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Severe acute respiratory syndrome-coronavirus 2 (SARS-
CoV-2) is a novel virus that causes coronavirus disease
2019 (COVID-19). To understand the identity, functional
characteristics and therapeutic targets of the virus and the
diseases, appropriate infection models that recapitulate the
in vivo pathophysiology of the viral infection are necessary.
This article reviews the various infection models, including
Vero cells, human cell lines, organoids, and animal models,
and discusses their advantages and disadvantages. This
knowledge will be helpful for establishing an efficient system
for defense against emerging infectious diseases.

Keywords: coronavirus, COVID-19, infection model, organoid,
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INTRODUCTION

Currently, coronavirus disease 2019 (COVID-19), resulting
from severe acute respiratory syndrome-coronavirus 2 (SARS-
CoV-2), is an ongoing global pandemic. As of the 16th of
June 2021, more than 177 million cases have been diag-
nosed with ~3.8 million deaths resulting in one of the most
deadly pandemics in human history. SARS-CoV-2 was first
identified in December 2019 (Zhu et al., 2020). Since then,
scientific communities have investigated the characteristics of
the virus to develop strategies for efficient prevention, diag-
nosis, and antiviral treatment.

At the early phase of the global pandemic, many of the
non-functional characteristics, such as genomics, phylogeny,

and taxonomy, were explored by metagenomic RNA-se-
guencing of the virus isolated from bronchoalveolar lavage
fluid samples from patients with severe pneumonia (Wu et
al., 2020; Zhou et al., 2020; Zhu et al., 2020). Its genomic
sequence revealed that the virus is a novel betacoronavirus,
with ~80% and ~96% sequence similarity to SARS-CoV and
a bat coronavirus, respectively. The genome sequence of
the virus suggested bats and pangolins as probable reservoir
hosts (Wu et al., 2020; Zhou et al., 2020). Most obviously,
the sequence of the S protein of the SARS-CoV-2 is distinct
from that of its relative viruses, sharing only ~73% amino-ac-
id similarity with the SARS-CoV. Interestingly, four amino acid
residues are specifically inserted in the S protein, generating a
polybasic cleavage site that can be more efficiently cleaved by
furin and other proteases (Walls et al., 2020).

As the number of infected cases increases, epidemiological
and observational studies have identified the characteristics
of SARS-CoV-2 and SARS-CoV-2 infection, such as its clin-
ical courses, potential therapeutics, emergence of mutant
viruses, and global transmission routes. For example, patient
demographics indicated that the infection rate is much lower
in young children (O'Driscoll et al., 2021). Remdesivir was
suggested to be an effective therapeutic regimen (Beigel et
al., 2020). A more infectious mutant virus has been observed
harboring the D614G spike protein mutation (Korber et al.,
2020), and a viral quasispecies is also being monitored (Jary
et al., 2020). However, these studies are unable to answer
the functional characteristics of the novel virus, such as its
mechanisms of cell entry and transmission, kinetics in repli-
cation and transcription, host responses, and therapeutic tar-
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gets. To this end, efficient laboratory models are necessary,
which enable viral infection and subsequent examination
of the infected cells in controlled and reproducible environ-
ments. Most importantly, screening novel therapeutics is im-
possible without competent infection models.

Functional studies of infectious diseases are sometimes
challenging due to the specificity of the host species and
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Fig. 1. In vitro models that have been used in SARS-CoV-2 infec-
tion studies and their features.

target tissues, known as species and cell-type tropisms. For
example, a wild-type mouse is not susceptible to SARS-CoV-2
infection due to the difference in its angiotensin-convert-
ing enzyme 2 (ACE2) receptor, the molecule for viral entry
(Munoz-Fontela et al., 2020). Other animal models, such as
golden hamsters or ferrets, are susceptible (Kim et al., 2020d;
Sia et al., 2020), but they sometimes fail to reproduce the
pathophysiology found in humans. Ordinary cell lines, most-
ly immortalized from normal tissues and/or derived from
neoplastic cells, may not always be susceptible to the virus,
and infected cells do not reflect the responses of the human
target tissues (Chu et al., 2020). The recent development of
organoid cultures, an organotypic culture of adult normal
stem cells, offers a new innovative possibility for viral studies,
but they are in their infancy. In this mini-review, we examine
and compare the many infection models that have been used
to understand the SARS-CoV-2 pathophysiology which can
be extended to other respiratory viruses (Figs. 1 and 2).

IN VITRO INFECTION MODELS

Vero cells have been widely used for infection studies (Osada
et al., 2014) (Fig. 1). For example, verotoxin, also known as
Shiga toxin, was first identified in 1976 with an observation
of cytopathies when a cell line was exposed to extracts of
specific Escherichia coli strains (Konowalchuk et al., 1977).
Vero cells have also been frequently used as host cells for
many growing viruses, such as simian polyomavirus SV-40,
measles virus, rubella virus, arbovirus, and adenovirus, to
name a few (Osada et al., 2014). Vero cells were established
in 1962 from the kidney tissue of an African green monkey
(Chlorocebus sabaeus) (Ammerman et al., 2008). Several
sublines, such as Vero 76 and Vero E6, were then obtained.
Vero cells are non-tumorigenic with pseudo-diploid karyo-
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Fig. 2. In vivo models that have been used in SARS-CoV-2 infection studies and their features. dpi, days post-infection.
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types and have been found to be susceptible to various
viruses (Osada et al., 2014). Of note, Vero cells have a homo-
zygous 9 Mb-long deletion on chromosome 12, resulting in
the complete loss of the type | interferon genes which have
particular importance as an early line of innate immune de-
fense (Osada et al., 2014). Due to the endogenous lack of in-
terferon genes, viruses can be grown into much higher titers
in Vero cells.

Vero cells have also been used in SARS-CoV-2 studies.
In one of the earliest studies of SARS-CoV-2 (Zhou et al.,
2020), Vero cells were exposed to bronchoalveolar lavage
fluid specimens obtained from a COVID-19 patient. At 3 days
post-infection, infected cells showed clear cytopathies, which
could be visualized by immunofluorescence and electron mi-
croscopy. Using the Vero cell system, viral particles of SARS-
CoV-2 can be prepared for more sophisticated infection stud-
ies (Kim et al., 2020c). The landscapes of the SARS-CoV-2
transcriptome, including expressed genomic and subgenomic
RNAs with the patterns of splicing and gene fusion, deletion
and frameshift, were also revealed from the nanopore direct,
long-read sequencing of RNAs extracted from the infected
Vero cells (Kim et al., 2020a). In addition, vaccines against
SARS-CoV-2 were also developed by inactivation of the
SARS-CoV-2 from inoculated Vero cells (Zhang et al., 2021).
Of note, Vero cells have been used for polio and rabies vac-
cine production for over 30 years (Montagnon et al., 1999)
and now are the most widely accepted cell lines by regulatory
authorities in vaccine development.

Although Vero cells have numerous advantages for ampli-
fying many viruses, the cell lines are not suitable for investi-
gating the interaction between viruses and host cells. Most
importantly, Vero cells are not of human origin and are not
normal cells as they lack type | interferon genes. The molecu-
lar changes of the cell lines after viral infection may not reca-
pitulate the responses of human cells against the virus. In the
case of SARS-CoV-2, cell-type tropism is another issue; that
is, Vero cells are of kidney origin thus are not a physiological
model for respiratory viruses.

To avoid species tropism and to investigate target or-
gan-specific responses to virus infections, using human cell
lines is a reasonable option. Viruses typically show different
susceptibilities, infection kinetics, and cellular damages/
responses according to the species and cell type of the host
cells. Therefore, finding an optimal cell line that recapitulates
physiological infection phenotypes is an important step for
studying the infection of an emerging virus.

For the SARS-CoV-2 virus, Chu et al. (2020) conducted
a screening study with a systematic comparison of 25 cell
lines derived from different tissues/organs of a human and
non-human species. Their cell lines included ones from the
human respiratory tract (A549, Calu3, HFL), human gastro-
intestinal tract (Caco2), human liver (Huh7), human cervix
(HeLa), human kidney (293T), human brain (U251), and hu-
man muscle (RD) and from four organs of a bat, the kidney
of a porcupine, the kidney of a non-human primate (Vero E6,
FRhK4, LLCMK2), the kidney of a Dog, Cat, Pig, Rabbit, and
Hamster, and the fibroblast of a mouse and chicken. Of the
nine human cell lines tested, Calu3 (lung adenocarcinoma)
and Caco2 (colorectal adenocarcinoma) showed the most
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robust SARS-CoV-2 replication. Although hepatic, renal, and
neuronal cell lines showed evidence of viral replication, cell
lines of the pulmonary origin (A549, lung adenocarcinoma;
HFL, embryonic lung fibroblasts), cervix origin (Hela, cervical
adenocarcinoma), and muscle (RD, rhabdomyosarcoma)
were not robustly susceptible to the virus. Of the sixteen
non-human cells, SARS-CoV-2 replicated in the renal lines of
non-human primates, cat, rabbit, and pig. Cell lines from bat,
porcupine, and mouse tissues were not susceptible to SARS-
CoV-2.

Cell lines were used to specify the cellular receptor for viral
entry during the early days of the SARS-CoV-2 pandemic.
SARS-CoV-2 was used to infect the Hela cell line, which does
not express the human ACE2 receptor, but transiently ex-
presses the human, Chinese horseshoe bat, civet, or pig ACE2
receptor (except for the mouse ACE2). It suggests that the
ACE2 receptor is the cellular entry receptor for SARS-CoV-2,
similar to SARS-CoV (Zhou et al., 2020). Of note, transient
expression of ACE2 enabled intracellular SARS-CoV-2 entry
into a cell line (BHK-21 cells), which otherwise is non-sus-
ceptible to the virus, suggesting that the virus uses ACE2 for
cellular entry (Hoffmann et al., 2020). Furthermore, viral en-
try to the cell can be enhanced by increasing the expression
levels of the bicistronic vector of ACE2 and TMPRSS2 (Wang
etal, 2021).

Despite these advantages, cell lines do not recapitulate the
processes of the host defense that are operative in normal
human tissues. Most of the cell lines were established from
human cancers, and their genomes are extensively altered
from the normal diploid status (Barretina et al., 2012; Salawu
et al,, 2016). The phenotypes of cell lines are usually well
adapted to the two-dimensional in vitro culture conditions,
substantially shifted from its normal three-dimensional in
vivo characteristics (Kapalczynska et al., 2018). For instance,
some lung cancer cell lines (i.e., A549) are not susceptible
to the SARS-CoV-2 (Chu et al., 2020). Cell lines can also
show irregular responses after infection. For example, Caco-
2 (colorectal adenocarcinoma) does not show substantial
transcriptome changes, although the cells are readily infected
by SARS-CoV-2 (Wyler et al., 2021; Youk et al., 2020). In
addition, long-term impacts of viral infection are difficult to
observe in cell line models because infected cell lines typically
lose their viability in two-dimensional cell culture conditions.
Therefore, although cell lines are classical and accessible in-
fection models, observations and findings from these models
should be interpreted cautiously.

Although cell lines are easily accessible and represent some
of the organ’s responses to virus infections, characterization
of a virus should be investigated by a model reflecting a nor-
mal specific cell type physiology. To achieve this, organoids
are the ideal method. The organoid technique is a special cell
culture system that can expand and differentiate tissue stem
cells ex vivo. Typically, stem cells are growing and self-or-
ganizing into three-dimensional multicellular structures, re-
flecting the organotypic cell-type heterogeneity in the in vivo
tissue architecture (Fujii et al., 2018). Applying the organoid
system, robust long-term cultures of normal human cells are
possible.

Recent advances in organoids have provided a powerful
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platform in infection studies by enabling long-term cultures
for various types of normal human cells (Kim et al., 2020b;
Ramani et al., 2018). Compared with the above-mentioned
typical cell lines, cells in organoids established from normal
tissues have diploid genomes (Huch et al., 2015), and their
gene expression profiles are more congruent to that of nor-
mal tissues compared to cell lines. Indeed, organoids are in
vivo-like mini-organs that can be managed in ex vivo con-
ditions. By modifying the basic culture condition that was
initially developed for intestinal organoids (Sato et al., 2009),
multiple types of organoids from >10 human tissues, includ-
ing the lung, liver, and kidney, have been generated (Kim et
al., 2020b). Practically, organoids can be established from
tissue stem cells directly extracted from primary adult tissues
(Broutier et al., 2016). Alternatively, induced pluripotent stem
cells can be used for deriving organoids by differentiating
the cells with specific developmental cues (Lancaster et al.,
2013).

A number of studies have used organoid models in viral
diseases. For example, brain organoid models were applied
to the Zika virus infection (Garcez et al., 2016), which re-
vealed the damaging impact of the infection in human brain
development. In addition, more virulent strains (Cugola et al.,
2016), viral proteins underlying the brain damage (Yoon et
al., 2017), and potential therapeutics (Xu et al., 2016) have
also been revealed using organoid models. Other viruses,
such as hepatitis B virus (Crignis et al., 2020), noroviruses
(Ettayebi et al., 2016), respiratory syncytial viruses (Sachs et
al., 2019), and influenza viruses (Zhou et al., 2018), also have
been studied using organoid models.

The infection mechanisms of SARS-CoV-2 have also been
explored using organoid models. However, studies of SARS-
CoV-2 infection in human lung normal cells were challeng-
ing in the early phase of the pandemic because organoid
techniques for human alveolar cells were not fully defined.
Instead, renal (Monteil et al., 2020) and intestinal (Lamers
et al., 2020) organoids were initially applied for the infec-
tion studies. A series of more advanced organoid models for
SARS-CoV-2 infection then followed using robust human al-
veolar organoids established in chemically defined conditions
from alveolar and induced pluripotent stem cells (Huang et
al., 2020; Jacob et al., 2020; Katsura et al., 2020; Pellegrini et
al., 2020; Yang et al., 2020; Youk et al., 2020). These models
enabled the real-time monitoring of the very early phase of
SARS-CoV-2 infection in human alveolar cells that are other-
wise impossible. Diverse techniques, such as classical assays
in virology, immunostaining and ultrastructural imaging, and
genomic approaches, can be implemented on the organoid
infection models, providing deep insights into the infection
mechanism and the responses of human alveolar cells at re-
al-time and single-cell resolutions. By screening therapeutics
on the infection models, inhibitors against SARS-CoV-2 were
also identified (Han et al., 2021).

Despite the many advantages, organoid models also have
a few limitations. Organoid techniques are yet to be generally
accessible to many researchers because these techniques
have been recently developed. In typical organoids, immune
cells are lacking. Thus, cellular and molecular interactions
among pathogens, host cells, and immune cells could not be

380 Mol. Cells 2021; 44(6): 377-383

investigated.

IN VIVO INFECTION MODELS

The most widely used animal model for biological investiga-
tion, the mouse (Mus musculus), has no appropriate recep-
tors to SARS-CoV-2 (Munoz-Fontela et al., 2020). The mouse
ACE2 receptor does not effectively bind to the spike protein
of SARS-CoV-2. Adaptation processes, such as modification
of the viral sequence of the receptor-binding domain to en-
hance binding to the mouse ACE2 (Bao et al., 2020) or modi-
fication of the mouse to express human ACE2 (Winkler et al.,
2020), are required to use mice as animal models for SARS-
CoV-2 infection (Fig. 2). Compared to most mouse models
with mild and reversible immunopathology of SARS-CoV-2
infection, K18-hACE2 transgenic mice expressing human
ACE?2 recapitulate severe COVID-19 with immunological fea-
tures of severe inflammation (Winkler et al., 2020). Another
human ACE2 transgenic mouse, HFH4-hACE2 in a C3B6
mouse, presented with typical interstitial pneumonia after
SARS-CoV-2 infection, and pre-exposure to SARS-CoV-2
protected this model mouse from a lethal challenge (Jiang et
al., 2020). Other human ACE2 transgenic mice based on the
BALB/c strain or C57BL/6 were also infected by SARS-CoV-2
and resulted in active viral replication and histologic inflam-
matory changes (Hassan et al., 2020; Sun et al., 2020). Im-
provement to mimic the whole spectrum of COVID-19 using
a mouse model is still ongoing.

Golden Syrian hamster (Mesocricetus auratus) has been
suggested to be a useful animal model of SARS-CoV-2 infec-
tion due to its structural similarity with human ACE2 (Sia et
al., 2020). Indeed, SARS-CoV-2-inoculated hamsters show
clinical and histological features of COVID-19. Nevertheless,
SARS-CoV-2 infected golden hamsters recovered sponta-
neously in 2 weeks (Sia et al., 2020). Hence, hamster models
are considered as an animal model of mild COVID-19. Due
to their small size and cost-effectiveness, antiviral agents and
other potential therapeutic agents were tested in hamsters
(Driouich et al., 2021; Kaptein et al., 2020; Rogers et al.,
2020).

The ferret (Mustela putorius furo) has been used as an
animal model for studying the pathogenesis of respiratory
virus infection since 1933, when the natural susceptibility of
the ferret to influenza virus was discovered (Maines et al.,
2006; van Riel et al., 2007). There are advantages that make
the ferret an ideal animal model for respiratory virus infection
in human patients. Its long and narrow thorax is suitable for
compartmentalization to study the differential effects of the
virus in the upper and lower airway (Maher and DeStefano,
2004). In addition, the expression and glycomic status of
receptors lining the bronchial mucosa of ferret are similar to
that of humans, which provide a superior susceptibility to
respiratory viruses than that of the mouse models (Enkirch
and von Messling, 2015; Richard et al., 2020). Infection and
rapid transmission of SARS-CoV-2 in the ferret model were
well-demonstrated by a co-housing experiment (Kim et al.,
2020d). The immune response to SARS-CoV-2 was also sim-
ilar to human COVID-19 during the early phase of infection
(Lee et al., 2020). Therefore, ferrets were used for evaluating



the efficacy of newly developed therapeutic agents and vac-
cines (Cox et al., 2021; Kim et al., 2021). One of the cautions
to observe when using the ferret model is that SARS-CoV-2-
infected ferrets manifest the infection as an upper respiratory
infection rather than severe or fatal pneumonia. Ferret mod-
els are considered as an animal model of mild COVID-19.

Non-human primates are the animal model genetically
close to humans and useful for evaluating the efficacy of
COVID-19 vaccines. SARS-CoV-2 infected rhesus macaque
showed pulmonary infiltrates which are similar to those in
chest radiographs and recapitulate the pathologic features
of COVID-19 patients with moderate disease activity (Mun-
ster et al., 2020). The protective efficacies of the adenovirus
vector-based vaccine ChAdOx1 nCoV-19 and mRNA vaccine
against SARS-CoV-2 were tested in rhesus macaques (Cor-
bett et al., 2020; van Doremalen et al., 2020). African green
monkeys were also studied as an animal model of SARS-
CoV-2 infection and its immunopathogenesis (Woolsey et al.,
2021).

Unlike cell lines and organoid models, animal models reca-
pitulate the clinical and immunological features of COVID-19.
However, these animal models do not fully encompass the
phenotype of severe inflammation frequently observed in
human patients. Animal models showing severe inflamma-
tion with lethality need to be developed to understand the
pathogenesis of severe COVID-19 patients and their potential
therapeutic targets.

CONCLUDING REMARK

For the last 18 months, we have witnessed the catastrophic
impact of emerging viruses in our society. Unfortunately, ad-
ditional pandemic events are also likely in the near future due
to the higher population density, more frequent traveling,
and more opportunities to contact wild animals. To reduce
the negative impact of these novel infectious diseases, we
need to build up efficient and scalable experimental systems
that can be used for the identification of the characteristics
of viruses and their diseases, screening of therapeutics and
development of vaccines and prevention strategies. Our un-
derstanding of the pros and cons of many infection models
will be helpful for establishing an efficient system for defense
against emerging infectious diseases.
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