control animals. Furthermore, using the same control 

animals Chandrashekar et al., showed development of protective immunity in SARS-CoV-2-
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infected macaques when the same animals were challenged a second time with the same 

virus (Chandrashekar et al., 2020). In this study, nine adult rhesus macaques, divided into 

three groups, were inoculated with 1.1 × 10^6 PFU (n = 3), 1.1 × 10^5 PFU (n = 3) or 1.1 × 

10^4 PFU (n = 3) SARS-CoV-2 USA-WA1/2020 intranasally and intratracheally. Two days 

post-infection, viral RNA was detected in bronchoalveolar lavage (BAL) and nasal swabs 

with animals experiencing loss of appetite and transient lymphopenia and neutropenia. 

Around day 35 post-infection, these animals were re-inoculated with the same dose of 

SARS-CoV-2 as in the initial challenge. Interestingly, 2 days after the second challenge, the 

viral RNA in BAL was more than five logs lower than that detected after the primary 

challenge, suggesting that recovery from the primary exposure helps the development of 

protective immunity against secondary exposure (Table 1). A group from Guangzhou, China, 

reported the generation of replication-incompetent recombinant serotype 5 adenovirus (Ad5-

S-nb2) that has a codon-optimized gene encoding Spike protein (S), as well as its 

effectiveness against SARS-CoV-2 challenge when tested in rhesus macaques (Feng et al., 

2020). They showed protective immunity in macaques at 30 days after a single dose of the 

vaccine when inoculated intramuscularly or intranasally. They further demonstrated that a 

10-fold lower dose of vaccine when tested in rhesus macaque also provides protective 

immunity against SARS-CoV-2 evidenced by the cell-mediated immune responses and S-

protein-specific responses generated against the structural proteins of SARS-CoV-2. 

Likewise, another adenovirus-vectored vaccine (ChAdOx1 nCoV-19) encoding the spike 

protein of SARS-CoV-2 produced both cellular and humoral response in rhesus macaques 

after a single administration. There was reduction in viral loads in bronchoalveolar fluids 

and respiratory tract tissues with no pneumonia in the animals challenged with the vaccine 

(Doremalen et al., 2020).

Anti-viral testing is also being done using NHP models. A research group from Montana, 

USA, showed infection in rhesus macaque in the upper and lower respiratory tract (Vincent 

et al., 2020). In their study, rhesus macaques were infected with the SARS-CoV-2 isolate 

nCoV-WA1–2020 through various routes (intranasal, oral, ocular and intratracheal routes) 

showed reduced appetite, hunched posture, pale appearance and dehydration (Table 1). The 

viral loads were highest in the nasal swabs followed by throat and rectal swabs. 

Histopathology revealed multifocal interstitial pneumonia, oedematous alveoli and type II 

pneumocyte hyperplasia. Chest radiographs revealed the presence of pulmonary infiltrates 

and consolidation, which is the main clinical sign of COVID-19 in infected rhesus 

macaques. Near-identical clinical signs and histopathology were observed when rhesus 

macaques were challenged with a similar virus strain to show the therapeutic efficacy of 

Remdesivir (Williamson et al., 2020). To test the efficacy of Remdesivir in disease outcome, 

a rhesus macaque model of SARS-CoV-2 infection was developed, where infected macaques 

developed mild-to-moderate clinical symptoms (Williamson et al., 2020). The macaques 

treated with Remdesivir did not show any respiratory distress, and viral titres in 

bronchoalveolar lavage were reduced after 12 hr of treatment, suggesting that Remdesivir 

may have some beneficial effect in the treatment of COVID-19 (Williamson et al., 2020).

There are some studies showing age-related correlations in rhesus (Qi, et al., 2020) and 

cynomolgus macaques (Rockx et al., 2020), which demonstrated the impact of age-related 

comorbidities on SARS-CoV-2 disease severity (Table 1). In the study by Yu et. al, an aged 
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group (~15 years) and younger group (3–5 years), of rhesus macaques, were compared after 

intratracheal infection with SARS-CoV-2. The results from this study support that age 

increases the infection rate, which was demonstrated by the viral loads after 7 days of 

inoculation. The histopathological changes in the older group were alveolar oedema, and 

inflammatory cells infiltrate which were severe compared to younger macaques that showed 

mild interstitial pulmonary infiltrates (Qi, et al., 2020). Rockx et al., also challenged SARS-

CoV-2 in young adult (4–5 years) and aged (15–20 years) cynomolgus macaques via 

intranasal and intratracheal routes. After 4 days post-infection, two animals from each group 

were necropsied and showed limited focal lesions. There was minimal or no clinical sign 

observed in both groups with serous nasal discharge (Rockx et al., 2020). There is 

considerable interest within the research community to determine the immune mechanism/s 

associated with severity of responses in the human population when infected with SARS-

CoV-2. Rosa et al., characterized transcriptional parameters induced in the lungs of juvenile 

and old rhesus macaques following SARS-CoV-2 infection. They showed, following SARS-

CoV-2 infections, type I interferon signalling and the Notch signalling pathways were 

upregulated in juvenile when compared to old rhesus macaques. Neutrophil degranulation 

pathways were upregulated in the infected lungs which might be a major cause of severe 

inflammation and damage (Rosa et al., 2020).

More recently, african green monkeys (AGMs) (Woolsey et al., 2020) and baboons (Singh et 

al., 2020) were demonstrated to show more pronounced respiratory disease than rhesus 

macaques, suggesting that both AGMs and baboons may be the models of choice to test 

novel immunomodulatory therapies for reducing disease severity. Interestingly, african green 

monkeys were successfully infected with a lower SARS-CoV-2 inoculum compared to 

rhesus macaques. Researchers from Texas Biomedical Research Institute (Texas Biomed) 

and Southwest National Primate Research Center showed that baboons and macaques are 

suitable animal model for the SARS-CoV-2 studies, and recommended macaques for the 

study of vaccines, and baboons for drugs and therapeutics studies as well as studies of 

pathogenicity of COVID-19 with comorbidities (Texas Biomed, 2020, Press release). A 

major limitation of NHP model is that their larger size and greater space requirements 

compared to small animal models make NHPs more costly compared to other animal 

models. However, macaques develop respiratory disease that is comparable to the human 

disease and therefore represent a better translational animal model to study pathogenesis, 

vaccine efficacy, therapeutics and co-infections, including the impact of age and other pre-

existing comorbidities on SARS-CoV-2 disease course.

4 | CONCLUSIONS AND FUTURE PERSPECTIVES

Intensive efforts have been invested in the short timespan after the outbreak of COVID-19 to 

characterize and develop anti-SARS-CoV-2 therapeutics. Many drugs are being developed or 

repurposed with varying degrees of success in in vitro studies and clinical trials. As the 

speed for discovering drugs and vaccines is increasing, understanding their safety and 

effectiveness is urgently needed to control the spread of the SARS-CoV-2 infection. 

However, many questions still need to be answered regarding the route of transmission of 

SARS-CoV-2. Are other routes like faecal, sexual or mother-to-child transmission possible? 

The disease has dynamic outcomes, which has made it challenging to understand the 
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pathogenesis. Why does the disease have higher infectivity than MERS and SARS? Why are 

elderly people and people with underlying conditions more susceptible? (Rothan et al., 

2020) Does sex (Rothan et al., 2020) or host genetics (Olwenyi et al., 2020) also contribute 

to the pathogenicity and need to be addressed using biologically relevant animal models and 

warrants further research. There are many unknowns regarding the comorbidities and co-

infections of SARS-CoV-2. Finally, there are questions as to why some repurposed drugs are 

effective in some individuals in the treatment of COVID-19. In order to answer these 

questions, in vivo studies using the best animal models are needed because it is impossible 

to address all these questions in human clinical studies. Because of the large variability in 

the genetic makeup of humans, it is impossible to understand mechanisms. Animal models 

such as ferrets, mice and hamsters can aid in answering many questions pertaining to the 

mechanism of action of anti-virals, efficacy and safety of vaccines and the impact of 

comorbidities on COVID-19 pathogenesis. It is possible that no single animal model will be 

able to answer all the human translational questions due to inherent differences in the 

development and physiology of the organism. Furthermore, there is a considerable amount 

of variability among the animals such as differences in their biology, genetics and level of 

ACE2 receptor expression, all of which can influence the rate of infection. In vitro models, 

primary cell lines and organoids represent an important aspect of study for SARS-CoV-2 

pathogenesis (Leist et al., 2020). Generation of humanized mouse model, reminiscent of 

human tissues, may also provide an important avenue for the rapid testing of anti-virals and 

vaccines.
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FIGURE 1. 
Transmission of SARS-CoV-2 from main reservoir to humans. Bats are the main reservoirs 

for many other coronaviruses. SARS-CoV-2 may have originated from bats and with the 

help of unknown intermediate hosts have contributed to human-to-human transmission
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FIGURE 2. 
Utility of small and large animal models of SARS-CoV-2 infection ad pathogenesis. The 

possible use of animal models in SARS-CoV-2 infection has been described
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TABLE 2

Types of studies in which different animal models can be used

SN
Animal 
models

Types/species of 
animal Types of study References( Limitation of the model

1 Mouse Transgenic hACE2 
mice, normal mouse 
can be infected with 
mouse-adapted mice

Infection and 
pathogenesis, 
vaccine trials, 
therapeutics

(Bao et al., 2020; Doremalen et al., 
2020; Rathnasinghe et al., 2020; 
Sheahan et al., 2020; Gu et al., 2020; 
Dinnon et al., 2020; Wang, et al., 2020; 
Gao et al., 2020)

Mice cannot be used directly, 
needs to be made transgenic or 
mouse-adapted virus should 
be used for infection

2 Hamster Syrian/Golden 
hamsters are 
permissive to SARS-
CoV-2

Infection and 
pathogenesis, 
vaccines, 
therapeutics, 
transmission study

(Chan et al., 2020; Sia et al., 2020; Imai 
et al., 2020)

Hamsters do not mimic all the 
clinical signs; mortality is not 
observed. Viral clearance was 
soon, cannot be used for long-
term pathogenesis

3 Ferret Ferrets are 
permissive to SARS-
CoV-2

Vaccines, 
therapeutics, 
transmission study

(Kim et al., 2020; Shi et al., 2020; 
Mathilde et al., 2020; Schlottau et al., 
2020; Kathryn et al., 2020)

Ferrets do not mimic all the 
clinical signs; mortality is not 
observed

4 Non-
Human 
Primate

Rhesus macaques and 
cynomolgus 
macaques are 
permissive for 
infection

Comorbidity studies, 
infection and 
pathogenesis, co-
infection studies, 
vaccine trials, 
therapeutics

(Moderna Inc., 2020; Bao et al., 2020; 
Deng et al., 2020; Yu et al., 2020; 
Chandrashekar et al., 2020; Feng et al., 
2020; Vincent et al., 2020; Williamson 
et al., 2020; Rockx et al., 2020)

Not all the macaque’s species 
could be infected, common 
clinical signs were mild/
moderate
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