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Coronavirus disease 2019 (COVID-19) is a highly contagious disease caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which has aroused great
public health concern worldwide. Currently, COVID-19 epidemic is spreading in many
countries and regions around the world. However, the study of SARS-CoV-2 is still
in its infancy, and there is no specific therapeutics. Here, we summarize the genomic
characteristics of SARS-CoV-2. In addition, we focus on the mechanisms of SARS-
CoV-2 infection, including the roles of angiotensin converting enzyme II (ACE2) in cell
entry, COVID-19 susceptibility and COVID-19 symptoms, as well as immunopathology
such as antibody responses, lymphocyte dysregulation, and cytokine storm. Finally, we
introduce the research progress of animal models of COVID-19, aiming at a better
understanding of the pathogenesis of COVID-19 and providing new ideas for the
treatment of this contagious disease.

Keywords: angiotensin converting enzyme II, animal models, immunopathology, pathogenesis, severe acute
respiratory syndrome coronavirus 2

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), is a highly contagious disease (Wu F. et al., 2020; Zhou P. et al., 2020; Zhu N.
et al., 2020). Its most common symptoms are fever, cough, and fatigue, while other symptoms
include sputum production, headache, gastrointestinal symptoms, liver injury, and even olfactory
and gustatory dysfunctions (Guan et al., 2020; Lechien et al., 2020; Lin et al., 2020; Zhang C.
et al., 2020). Meanwhile, the typical chest computerized tomography (CT) imaging features are
ground glass opacities in bilateral multiple lobular, consolidation, adjacent pleura thickening and
combined linear opacities (Xu et al., 2020). Unlike previously infected coronaviruses, SARS-CoV-
2 is identified as the seventh member of the coronavirus family that infects humans (Zhu N.
et al., 2020). COVID-19 has spread to many countries and regions and was judged as the sixth
public health emergency of international concern (PHEIC) by the World Health Organization
(WHO) (Eurosurveillance Editorial Team, 2020). As of March 2021, more than 120 million cases
of COVID-19 have been reported worldwide, including 2.7 million deaths (European Centre for
Disease Prevention and Control, 2021).

The bat was considered to be a probable natural reservoir host of SARS-CoV-2, whose whole
genome was highly similar to a bat coronavirus RaTG13, with a genome sequence identity of
96.2% (Zhou P. et al., 2020). Considering that SARS-CoV is transmitted to humans through
masked palm civets and middle east respiratory syndrome coronavirus (MERS-CoV) through
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dromedary camels, it is also possible that SARS-CoV-2 has
intermediate hosts that mediate its transmission (Guan et al.,
2003; Alagaili et al., 2014). The latest study discovered that
multiple lineages of pangolin coronavirus were similar to
SARS-CoV-2, suggesting that pangolin might be a potential
intermediate host for the new coronavirus (Lam et al., 2020;
Zhang T. et al., 2020). Epidemiologically, the prevalence of
COVID-19 is high and the population is generally susceptible,
but people with chronic underlying diseases such as diabetes,
hypertension, and heart disease are more susceptible to this virus
(Wang D. et al., 2020). So far, the study of SARS-CoV-2 is still
in its infancy. In this paper, we focus on the mechanisms and
animal models of SARS-CoV-2 infection, in order to provide a
theoretical basis for understanding the pathogenesis of COVID-
19 and the prevention and treatment of the disease.

GENOMIC CHARACTERIZATION OF
SARS-CoV-2

Phylogenetic analysis showed that SARS-CoV-2 was a new
betacoronavirus belonging to the sarbecovirus subgenus of
Coronaviridae family, which had the typical features of
betacoronavirus, such as 5′ untranslated region (UTR), replicase
complex (orf1ab) gene, Spike (S) gene, Envelope (E) gene,
Membrane (M) gene, Nucleocapsid (N) gene, and 3′ UTR
(Zhu N. et al., 2020). The nucleotide sequence of the S
gene of SARS-CoV-2 was less than 75% identical to the
nucleotide sequence of all the previously described SARS-related
coronaviruses, except for a 93.1% identity to the bat coronavirus
RaTG13 (Zhou P. et al., 2020). Compared to SARS-CoV, the
SARS-CoV-2 S gene had three short insertions in the N-terminal
domain and changes in four of the key residues in the receptor-
binding motif. Furthermore, the SARS-CoV-2 orf8 was distant
from the conserved orf8 or orf8b of SARS-CoV, and this new
orf8 might encode a protein with an alpha-helix, following
with a beta-sheet(s) (Chan and Kok, 2020). During the SARS
epidemic, a common genetic change in SARS-CoV genome was
the major deletions in the orf8 region (Chinese SARS Molecular
Epidemiology Consortium, 2004; Muth and Corman, 2018).
Interestingly, orf8 deletion SARS-CoV-2 variants seem to be
associated with mild infections (Su and Anderson, 2020; Young
et al., 2020a). In mammals, the zinc finger antiviral protein (ZAP)
mediated the degradation of the RNA genome by specifically
binding to the CpG dinucleotide in the viral RNA genome
(Takata et al., 2017). Notably, among all known betacoronavirus,
the CpG defect in the SARS-CoV-2 genome was the most
severe, indicating that SARS-CoV-2 might have evolved in a host
with high ZAP expression (Xia, 2020). Yang and Chen (2020)
discovered that the composition of human-specific slow codons
and two consecutive slow codons in SARS-CoV-2 and SARS-
CoV was lower than that of other coronaviruses, indicating that
these two coronaviruses might have faster protein synthesis. In
addition, compared with SARS, bat SARS and MERS-CoV, SARS-
CoV-2 had higher codon bias and gene expression efficiency
(Kandeel et al., 2020). Specifically, most high frequency codons
ended in A or T, while low frequency codons ended in G or C.

Meanwhile, the effective number of codon (ENc) values of the
SARS-CoV-2 structural proteins was 5–20 lower. These unique
genomic features provide the basis for understanding the source
and pathogenicity of this novel coronavirus.

PATHOGENICITY OF SARS-CoV-2

Roles of Angiotensin Converting Enzyme
II (ACE2) in SARS-CoV-2 Infection
Receptor Interactions and Cell Entry
Coronavirus infection depends on the binding of its own S
glycoprotein to cellular receptors and on the priming of S
glycoprotein by cellular proteases. Preliminary studies found
that SARS-CoV-2 entered host cells through the same receptor
angiotensin converting enzyme II (ACE2) as SARS-CoV (Zhou P.
et al., 2020). Moreover, VeroE6 cells with high expression
of transmembrane protease serine 2 (TMPRSS2) were very
susceptible to SARS-CoV-2 infection, suggesting that TMPRSS2
might be a key protease for SARS-CoV-2 cell entry and
replication (Matsuyama et al., 2020). Consistently, Hoffmann
et al. (2020b) demonstrated that ACE2 mediated the cell entry
of SARS-CoV-2, while the serine protease TMPRSS2 was used for
S protein priming. Meanwhile, camostat mesylate, a TMPRSS2
inhibitor, could block SARS-CoV-2 infection of lung cells,
indicating that TMPRSS2 inhibitors might be a potential strategy
for the treatment of COVID-19. Furthermore, TMPRSS2 was
highly expressed in secretory cells, ciliated cells and type I alveolar
epithelial cells (AT1), and SARS-CoV-2 RNA could be detected
in these cells, indicating that SARS-CoV-2 mainly infected the
secretory cells, ciliated cells and AT1 in lung epithelium (Schuler
et al., 2021). Importantly, the expression of TMPRSS2 in cells
increased with aging in mice and humans, which might partly
explain the rarity of severe respiratory disease in children. Cryo–
electron microscopy showed that the main state of the SARS-
CoV-2 S trimer has one of the three receptor-binding domains
(RBDs) rotated up in an accessible conformation of the receptor
(Wrapp and Wang, 2020). Furthermore, the overall interface
between the RBD of S glycoprotein and peptidase domain (PD) of
ACE2 mediated mainly through the interactions of polar residues
(Yan and Zhang, 2020). Specifically, an extended loop region of
the RBD crossed the arch-shaped α1 helix of the PD, and the α2
helix and the loop connecting the β3 and β4 antiparallel chains of
the PD also contributed to the coordination of RBD.

Noteworthily, SARS-CoV-2 mainly entered 293/hACE2 cells
through endocytosis, and phosphatidylinositol 3-phosphate 5-
kinase (PIKfyve) and two pore channel subtype 2 (TPC2) played
an important role in this process (Ou et al., 2020). Moreover,
cathepsins in lysosome, especially cathepsin L, were involved
in the priming of SARS-CoV-2 S protein. In particular, the S
glycoprotein of SARS-CoV-2 contained a furin-like cleavage site
within the S1/S2 domain, which was potentially involved in the
priming of S protein (Wang Q. et al., 2020). Hoffmann et al.
(2020a) discovered that furin could cleave the S glycoprotein
at the S1/S2 site, and this cleavage promoted the S protein-
mediated virus-cell fusion and cell-cell fusion. Collectively, these
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endogenous molecules such as ACE2, TMPRSS2, and furin
were essential for SARS-CoV-2 infection, which could serve as
potential targets for the treatment of COVID-19.

ACE2 and COVID-19 Susceptibility
Angiotensin converting enzyme II is the receptor for the entry
of SARS-CoV-2 into host cells. Therefore, it is easy to think that
its high expression may increase the susceptibility to infection.
Based on this, the researchers found that many factors, including
population, cancer, lupus, smoking, obesity and diabetes, all may
increase the risk of COVID-19.

The genetic analysis of ACE2 in different populations showed
that the East Asian populations had higher allele frequencies
(AFs) of the expression quantitative trait loci (eQTL) variants
than European populations, and these variants were associated
with high ACE2 expression in tissues, indicating that different
populations might have different susceptibility to SARS-CoV-2
(Cao et al., 2020a). Chai et al. (2020) discovered that ACE2 was
overexpressed in certain cancers, such as colon adenocarcinoma,
rectal adenocarcinoma, gastric adenocarcinoma, kidney renal
papillary cell carcinoma, pancreatic adenocarcinoma, and lung
adenocarcinoma. Meanwhile, ACE2 in tumors with high ACE2
expression usually showed hypomethylation. These results
explain the higher risk of COVID-19 in cancer patients from
the perspective of ACE2. Similarly, lupus patients also presented
overexpression and hypomethylation of ACE2, suggesting that
patients with such autoimmune diseases might have increased
sensitivity COVID-19 (Sawalha et al., 2020). Meanwhile, the
epigenetic dysregulation of interferon (IFN)-regulated genes in
lupus patients might enhance the immune response to SARS-
CoV-2, thereby increasing the severity of COVID-19. Of note,
ACE2 expression was upregulated in the small airway epithelia
of smokers and patients with chronic obstructive pulmonary
disease (COPD), which partly explained the increased risk of
SARS-CoV-2 infection in these people (Leung et al., 2020).
Consistently, mice exposed to cigarette smoke showed a dose-
dependent increase in ACE2 expression, while quitting smoking
reduced ACE2 levels in cells (Smith et al., 2020). In-depth
research found that ACE2 was mainly expressed in a subset
of secretory cells of the lung epithelium, and cigarette smoke
could increase the number of ACE2+ cells by stimulating the
expansion of secretory cells. Interestingly, overweight COPD
patients have higher expression levels of ACE2, indicating
that obesity is also a risk factor for COVID-19 (Higham
and Singh, 2020). Furthermore, a phenome-wide Mendelian
randomization (MR) study showed that diabetes and its related
traits were associated with increased expression of ACE2 in the
lung, which in turn might mediate susceptibility to COVID-19
(Rao et al., 2020).

ACE2 and COVID-19 Symptoms
By analyzing the expression levels of ACE2 in 31 normal human
tissues, Li M. Y. et al. (2020) found that small intestine, testis,
kidney, heart, thyroid, and adipose tissue expressed high levels
of ACE2, and lung, colon, liver, bladder, and adrenal gland
expressed moderate levels of ACE2, while blood, spleen, bone
marrow, brain, blood vessels, and muscle expressed low levels of

ACE2. Importantly, ACE2 expression was related to the immune
signatures of each tissue. For example, the expression of ACE2
in the lungs of the elderly was positively correlated with immune
signatures, while the expression of ACE2 in the lungs of the young
was negatively correlated with immune signatures.

Actually, the expression pattern and expression level of ACE2
in different organs and tissues to some extent determine the
symptoms and outcome of COVID-19. Lukassen et al. (2020)
observed that ACE2 and TMPRSS2 were primarily expressed in
alveolar type II (AT2) cells in the lung and in transient secretory
cells in subsegmental bronchial branches, suggesting that these
cell types might be susceptible to SARS-CoV-2 infection.
Electron microscopy showed that both bronchiole epithelial
cells and AT2 cells showed obvious coronavirus particles, and
immunohistochemical staining showed the presence of SARS-
CoV-2 nucleocapsid in lung tissue, confirming lung injury
secondary to SARS-CoV-2 infection (Yao et al., 2020). Usually,
COVID-19 patients had some gastrointestinal symptoms, such
as nausea, vomiting, and diarrhea (Jin et al., 2020; Song et al.,
2020). ACE2 was highly expressed in enterocytes, and SARS-
CoV-2 effectively infected enterocytes in human small intestinal
organoids (hSIOs), indicating that the intestine might be a target
organ of the new coronavirus (Lamers et al., 2020). Interestingly,
although the expression levels of ACE2 in enterocytes were much
higher than that in enterocyte-precursors, the infection rates
of both were similar, suggesting that low ACE2 levels might
be sufficient for SARS-CoV-2 to invade host cells. Consistently,
Zhou J. et al. (2020) found that SARS-CoV-2 not only actively
replicated in the human intestinal organoids, but also could
infect bat intestinal cells. At the same time, they isolated
infectious SARS-CoV-2 from the stool of a diarrheal COVID-
19 patient. These findings suggest that the intestine may be a
transmission route of SARS-CoV-2, which may lead to local and
overall disease progression. Furthermore, acute kidney injury
was one of the important complications of COVID-19 (Huang
et al., 2020; Lescure et al., 2020). It was reported that there
were coronavirus particles with distinctive spikes in the tubular
epithelium and podocytes, and immunostaining with SARS-CoV
nucleoprotein antibody was positive in tubules, which provided
a basis for SARS-CoV-2 to directly infect kidney tissue (Su
et al., 2020). Single-cell transcriptome analysis found that ACE2
and TMPRSSs were co-expressed in podocytes and proximal
straight tubule cells, which might be candidate kidney host cells
(Pan et al., 2020).

The latest autopsy findings showed that SARS-CoV-2 could
be detected in multiple organs, such as heart, liver, brain,
lungs, pharynx, and kidneys (Puelles et al., 2020). In addition,
neurological tissue damage, pancreatic damage, heart injury and
olfactory dysfunctions might also be related to ACE2 expression
pattern in the corresponding tissues (Baig et al., 2020; Bilinska
et al., 2020; Chen L. et al., 2020; Liu F. et al., 2020). However,
these data are mainly from different tissues from healthy human
donors, and more animal and cell experiments are needed to
verify the pathological mechanism of COVID-19 symptoms. In
short, receptor ACE2 mediates the entry of SARS-CoV-2 into
host cells, and its expression pattern and level also play important
roles in COVID-19 susceptibility and symptoms (Figure 1).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 April 2021 | Volume 9 | Article 578825

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-578825 April 21, 2021 Time: 16:34 # 4

Jia et al. COVID-19 Pathogenesis and Animal Models

FIGURE 1 | Roles of ACE2 in SARS-CoV-2 infection. Receptor ACE2 mediates the entry of SARS-CoV-2 into host cells. Meanwhile, its expression pattern and level
are closely related to the susceptibility and symptoms of COVID-19. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ACE2, angiotensin converting
enzyme II; COVID-19, coronavirus disease 2019; TMPRSS2, transmembrane protease serine 2.

Immunopathology of COVID-19
After infecting with SARS-CoV-2, macrophages and monocytes
are recruited and subsequently release cytokines, thereby
activating humoral and cellular immunity mediated by virus-
specific B and T cells. However, impaired adaptive immune
response and uncontrolled systemic inflammatory response may
cause severe organ damage and even death (Figure 2).

Antibody Responses
Serum from COVID-19 patients cross-reacted with the
nucleocapsid antigens of SARS-CoV, but showed no cross-
binding with the S1 subunit of SARS-CoV peak antigen (Long
et al., 2020). Within 19 days after symptom onset, the proportion
of virus-specific immunoglobulin-G (IgG)-positive patients
reached 100%, and within 22 days after symptom onset, the
proportion of virus-specific IgM-positive patients reached a
maximum of 94.1%. Moreover, IgM seroconversion increased
rapidly from the 9th day after the onset of symptoms, while
IgG seroconversion increased from the 11th day after the onset
of symptoms (Xiang et al., 2020). Importantly, both specific
IgM and IgG antibodies showed obvious specificity and positive
predictive value, suggesting that antibody detection might help
the diagnosis of COVID-19. Pediatric patients with COVID-19
could develop a protective humoral immunity (Zhang Y. et al.,
2020). Specifically, compared with the uninfected controls,
the percentage of IgG+ B cells were slightly higher in total
B cells in infected children, while the percentage of IgG+ B

cells in memory B cells was significantly higher. Meanwhile,
total and IgG antibodies against the nucleocapsid protein and
spike-RBD of SARS-CoV-2 were found in infected children
around 2–3 weeks after the onset. Additionally, Wen et al.
(2020) demonstrated that some new changes of B cell receptor
(BCR) in the recovery stage of COVID-19 patients, especially
IGHV3-23 and IGHV3-7, provided new ideas for the design
of vaccines. Notably, Zeng F. et al. (2020) found that the mild
and recovering patients with COVID-19 had no difference
in the concentration of specific IgG antibody between sexes,
while in severe conditions, there were higher serum IgG
antibody concentrations in female patients, which might be
related to the different outcomes between male and female
COVID-19 patients.

Clinically, convalescent plasma has been used to treat critically
ill patients with SARS-CoV-2 infection, which improved the
clinical outcomes and showed good tolerance (Duan et al., 2020;
Shen et al., 2020). At the same time, scientists are working
to develop monoclonal antibodies that neutralize SARS-CoV-
2. Wrapp et al. (2020) isolated two single-domain antibodies
(VHHs), MERS VHH-55 and SARS VHH-72, from a llama
immunized with prefusion-stabilized MERS-CoV and SARS-
CoV S proteins. These VHHs could bind to the RBDs of the
S proteins of MERS-CoV and SARS-CoV, and neutralize S
pseudotyped viruses in vitro. Strikingly, the SARS VHH-72 cross-
reacted with the SARS-CoV-2 RBD, and its bivalent IgG Fc-fusion
VHH-72-Fc neutralized SARS-CoV-2 S pseudovirus, suggesting
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FIGURE 2 | Immunopathology of COVID-19. (A) SARS-CoV-2 infection activates humoral and cellular immunity mediated by virus-specific B and T cells;
(B) SARS-CoV-2 infection causes lymphocyte dysregulation and cytokine storm, which contribute to the development of COVID-19. SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; NK, natural killer; PD-1, programmed death-1; Tim-3, T-cell immunoglobulin and
mucin-domain containing-3; NKG2A, CD94/NK group 2 member A.

that VHH-72-Fc might act as a potential therapeutic candidate
for COVID-19. CR3022, a neutralizing antibody isolated from a
SARS patient, could effectively bind to the RBD of SARS-CoV-
2 by recognizing an epitope that did not overlap with the ACE2
binding site (Tian et al., 2020). Further studies discovered that
CR3022 targeted a conserved epitope distal from the receptor
binding site, and the binding could only occur when at least
two RBDs in the S trimer were in the up conformation and
slightly rotated (Yuan and Wu, 2020). Unfortunately, CR3022
did not neutralize SARS-CoV-2 in vitro. Another research also
found that cross-reactive binding to RBD and non-RBD regions
was common between SARS-CoV and SARS-CoV-2, while the
cross-neutralization of these two live viruses might be rare
(Lv et al., 2020).

Of note, Chen X. et al. (2020) found that recovered COVID-
19 patients produced the antibodies against S1 subunit, but
only a small part could block the binding of RBD to ACE2
receptor. Subsequently, they cloned two monoclonal antibodies,
311mab-31B5 and 311mab-32D4, by using SARS-CoV-2 RBD-
specific memory B cells isolated from recovered COVID-19
patients, which could block the binding of SARS-CoV-2 RBD to
ACE2 receptor and effectively neutralize SARS-CoV-2 S protein
pseudovirus. Similarly, Cao et al. (2020b) identified a neutralizing
antibody BD-368-2 with strong ability to neutralize pseudotyped
SARS-CoV-2 by high-throughput sequencing of antigen-binding
single B cells, which could effectively treat and prevent SARS-
CoV-2 infection in hACE2 transgenic mice. In fact, several
cross-neutralizing antibodies, including COVA1-16, S309, H014,
47D11, ADI-56046, and 515-5, have been discovered, which
provide a theoretical basis for the development of SARS-CoV-
2 vaccines and therapies (Liu H. et al., 2020; Lv and Deng,
2020; Pinto et al., 2020; Wan et al., 2020; Wang and Li, 2020;

Wec and Wrapp, 2020). COVA1-16 bound to SARS-CoV-2
RBD by a long complementarity-determining region H3, which
blocked the interaction between ACE2 and RBD through steric
hindrance rather than epitope overlap (Liu H. et al., 2020).
Another human monoclonal antibody S309 were found from
the memory B cells of SARS patients, which could not only
neutralize SARS-CoV and SARS-CoV-2 pseudoviruses, but also
neutralize live SARS-CoV-2 by binding to the RBD of the S
glycoprotein (Pinto et al., 2020). It was worth noting that when
other monoclonal antibodies were used in combination with
S309, S309 further enhanced their neutralization, indicating that
the antibody cocktails containing S309 might be an effective
method for the treatment of COVID-19. Moreover, 47D11 could
neutralize SARS-CoV and SARS-CoV-2 in cell culture (Wang
and Li, 2020). Although this monoclonal antibody targeted
a conserved epitope on the RBD of S protein, it did not
compete with the S protein for interaction with the ACE2
receptor, suggesting that 47D11 blocked SARS-CoV-2 infection
by a mechanism different from receptor binding-inhibition. In
conclusion, these monoclonal antibodies may be an effective
means of preventing and treating COVID-19.

Lymphocyte Dysregulation
Lymphocytes, such as B cells, CD4+ T cells, CD8+ T cells,
and natural killer (NK) cells, are important components
of the immune system. Strikingly, most COVID-19 patients
usually show significant lymphopenia (Young et al., 2020b;
Zhang J. J. et al., 2020). Specifically, total lymphocytes, B
cells, CD4+ T cells, CD8+ T cells, and NK cells were
decreased in COVID-19 patients, and severe patients were more
severe than mild patients (Wang F. et al., 2020). Meanwhile,
the CD8+ T cells and CD4+/CD8+ ratio were significantly
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related to the inflammation status of COVID-19, while the
decrease in CD8+ T cells and B cells and the increase in
CD4+/CD8+ ratio were associated with poor efficacy after
treatment, indicating that some peripheral lymphocyte subsets
could be used as predictors of disease progression and treatment
effect. Zhang and Tan (2020) confirmed that the decrease in
lymphocyte counts in severe patients was negatively correlated
with serum levels of interleukin-6 (IL-6) and IL-8. Moreover,
the neutrophil to lymphocyte ratio (NLR) was often higher
in severe COVID-19 patients and was an independent risk
factor for mortality in hospitalized patients (Liu Y. et al., 2020).
Notably, the reduced B cells were related to the prolongation
of viral RNA shedding from respiratory tract in COVID-
19 patients (Hao et al., 2020). Interestingly, high fluorescent
lymphocytes (HFL) associated with activated B cells or plasma
cells were elevated in COVID-19 patients (Wang Z. et al.,
2020). HFL tended to increase as the disease progressed, which
might promote the production of plasma cells and specific
antibodies in patients. Ganji et al. (2020) found that the
ratio of CD4 to CD8 was not significantly different between
COVID-19 patients and healthy controls. However, COVID-
19 patients had higher levels of CD8 expression, indicating
that host T lymphocytes might increase their cytotoxic activity
by upregulating CD8 during SARS-CoV-2 infection, thereby
exerting antiviral effect.

In addition, the functional state of T cells in COVID-
19 patients is also dysregulated. Compared with the healthy
controls, T cells from COVID-19 patients had higher levels of
the exhaustion markers, including programmed death-1 (PD-
1) and T-cell immunoglobulin and mucin-domain containing-3
(Tim-3) (Diao et al., 2020). In the early stage of the disease,
the proportions of PD-1+ and Tim-3+ on CD8+ and CD4+

T cells were low. As the disease progressed, the expression of
PD-1 and Tim-3 in CD8+ T cells has a tendency to increase,
while the expression of Tim-3 was increased in CD4+ T cells,
but there is no significant change in PD-1 expression. These
results indicate that T cells from COVID-19 patients have an
exhaustion phenotype. Consistently, another study found that the
levels of tumor necrosis factor-α (TNF-α) and IFN-γ in CD4+

T cells of severe COVID-19 patients were lower than those of
mild patients, while the levels of granzyme B and perforin in
CD8+ T cells of severe patients were higher than those of mild
patients (Zheng H. Y. et al., 2020). Meanwhile, the levels of
human leukocyte antigen D related (HLA-DR) and T cell Ig and
ITIM domain (TIGIT) in CD8+ T cells of severe patients were
higher than those of mild patients. These findings suggest that
SARS-CoV-2 infection can affect the functions of CD4+ T cells
and promote the excessive activation and exhaustion of CD8+ T
cells. Furthermore, the expression of CD94/NK group 2 member
A (NKG2A) was increased on cytotoxic T lymphocytes (CTLs)
and NK cells in COVID-19 patients, accompanied by low levels
of CD107a, IFN-γ, IL-2, TNF-α, and granzyme B (Zheng M. et al.,
2020). Importantly, effectively controlled COVID-19 patients
had increased levels of NK cells and CD8+ T cells, as well as
decreased NKG2A expression, indicating that targeting NKG2A
might prevent functional exhaustion of lymphocytes and thus
contribute to COVID-19 recovery.

Actually, SARS-CoV-2 infected T lymphocytes through
membrane fusion mediated by S protein, which could be
inhibited by EK1 peptide (Wang X. et al., 2020). However,
SARS-CoV-2 could not replicate in MT-2 cells. Furthermore,
CD147 was another receptor that mediated SARS-CoV-2
infection (Ulrich and Pillat, 2020). Because CD147 existed
on the surface of T lymphocytes, it might promote the
SARS-CoV-2 infection of T cells. By transcriptome sequencing
of the bronchoalveolar lavage fluid (BALF) and peripheral
blood mononuclear cells (PBMCs) of COVID-19 patients,
Xiong et al. (2020) found that some significantly altered
genes were enriched in apoptosis and P53 pathway. These
results may partially explain the cause of lymphopenia in
patients with COVID-19.

Cytokine Storm
In response to infections, large amounts of cytokines released
by immune cells may cause cytokine storm or macrophage
activation syndrome (MAS), which is an excessive inflammation
response to external stimuli. In this scenario, the immune system
attacks normal organs and tissues, leading to acute respiratory
distress syndrome (ARDS), multiple organ failure, and even
death (Ye et al., 2020). Most patients with severe COVID-
19 exhibited large amounts of pro-inflammatory cytokines
and chemokines, such as IL-2, IL-6, IL-7, TNF-α, granulocyte
colony stimulating factor (GCSF), CXC-chemokine ligand
10 (CXCL10), CC-chemokine ligand 2 (CCL2), and CCL3
(Chen N. et al., 2020; Huang et al., 2020). Consistently, the
metatranscriptomic sequencing of the BALF discovered that
COVID-19 patients showed marked hypercytokinemia and up-
regulated IFN-stimulated genes, especially significantly elevated
expression of chemokines, such as CXCL17, CXCL8, CCL2,
and CCL7 (Zhou Z. et al., 2020). Interestingly, most cytokines
were expressed after respiratory function nadir, whereas only
IL-1 was induced before respiratory function nadir (Ong et al.,
2020). Furthermore, inflammatory markers in blood, including
C-reactive protein (CRP), ferritin, and D-dimer, were found to
be abnormally up-regulated in patients (Tan et al., 2020; Zhou F.
et al., 2020). Importantly, these cytokines and chemokines have
been associated with disease severity and death. For example,
IL-6, CRP, and hypertension were ideal predictors for the
progression of COVID-19 (Zhu Z. et al., 2020), while older
age, high Sequential Organ Failure Assessment (SOFA) score
and D-dimer greater than 1 µg/L were risk factors for in-
hospital death in COVID-19 patients (Zhou F. et al., 2020).
Therefore, strategies to suppress inflammatory responses are
particularly important in patients with COVID-19, especially
in severe cases.

ANIMAL MODELS OF COVID-19

As can be seen from the above, current studies on
COVID-19 pathogenesis are mainly focused on ACE2 and
immunopathology. It is of great significance to further explore
the molecular mechanisms. In this regard, effective animal
models of COVID-19 are indispensable. So far, SARS-CoV-2
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infection has been described in various animal models such as
macaque, ferret, mouse, and hamster (Figure 3).

Non-human Primates, Including
Cynomolgus Macaque and Rhesus
Macaque
Rockx and Kuiken (2020) inoculated a SARS-CoV-2 strain into
young and aged cynomolgus macaques by a combination of
intratracheal and intranasal routes, causing a COVID-19-like
disease. Specifically, none of these macaques showed obvious
clinical symptoms and weight loss, except for one elderly who
developed a serous nasal discharge on the 14th day after
inoculation. The virus was mainly expelled from the nose and
throat, and peaked early in the infection. Of note, one macaque
showed shedding of viral RNA in rectal swabs on the 14th
day. The autopsy of four macaques showed that SARS-CoV-
2 RNA was detected in multiple tissues from the respiratory
tract, ileum and tracheobronchial lymph nodes. Importantly, two
out of four macaques had areas with acute or more advanced
diffuse alveolar damage (DAD), whose histological features
including alveolar edema, epithelial necrosis, hyaline membrane

formation, and accumulation of neutrophils, macrophages,
and lymphocytes.

Analogously, rhesus macaques inoculated with SARS-CoV-2
had a respiratory disease (Munster et al., 2020). The symptoms
of infected animals included changes in respiratory pattern
and piloerection, as well as loss of appetite, hunchback,
pale complexion, dehydration and weight loss, and lung
radiographs showed pulmonary infiltrates. Histologically, 3 out
of 4 animals developed mild to moderate interstitial pneumonia
with the features of thickening of alveolar septa, alveolar edema
and hyaline membranes, indicating that the macaque model
basically recapitulates the pathological features of COVID-19.
Interestingly, Chandrashekar and Liu (2020) found that the
rhesus macaques infected with SARS-CoV-2 were difficult to re-
infect this virus, and the macaques showed anamnestic immune
responses following rechallenge, indicating that protective
immunity might play a role in this process. Furthermore,
rhesus macaques vaccinated with DNA vaccines expressing
different forms of S protein produced humoral and cellular
immune responses (Yu and Tostanoski, 2020). Importantly,
when the vaccinated animals were infected with SARS-CoV-2,
their bronchoalveolar lavage and nasal mucosa showed reduced

FIGURE 3 | Features and applications of animal models of COVID-19. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; hACE2, human angiotensin
converting enzyme II; COVID-19, coronavirus disease 2019.
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viral loads, indicating that these vaccines had protective effects
on non-human primates. Notably, CB6, a human monoclonal
antibody, had a protective effect on SARS-CoV-2 infected rhesus
macaques by reducing virus titers and inhibiting pathological
lung injury, indicating that CB6 might be a potential treatment
for COVID-19 (Shi and Shan, 2020). Similarly, infected rhesus
macaques treated with remdesivir showed low lung viral loads
and reduced lung damage, which provided a basis for the clinical
application of remdesivir (Williamson et al., 2020).

Ferret
Strikingly, ferrets were highly sensitive to SARS-CoV-2 infection
and could transmit the virus to other ferrets in direct or
indirect contact (Kim et al., 2020). The infected ferrets had
elevated body temperature, reduced activity, and occasionally
coughing. Meanwhile, viral RNA was detected in nasal turbinate,
lung, trachea, intestine, and kidney tissues. Importantly,
infected ferrets had more immune infiltration and cellular
debris in the bronchial epithelium, bronchial lumen and
alveolar wall, indicating that SARS-CoV-2 infection could cause
acute bronchiolitis in ferrets. Additionally, many up-regulated
cytokines and chemokines, such as IL-6, CCL2, CCL8, and
CXCL9, were found in the nasal washes of ferrets infected
with SARS-CoV-2, indicating that this animal model also
showed an significant inflammatory response (Blanco-Melo
et al., 2020). Interestingly, the newly designed lipoprotein
fusion inhibitors inhibited the conformational changes of S
protein and blocked the membrane fusion between the virus
and host cell membrane by integrating into the host cell
membranes, and their intranasal administration could effectively
inhibit SARS-CoV-2 transmission in ferrets (de Vries and
Schmitz, 2021). Similarly, the ribonucleoside analog inhibitor
MK-4482/EIDD-2801 not only reduced the viral load in the
upper respiratory tract, but also inhibited the viral transmission
in ferrets, indicating that MK-4482/EIDD-2801 might become
a potential drug to control the transmission of SARS-CoV-2 in
the community (Cox et al., 2021). Recent studies found that
preventive intranasal administration of TLR2/6 agonist INNA-
051 could effectively reduce the virus levels in throat swabs and
nasal washes of the ferrets infected with SARS-CoV-2 (Proud
et al., 2021). Of note, although lopinavir-ritonavir, emtricitabine-
tenofovir, and hydroxychloroquine sulfate slightly alleviated the
clinical symptoms of SARS-CoV-2 infected ferrets, they did not
significantly reduce the virus titers (Park et al., 2020). Therefore,
more clinical studies are needed to evaluate the effects of these
drugs on COVID-19.

Mouse
Bao et al. (2020a) generated hACE2 transgenic mice through
microinjecting the mice ACE2 promoter driving the hACE2
coding sequence into the fertilized ova. Transgenic mice
infected with SARS-CoV-2 showed slight bristled fur and
weight loss. The lung tissues of infected mice showed moderate
interstitial pneumonia characterized by thickened alveolar septa,
accumulation of inflammatory cells in alveolar cavities, and
fragmentation of bronchiolar epithelial cells. Importantly, the
co-localization of ACE2 and S protein was found in alveolar

epithelial cells. Similar to ferrets, SARS-CoV-2 could be spread
in hACE2 transgenic mice through close contact and respiratory
droplets (Bao et al., 2020b). These results indicate that the hACE2
transgenic mice can serve as valuable animal models for SARS-
CoV-2 infection. Human monoclonal MD65 antibody showed
high neutralization ability to SARS-CoV-2 in vitro, and it had a
significant protective effect on SARS-CoV-2 infected K18-hACE2
transgenic mice (Rosenfeld and Noy-Porat, 2021). This protective
effect is manifested in the improvement of lung inflammation and
pathological processes, as well as the life-saving of infected mice.
Furthermore, some endosomal acidification inhibitors, such as
chloroquine, NH4CL, and bafilomycin A1, have been confirmed
to have antiviral effects in SARS-CoV-2 infected cell or animal
models (Shang et al., 2021). Among them, the lungs of infected
mice treated with chloroquine and bafilomycin A1 showed
reduced infiltration of inflammatory cells and improved alveolar
structure. Liu et al. (2021) demonstrated that the recombinant
modified vaccinia virus Ankaras (rMVAs) expressing modified
forms of SARS-CoV-2 S proteins could not only suppress viral
replication in the upper and lower respiratory tracts, but also
reduce the expression of cytokines and chemokines in the lungs
of hACE2 mice, suggesting that this vaccine had the potential to
control COVID-19 during the current pandemic.

Besides hACE2 transgenic mice, hACE2 mice established
by CRISPR/Cas9 knock-in technology, adeno-associated
virus encoding for hACE2 (AAV-hACE2)-transduced mice,
replication-deficient adenovirus encoding hACE2 (Ad5-
hACE2)-transduced mice and wild-type mice infected with
mouse-adapted SARS-CoV-2 have also been used in the
pathological study of COVID-19 (Dinnon et al., 2020; Israelow
et al., 2020; Sun J. et al., 2020; Sun S. H. et al., 2020). hACE2 mice
established by CRISPR/Cas9 developed interstitial pneumonia
with an increase in various cytokines after SARS-CoV-2 infection
(Sun S. H. et al., 2020). Moreover, inoculation of SARS-CoV-2 in
the stomach could cause a productive infection in hACE2 mice,
indicating that SARS-CoV-2 might be transmitted through the
fecal-oral route (Sun S. H. et al., 2020). Similarly, Ad5-hACE2-
transduced mice showed some symptoms of pneumonia, and
treatment with remdesivir or human convalescent plasma 1 day
prior to infection could accelerate virus clearance and prevent
weight loss and lung histological changes in mice, suggesting
that this mouse model was very suitable for the evaluation of
COVID-19 therapies (Sun J. et al., 2020). The SARS-CoV-2
variant containing the N501Y mutation could bind to mouse
ACE2, causing wild-type mice to be infected with SARS-CoV-2
and develop interstitial pneumonia (Gu and Chen, 2020).
Because the cost and practicality of this model are superior to
other animal models, it has received great attention.

Golden Syrian Hamsters
In addition, SARS-CoV-2 could be highly transmitted among
golden Syrian hamsters via direct contact and aerosols, and
infected hamsters usually showed weight loss and increased
inflammatory cells and consolidation in the lungs (Sia et al.,
2020). The researchers discovered viral antigen in the bronchial
epithelial cells, nasal epithelial cells and duodenum epithelial
cells. At the same time, viral antigen was also detected in the
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olfactory sensory neurons at the nasal mucosa, indicating that
SARS-CoV-2 might have infected neurons and subsequently
caused olfactory dysfunctions. Meaningfully, surgical mask
partition could significantly reduce the non-contact transmission
between golden Syrian hamsters, and the infected naïve hamsters
showed milder clinical symptoms and histopathological changes,
suggesting that surgical masks might play an important role in
preventing SARS-CoV-2 transmission (Chan et al., 2020). Rogers
and Zhao (2020) isolated a variety of neutralizing antibodies
from recovered SARS-CoV-2 patients, which recognized the RBD
or non-RBD epitopes of the S protein. Of these, the antibody
CC12.1 targeting the RBD-A epitope could protect from weight
loss and lung virus replication in SARS-CoV-2 infected Syrian
hamsters, indicating that this monoclonal antibody had the
potential to prevent and treat COVID-19. Moreover, passive
transfer of convalescent serum from infected animals to SARS-
CoV-2 infected hamsters could efficiently inhibit virus replication
in the respiratory tract, indicating that convalescent plasma might
serve as a potential therapy for COVID-19 (Imai et al., 2020). In
addition, it was reported that certain animals such as dogs, cats
and tigers could also be infected with SARS-CoV-2, which not
only contributed to understanding the transmission of the virus,
but also provided more possibilities for modeling (Halfmann
et al., 2020; Sit et al., 2020; Wang L. et al., 2020).

CONCLUSION AND FUTURE
PERSPECTIVE

All in all, the receptor ACE2 mediates the entry of SARS-CoV-
2 into host cells, and its expression pattern and level are closely
related to COVID-19 susceptibility and symptoms. Meanwhile,
the knowledge of immunopathology related to COVID-19, such
as antibody responses, lymphocyte dysregulation, and cytokine
storms, is also crucial for understanding SARS-CoV-2 infection.
Furthermore, COVID-19 animal models, including macaque,
ferret, hamster and hACE2 transgenic mouse, not only help to
explore the pathogenesis of COVID-19, but also provide useful
tools for evaluating vaccines and therapeutics. However, some
problems need to be solved in the future.

Firstly, since SARS-CoV-2 has obvious human-to-human
transmission, it is of great significance to understand the
transmission route for the prevention and control of the epidemic
(Ghinai et al., 2020; Li Q. et al., 2020). Indeed, respiratory
transmission is the main mode for SARS-CoV-2, while fecal-
oral transmission, vertical maternal-fetal transmission, and

transmission through the ocular surface are also potential
transmission routes (Wu Y. et al., 2020; Zeng L. et al., 2020;
Zhang X. et al., 2020). Secondly, there is no specific therapeutics
for COVID-19. Although remdesivir and chloroquine could
effectively inhibit SARS-CoV-2 in vitro, it was necessary to prove
their effectiveness and safety through clinical trials (Wang M.
et al., 2020). Interestingly, the cellular nanosponges composed
of the plasma membranes of human lung epithelial type II
cells or macrophages prevented virus infection by neutralizing
SARS-CoV-2 (Zhang Q. et al., 2020). Furthermore, human
recombinant soluble ACE2 (hrsACE2) could significantly inhibit
the SARS-CoV-2 infection of human organoids, which might be a
promising therapeutic (Monteil et al., 2020). Importantly, further
research on molecular mechanisms is needed to provide new
ideas for the prevention and treatment of COVID-19.

As the number of COVID-19 cases continues to increase
globally, effective prevention and control measures are crucial. In
addition to building a community prevention and control system
to control the spread of the epidemic, achieving herd immunity
through vaccination is also an indispensable means. Fortunately,
nine vaccines against SARS-CoV-2 have been approved for
use in humans, and more than 300 million people have been
vaccinated worldwide. However, some complex situations, such
as highly infectious SARS-CoV-2 variants, the evasion of viral
variants from vaccine-induced humoral immunity, and the
limited durability of humoral responses in coronavirus infections,
pose severe challenges to the control of COVID-19 (Kaneko
et al., 2020; Garcia-Beltran et al., 2021; Zhou and Thao, 2021).
In this context, it is of great significance to develop broadly
neutralizing antibodies and vaccine boosters that target these
SARS-CoV-2 variants.

AUTHOR CONTRIBUTIONS

WJ and JW contributed toward the concept and manuscript
writing. BS and JZ participated in the literature search and
discussion. YS and ZZ revised and supervised overall project. All
authors read and approved the final version of manuscript.

ACKNOWLEDGMENTS

The authors wish to acknowledge Xiaochuan Zhang from The
First Affiliated Hospital of Zhengzhou University, China for
editing of English grammar and syntax of the manuscript.

REFERENCES
Alagaili, A. N., Briese, T., Mishra, N., Kapoor, V., Sameroff, S. C., Burbelo,

P. D., et al. (2014). Middle East respiratory syndrome coronavirus infection
in dromedary camels in Saudi Arabia. mBio 5, e884–e814. doi: 10.1128/mBio.
00884-14

Baig, A. M., Khaleeq, A., Ali, U., and Syeda, H. (2020). Evidence of the COVID-
19 virus targeting the CNS: tissue distribution, host-virus interaction, and
proposed neurotropic mechanisms. ACS Chem. Neurosci. 11, 995–998. doi:
10.1021/acschemneuro.0c00122

Bao, L., Deng, W., Huang, B., Gao, H., Liu, J., Ren, L., et al. (2020a). The
pathogenicity of SARS-CoV-2 in hACE2 transgenic mice. Nature 583, 830–833.
doi: 10.1038/s41586-020-2312-y

Bao, L., Gao, H., Deng, W., Lv, Q., Yu, H., Liu, M., et al. (2020b). Transmission
of SARS-CoV-2 via close contact and respiratory droplets among hACE2 mice.
J. Infect. Dis. 222, 551–555. doi: 10.1093/infdis/jiaa281

Bilinska, K., Jakubowska, P., Cs, V. O. N. B., and Butowt, R. (2020). Expression of
the SARS-CoV-2 entry proteins, ACE2 and TMPRSS2, in cells of the olfactory
epithelium: identification of cell types and trends with age. ACS Chem. Neurosci.
11, 1555–1562. doi: 10.1021/acschemneuro.0c00210

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 April 2021 | Volume 9 | Article 578825

https://doi.org/10.1128/mBio.00884-14
https://doi.org/10.1128/mBio.00884-14
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1038/s41586-020-2312-y
https://doi.org/10.1093/infdis/jiaa281
https://doi.org/10.1021/acschemneuro.0c00210
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-578825 April 21, 2021 Time: 16:34 # 10

Jia et al. COVID-19 Pathogenesis and Animal Models

Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W. C., Uhl, S., Hoagland, D., Moller,
R., et al. (2020). Imbalanced host response to SARS-CoV-2 drives development
of COVID-19. Cell 181, 1036–1045.e9. doi: 10.1016/j.cell.2020.04.026

Cao, Y., Li, L., Feng, Z., Wan, S., Huang, P., Sun, X., et al. (2020a). Comparative
genetic analysis of the novel coronavirus (2019-nCoV/SARS-CoV-2) receptor
ACE2 in different populations. Cell Discov. 6:11. doi: 10.1038/s41421-020-
0147-1

Cao, Y., Su, B., Guo, X., Sun, W., Deng, Y., Bao, L., et al. (2020b). Potent
neutralizing antibodies against SARS-CoV-2 identified by high-throughput
single-cell sequencing of convalescent patients’ B cells. Cell 182, 73–84.e16.
doi: 10.1016/j.cell.2020.05.025

Chai, P., Yu, J., Ge, S., Jia, R., and Fan, X. (2020). Genetic alteration, RNA
expression, and DNA methylation profiling of coronavirus disease 2019
(COVID-19) receptor ACE2 in malignancies: a pan-cancer analysis. J. Hematol.
Oncol. 13:43. doi: 10.1186/s13045-020-00883-5

Chan, J. F., and Kok, K. H. (2020). Genomic characterization of the 2019
novel human-pathogenic coronavirus isolated from a patient with atypical
pneumonia after visiting Wuhan. 9, 221–236. doi: 10.1080/22221751.2020.
1719902

Chan, J. F., Yuan, S., Zhang, A. J., Poon, V. K., Chan, C. C., Lee, A. C., et al. (2020).
Surgical mask partition reduces the risk of non-contact transmission in a golden
Syrian hamster model for Coronavirus Disease 2019 (COVID-19). Clin. Infect.
Dis. 71, 2139–2149. doi: 10.1093/cid/ciaa644

Chandrashekar, A., and Liu, J. (2020). SARS-CoV-2 infection protects against
rechallenge in rhesus macaques. Science 369, 812–817. doi: 10.1126/science.
abc4776

Chen, L., Li, X., Chen, M., Feng, Y., and Xiong, C. (2020). The ACE2 expression in
human heart indicates new potential mechanism of heart injury among patients
infected with SARS-CoV-2. Cardiovasc. Res. 116, 1097–1100. doi: 10.1093/cvr/
cvaa078

Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., et al. (2020).
Epidemiological and clinical characteristics of 99 cases of 2019 novel
coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet 395,
507–513. doi: 10.1016/s0140-6736(20)30211-7

Chen, X., Li, R., Pan, Z., Qian, C., Yang, Y., You, R., et al. (2020). Human
monoclonal antibodies block the binding of SARS-CoV-2 spike protein to
angiotensin converting enzyme 2 receptor. Cell. Mol. Immunol. 17, 647–649.
doi: 10.1038/s41423-020-0426-7

Chinese SARS Molecular Epidemiology Consortium (2004). Molecular evolution
of the SARS coronavirus during the course of the SARS epidemic in China.
Science 303, 1666–1669. doi: 10.1126/science.1092002

Cox, R. M., Wolf, J. D., and Plemper, R. K. (2021). Therapeutically
administered ribonucleoside analogue MK-4482/EIDD-2801 blocks SARS-
CoV-2 transmission in ferrets. 6, 11–18. doi: 10.1038/s41564-020-00835-2

de Vries, R. D., and Schmitz, K. S. (2021). Intranasal fusion inhibitory lipopeptide
prevents direct-contact SARS-CoV-2 transmission in ferrets. Science 371, 1379–
1382. doi: 10.1126/science.abf4896

Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., Ning, L., et al. (2020). Reduction
and functional exhaustion of T cells in patients with Coronavirus Disease 2019
(COVID-19). Front. Immunol. 11:827. doi: 10.3389/fimmu.2020.00827

Dinnon, K. H. III, Leist, S. R., Schäfer, A., and Edwards, C. E. (2020). A mouse-
adapted model of SARS-CoV-2 to test COVID-19 countermeasures. 586,
560–566. doi: 10.1038/s41586-020-2708-8

Duan, K., Liu, B., Li, C., and Zhang, H. (2020). Effectiveness of convalescent
plasma therapy in severe COVID-19 patients. Proc. Natl. Acad. Sci. U. S. A. 117,
9490–9496. doi: 10.1073/pnas.2004168117

European Centre for Disease Prevention and Control (2021). Situation Updates on
COVID-19 [Online]. Available online at: https://www.ecdc.europa.eu/en/covid-
19/situation-updates (accessed April 5, 2021)

Eurosurveillance Editorial Team (2020). Note from the editors: World Health
Organization declares novel coronavirus (2019-nCoV) sixth public health
emergency of international concern. Euro. Surveill. 25:200131e. doi: 10.2807/
1560-7917.ES.2020.25.5.200131e

Ganji, A., Farahani, I., Khansarinejad, B., Ghazavi, A., and Mosayebi, G. (2020).
Increased expression of CD8 marker on T-cells in COVID-19 patients. Blood
Cells Mol. Dis. 83:102437. doi: 10.1016/j.bcmd.2020.102437

Garcia-Beltran, W. F., Lam, E. C., St Denis, K., Nitido, A. D., Garcia, Z. H., Hauser,
B. M., et al. (2021). Multiple SARS-CoV-2 variants escape neutralization by

vaccine-induced humoral immunity. Cell doi: 10.1016/j.cell.2021.03.013 [Epub
ahead of print].

Ghinai, I., McPherson, T. D., Hunter, J. C., Kirking, H. L., Christiansen, D., Joshi,
K., et al. (2020). First known person-to-person transmission of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in the USA. Lancet 395,
1137–1144. doi: 10.1016/s0140-6736(20)30607-3

Gu, H., and Chen, Q. (2020). Adaptation of SARS-CoV-2 in BALB/c mice for
testing vaccine efficacy. Science 369, 1603–1607. doi: 10.1126/science.abc4730

Guan, W. J., Ni, Z. Y., Hu, Y., Liang, W. H., Ou, C. Q., He, J. X., et al. (2020).
Clinical characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med.
382, 1708–1720. doi: 10.1056/NEJMoa2002032

Guan, Y., Zheng, B. J., He, Y. Q., Liu, X. L., Zhuang, Z. X., Cheung, C. L., et al.
(2003). Isolation and characterization of viruses related to the SARS coronavirus
from animals in southern China. Science 302, 276–278. doi: 10.1126/science.
1087139

Halfmann, P. J., Hatta, M., Chiba, S., Maemura, T., Fan, S., Takeda, M., et al. (2020).
Transmission of SARS-CoV-2 in domestic cats. N. Engl. J. Med. 383, 592–594.
doi: 10.1056/NEJMc2013400

Hao, S., Lian, J., Lu, Y., Jia, H., Hu, J., Yu, G., et al. (2020). Decreased B cells on
admission was associated with prolonged viral RNA shedding from respiratory
tract in Coronavirus Disease 2019: a case control study. J. Infect. Dis. 222,
367–371. doi: 10.1093/infdis/jiaa311

Higham, A., and Singh, D. (2020). Increased ACE2 expression in the bronchial
epithelium of COPD patients who are overweight. Obesity (Silver Spring) 28,
1586–1589. doi: 10.1002/oby.22907

Hoffmann, M., Kleine-Weber, H., and Pohlmann, S. (2020a). A multibasic cleavage
site in the spike protein of SARS-CoV-2 is essential for infection of human lung
cells. Mol. Cell 78, 779–784.e5. doi: 10.1016/j.molcel.2020.04.022

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T., Erichsen,
S., et al. (2020b). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor. Cell 181, 271–280.e8.
doi: 10.1016/j.cell.2020.02.052

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features
of patients infected with 2019 novel coronavirus in Wuhan. China. Lancet 395,
497–506. doi: 10.1016/s0140-6736(20)30183-5

Imai, M., Iwatsuki-Horimoto, K., Hatta, M., and Loeber, S. (2020). Syrian hamsters
as a small animal model for SARS-CoV-2 infection and countermeasure
development. Proc. Natl. Acad. Sci. U. S. A. 117, 16587–16595. doi: 10.1073/
pnas.2009799117

Israelow, B., Song, E., Mao, T., Lu, P., Meir, A., Liu, F., et al. (2020). Mouse model
of SARS-CoV-2 reveals inflammatory role of type I interferon signaling. J. Exp.
Med. 217:e20201241. doi: 10.1084/jem.20201241

Jin, X., Lian, J. S., Hu, J. H., Gao, J., Zheng, L., Zhang, Y. M., et al.
(2020). Epidemiological, clinical and virological characteristics of 74 cases
of coronavirus-infected disease 2019 (COVID-19) with gastrointestinal
symptoms. Gut 69, 1002–1009. doi: 10.1136/gutjnl-2020-320926

Kandeel, M., Ibrahim, A., and Fayez, M. (2020). From SARS and MERS CoVs to
SARS-CoV-2: moving toward more biased codon usage in viral structural and
nonstructural genes. J. Med. Virol. 92, 660–666. doi: 10.1002/jmv.25754

Kaneko, N., Kuo, H. H., Boucau, J., Farmer, J. R., Allard-Chamard, H., Mahajan,
V. S., et al. (2020). Loss of Bcl-6-expressing T follicular helper cells and germinal
centers in COVID-19. Cell 183, 143–157.e13. doi: 10.1016/j.cell.2020.08.025

Kim, Y. I., Kim, S. G., Kim, S. M., Kim, E. H., Park, S. J., Yu, K. M., et al. (2020).
Infection and rapid transmission of SARS-CoV-2 in ferrets. Cell Host Microbe
27, 704–709.e2. doi: 10.1016/j.chom.2020.03.023

Lam, T. T., Shum, M. H., Zhu, H. C., Tong, Y. G., Ni, X. B., Liao, Y. S., et al. (2020).
Identifying SARS-CoV-2 related coronaviruses in Malayan pangolins. Nature
583, 282–285. doi: 10.1038/s41586-020-2169-0

Lamers, M. M., Beumer, J., van der Vaart, J., Knoops, K., Puschhof, J., Breugem,
T. I., et al. (2020). SARS-CoV-2 productively infects human gut enterocytes.
Science 369, 50–54. doi: 10.1126/science.abc1669

Lechien, J. R., Chiesa-Estomba, C. M., De Siati, D. R., Horoi, M., Le Bon,
S. D., Rodriguez, A., et al. (2020). Olfactory and gustatory dysfunctions as
a clinical presentation of mild-to-moderate forms of the coronavirus disease
(COVID-19): a multicenter European study. Eur. Arch. Otorhinolaryngol. 277,
2251–2261. doi: 10.1007/s00405-020-05965-1

Lescure, F. X., Bouadma, L., Nguyen, D., Parisey, M., Wicky, P. H., Behillil, S., et al.
(2020). Clinical and virological data of the first cases of COVID-19 in Europe:

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 April 2021 | Volume 9 | Article 578825

https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.1038/s41421-020-0147-1
https://doi.org/10.1038/s41421-020-0147-1
https://doi.org/10.1016/j.cell.2020.05.025
https://doi.org/10.1186/s13045-020-00883-5
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1093/cid/ciaa644
https://doi.org/10.1126/science.abc4776
https://doi.org/10.1126/science.abc4776
https://doi.org/10.1093/cvr/cvaa078
https://doi.org/10.1093/cvr/cvaa078
https://doi.org/10.1016/s0140-6736(20)30211-7
https://doi.org/10.1038/s41423-020-0426-7
https://doi.org/10.1126/science.1092002
https://doi.org/10.1038/s41564-020-00835-2
https://doi.org/10.1126/science.abf4896
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1038/s41586-020-2708-8
https://doi.org/10.1073/pnas.2004168117
https://www.ecdc.europa.eu/en/covid-19/situation-updates
https://www.ecdc.europa.eu/en/covid-19/situation-updates
https://doi.org/10.2807/1560-7917.ES.2020.25.5.200131e
https://doi.org/10.2807/1560-7917.ES.2020.25.5.200131e
https://doi.org/10.1016/j.bcmd.2020.102437
https://doi.org/10.1016/j.cell.2021.03.013
https://doi.org/10.1016/s0140-6736(20)30607-3
https://doi.org/10.1126/science.abc4730
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1126/science.1087139
https://doi.org/10.1126/science.1087139
https://doi.org/10.1056/NEJMc2013400
https://doi.org/10.1093/infdis/jiaa311
https://doi.org/10.1002/oby.22907
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1073/pnas.2009799117
https://doi.org/10.1073/pnas.2009799117
https://doi.org/10.1084/jem.20201241
https://doi.org/10.1136/gutjnl-2020-320926
https://doi.org/10.1002/jmv.25754
https://doi.org/10.1016/j.cell.2020.08.025
https://doi.org/10.1016/j.chom.2020.03.023
https://doi.org/10.1038/s41586-020-2169-0
https://doi.org/10.1126/science.abc1669
https://doi.org/10.1007/s00405-020-05965-1
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-578825 April 21, 2021 Time: 16:34 # 11

Jia et al. COVID-19 Pathogenesis and Animal Models

a case series. Lancet Infect. Dis. 20, 697–706. doi: 10.1016/s1473-3099(20)30
200-0

Leung, J. M., Yang, C. X., Tam, A., Shaipanich, T., Hackett, T. L., Singhera, G. K.,
et al. (2020). ACE-2 expression in the small airway epithelia of smokers and
COPD patients: implications for COVID-19. Eur. Respir. J. 55:2000688. doi:
10.1183/13993003.00688-2020

Li, M. Y., Li, L., Zhang, Y., and Wang, X. S. (2020). Expression of the SARS-CoV-2
cell receptor gene ACE2 in a wide variety of human tissues. Infect. Dis. Poverty
9:45. doi: 10.1186/s40249-020-00662-x

Li, Q., Guan, X., Wu, P., Wang, X., Zhou, L., Tong, Y., et al. (2020). Early
transmission dynamics in Wuhan, China, of novel coronavirus-infected
pneumonia. N. Engl. J. Med. 382, 1199–1207. doi: 10.1056/NEJMoa2001316

Lin, L., Jiang, X., Zhang, Z., Huang, S., Zhang, Z., Fang, Z., et al. (2020).
Gastrointestinal symptoms of 95 cases with SARS-CoV-2 infection. Gut 69,
997–1001. doi: 10.1136/gutjnl-2020-321013

Liu, F., Long, X., Zhang, B., Zhang, W., Chen, X., and Zhang, Z. (2020).
ACE2 expression in pancreas may cause pancreatic damage after SARS-CoV-
2 infection. Clin. Gastroenterol. Hepatol. 18, 2128–2130.e2. doi: 10.1016/j.cgh.
2020.04.040

Liu, H., Wu, N. C., Yuan, M., Bangaru, S., Torres, J. L., Caniels, T. G., et al. (2020).
Cross-neutralization of a SARS-CoV-2 antibody to a functionally conserved
site is mediated by avidity. Immunity 53, 1272–1280.e5. doi: 10.1016/j.immuni.
2020.10.023

Liu, R., Americo, J. L., and Cotter, C. A. (2021). One or two injections of MVA-
vectored vaccine shields hACE2 transgenic mice from SARS-CoV-2 upper and
lower respiratory tract infection. Proc. Natl. Acad. Sci. U.S.A. 118:e2026785118.
doi: 10.1073/pnas.2026785118

Liu, Y., Du, X., Chen, J., Jin, Y., Peng, L., Wang, H. H. X., et al. (2020). Neutrophil-
to-lymphocyte ratio as an independent risk factor for mortality in hospitalized
patients with COVID-19. J. Infect. 81, e6–e12. doi: 10.1016/j.jinf.2020.04.002

Long, Q. X., Liu, B. Z., and Deng, H. J. (2020). Antibody responses to SARS-CoV-2
in patients with COVID-19. Nat. Med. 26, 845–848. doi: 10.1038/s41591-020-
0897-1

Lukassen, S., Chua, R. L., Trefzer, T., Kahn, N. C., Schneider, M. A., Muley, T., et al.
(2020). SARS-CoV-2 receptor ACE2 and TMPRSS2 are primarily expressed in
bronchial transient secretory cells. EMBO J. 39:e105114. doi: 10.15252/embj.
20105114

Lv, H., Wu, N. C., Tsang, O. T., Yuan, M., Perera, R., Leung, W. S., et al.
(2020). Cross-reactive antibody response between SARS-CoV-2 and SARS-CoV
infections. Cell Rep. 31:107725. doi: 10.1016/j.celrep.2020.107725

Lv, Z., and Deng, Y. Q. (2020). Structural basis for neutralization of SARS-CoV-
2 and SARS-CoV by a potent therapeutic antibody. Science 369, 1505–1509.
doi: 10.1126/science.abc5881

Matsuyama, S., Nao, N., Shirato, K., Kawase, M., Saito, S., Takayama, I., et al. (2020).
Enhanced isolation of SARS-CoV-2 by TMPRSS2-expressing cells. Proc. Natl.
Acad. Sci. U. S. A. 117, 7001–7003. doi: 10.1073/pnas.2002589117

Monteil, V., Kwon, H., Prado, P., Hagelkruys, A., Wimmer, R. A., Stahl, M., et al.
(2020). Inhibition of SARS-CoV-2 infections in engineered human tissues using
clinical-grade soluble human ACE2. Cell 181, 905–913.e7. doi: 10.1016/j.cell.
2020.04.004

Munster, V. J., Feldmann, F., Williamson, B. N., van Doremalen, N., Perez-Perez,
L., Schulz, J., et al. (2020). Respiratory disease in rhesus macaques inoculated
with SARS-CoV-2. Nature 585, 268–272. doi: 10.1038/s41586-020-2324-7

Muth, D., and Corman, V. M. (2018). Attenuation of replication by a 29 nucleotide
deletion in SARS-coronavirus acquired during the early stages of human-to-
human transmission. Sci. Rep. 8:15177. doi: 10.1038/s41598-018-33487-8

Ong, E. Z., Chan, Y. F. Z., Leong, W. Y., Lee, N. M. Y., Kalimuddin, S., Haja
Mohideen, S. M., et al. (2020). A dynamic immune response shapes COVID-
19 progression. Cell Host Microbe 27, 879–882.e2. doi: 10.1016/j.chom.2020.
03.021

Ou, X., Liu, Y., Lei, X., Li, P., Mi, D., Ren, L., et al. (2020). Characterization of spike
glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity
with SARS-CoV. Nat. Commun. 11:1620. doi: 10.1038/s41467-020-15562-9

Pan, X. W., Xu, D., Zhang, H., Zhou, W., Wang, L. H., and Cui, X. G. (2020).
Identification of a potential mechanism of acute kidney injury during the
COVID-19 outbreak: a study based on single-cell transcriptome analysis.
Intensive Care Med. 46, 1114–1116. doi: 10.1007/s00134-020-06026-1

Park, S. J., Yu, K. M., Kim, Y. I., Kim, S. M., Kim, E. H., Kim, S. G., et al. (2020).
Antiviral efficacies of FDA-approved drugs against SARS-CoV-2 infection in
ferrets. mBio. 11:e01114-20. doi: 10.1128/mBio.01114-20

Pinto, D., Park, Y. J., Beltramello, M., Walls, A. C., and Tortorici, M. A. (2020).
Cross-neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV
antibody. Nature 583, 290–295. doi: 10.1038/s41586-020-2349-y

Proud, P. C., Tsitoura, D., Watson, R. J., Chua, B. Y., Aram, M. J., Bewley, K. R.,
et al. (2021). Prophylactic intranasal administration of a TLR2/6 agonist reduces
upper respiratory tract viral shedding in a SARS-CoV-2 challenge ferret model.
EBioMedicine 63:103153. doi: 10.1016/j.ebiom.2020.103153

Puelles, V. G., Lutgehetmann, M., Lindenmeyer, M. T., Sperhake, J. P., Wong,
M. N., Allweiss, L., et al. (2020). Multiorgan and renal tropism of SARS-CoV-2.
N. Engl. J. Med. 383, 590–592. doi: 10.1056/NEJMc2011400

Rao, S., Lau, A., and So, H. C. (2020). Exploring diseases/traits and blood
proteins causally related to expression of ACE2, the putative receptor of SARS-
CoV-2: a mendelian randomization analysis highlights tentative relevance
of diabetes-related traits. Diabetes Care 43, 1416–1426. doi: 10.2337/dc20-
0643

Rockx, B., and Kuiken, T. (2020). Comparative pathogenesis of COVID-19, MERS,
and SARS in a nonhuman primate model. Science 368, 1012–1015. doi: 10.1126/
science.abb7314

Rogers, T. F., and Zhao, F. (2020). Isolation of potent SARS-CoV-2 neutralizing
antibodies and protection from disease in a small animal model. Science 369,
956–963. doi: 10.1126/science.abc7520

Rosenfeld, R., and Noy-Porat, T. (2021). Post-exposure protection of SARS-CoV-2
lethal infected K18-hACE2 transgenic mice by neutralizing human monoclonal
antibody. Nat. Commun. 12:944. doi: 10.1038/s41467-021-21239-8

Sawalha, A. H., Zhao, M., Coit, P., and Lu, Q. (2020). Epigenetic dysregulation
of ACE2 and interferon-regulated genes might suggest increased COVID-19
susceptibility and severity in lupus patients. Clin. Immunol. 215:108410. doi:
10.1016/j.clim.2020.108410

Schuler, B. A., Habermann, A. C., Plosa, E. J., Taylor, C. J., Jetter, C., Negretti,
N. M., et al. (2021). Age-determined expression of priming protease TMPRSS2
and localization of SARS-CoV-2 in lung epithelium. J. Clin. Invest. 131:e140766.
doi: 10.1172/jci140766

Shang, C., Zhuang, X., Zhang, H., Li, Y., Zhu, Y., Lu, J., et al. (2021). Inhibitors
of endosomal acidification suppress SARS-CoV-2 replication and relieve viral
pneumonia in hACE2 transgenic mice. Virol. J. 18:46. doi: 10.1186/s12985-021-
01515-1

Shen, C., Wang, Z., Zhao, F., Yang, Y., Li, J., Yuan, J., et al. (2020). Treatment of
5 critically ill patients with COVID-19 with convalescent plasma. JAMA 323,
1582–1589. doi: 10.1001/jama.2020.4783

Shi, R., and Shan, C. (2020). A human neutralizing antibody targets the receptor
binding site of SARS-CoV-2. Nature 584, 120–124. doi: 10.1038/s41586-020-
2381-y

Sia, S. F., Yan, L. M., Chin, A. W. H., Fung, K., Choy, K. T., Wong, A. Y. L.,
et al. (2020). Pathogenesis and transmission of SARS-CoV-2 in golden hamsters.
Nature 583, 834–838. doi: 10.1038/s41586-020-2342-5

Sit, T. H. C., Brackman, C. J., Ip, S. M., Tam, K. W. S., Law, P. Y. T., and To,
E. M. W. (2020). Infection of dogs with SARS-CoV-2. Nature 586, 776–778.
doi: 10.1038/s41586-020-2334-5

Smith, J. C., Sausville, E. L., Girish, V., Yuan, M. L., Vasudevan, A., John, K. M.,
et al. (2020). Cigarette smoke exposure and inflammatory signaling increase the
expression of the SARS-CoV-2 receptor ACE2 in the respiratory tract. Dev. Cell
53, 514–529.e3. doi: 10.1016/j.devcel.2020.05.012

Song, Y., Liu, P., Shi, X. L., Chu, Y. L., Zhang, J., Xia, J., et al. (2020). SARS-
CoV-2 induced diarrhoea as onset symptom in patient with COVID-19. Gut
69, 1143–1144. doi: 10.1136/gutjnl-2020-320891

Su, H., Yang, M., Wan, C., Yi, L. X., Tang, F., Zhu, H. Y., et al. (2020). Renal
histopathological analysis of 26 postmortem findings of patients with COVID-
19 in China. Kidney Int. 98, 219–227. doi: 10.1016/j.kint.2020.04.003

Su, Y. C. F., and Anderson, D. E. (2020). Discovery and genomic characterization
of a 382-nucleotide deletion in ORF7b and ORF8 during the early evolution of
SARS-CoV-2. mBio 11:e01610-20. doi: 10.1128/mBio.01610-20

Sun, J., Zhuang, Z., Zheng, J., Li, K., Wong, R. L., Liu, D., et al. (2020). Generation
of a broadly useful model for COVID-19 pathogenesis, vaccination, and
treatment. Cell 182, 734–743.e5. doi: 10.1016/j.cell.2020.06.010

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 April 2021 | Volume 9 | Article 578825

https://doi.org/10.1016/s1473-3099(20)30200-0
https://doi.org/10.1016/s1473-3099(20)30200-0
https://doi.org/10.1183/13993003.00688-2020
https://doi.org/10.1183/13993003.00688-2020
https://doi.org/10.1186/s40249-020-00662-x
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.1136/gutjnl-2020-321013
https://doi.org/10.1016/j.cgh.2020.04.040
https://doi.org/10.1016/j.cgh.2020.04.040
https://doi.org/10.1016/j.immuni.2020.10.023
https://doi.org/10.1016/j.immuni.2020.10.023
https://doi.org/10.1073/pnas.2026785118
https://doi.org/10.1016/j.jinf.2020.04.002
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.15252/embj.20105114
https://doi.org/10.15252/embj.20105114
https://doi.org/10.1016/j.celrep.2020.107725
https://doi.org/10.1126/science.abc5881
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1038/s41598-018-33487-8
https://doi.org/10.1016/j.chom.2020.03.021
https://doi.org/10.1016/j.chom.2020.03.021
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1007/s00134-020-06026-1
https://doi.org/10.1128/mBio.01114-20
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1016/j.ebiom.2020.103153
https://doi.org/10.1056/NEJMc2011400
https://doi.org/10.2337/dc20-0643
https://doi.org/10.2337/dc20-0643
https://doi.org/10.1126/science.abb7314
https://doi.org/10.1126/science.abb7314
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1038/s41467-021-21239-8
https://doi.org/10.1016/j.clim.2020.108410
https://doi.org/10.1016/j.clim.2020.108410
https://doi.org/10.1172/jci140766
https://doi.org/10.1186/s12985-021-01515-1
https://doi.org/10.1186/s12985-021-01515-1
https://doi.org/10.1001/jama.2020.4783
https://doi.org/10.1038/s41586-020-2381-y
https://doi.org/10.1038/s41586-020-2381-y
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.1038/s41586-020-2334-5
https://doi.org/10.1016/j.devcel.2020.05.012
https://doi.org/10.1136/gutjnl-2020-320891
https://doi.org/10.1016/j.kint.2020.04.003
https://doi.org/10.1128/mBio.01610-20
https://doi.org/10.1016/j.cell.2020.06.010
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-578825 April 21, 2021 Time: 16:34 # 12

Jia et al. COVID-19 Pathogenesis and Animal Models

Sun, S. H., Chen, Q., Gu, H. J., Yang, G., Wang, Y. X., Huang, X. Y., et al. (2020).
A mouse model of SARS-CoV-2 infection and pathogenesis. Cell Host Microbe
28, 124–133.e4. doi: 10.1016/j.chom.2020.05.020

Takata, M. A., Goncalves-Carneiro, D., Zang, T. M., Soll, S. J., York, A., Blanco-
Melo, D., et al. (2017). CG dinucleotide suppression enables antiviral defence
targeting non-self RNA. Nature 550, 124–127. doi: 10.1038/nature24039

Tan, M., Liu, Y., Zhou, R., Deng, X., Li, F., Liang, K., et al. (2020).
Immunopathological characteristics of coronavirus disease 2019 cases
in Guangzhou, China. Immunology 160, 261–268. doi: 10.1111/imm.
13223

Tian, X., Li, C., Huang, A., Xia, S., Lu, S., and Shi, Z. (2020). Potent binding
of 2019 novel coronavirus spike protein by a SARS coronavirus-specific
human monoclonal antibody. Emerg. Microbes Infect. 9, 382–385. doi: 10.1080/
22221751.2020.1729069

Ulrich, H., and Pillat, M. M. (2020). CD147 as a target for COVID-19 treatment:
suggested effects of azithromycin and stem cell engagement. Stem Cell Rev. Rep.
16, 434–440. doi: 10.1007/s12015-020-09976-7

Wan, J., Xing, S., Ding, L., Wang, Y., Gu, C., Wu, Y., et al. (2020). Human-IgG-
neutralizing monoclonal antibodies block the SARS-CoV-2 infection. Cell Rep.
32:107918. doi: 10.1016/j.celrep.2020.107918

Wang, C., and Li, W. (2020). A human monoclonal antibody blocking SARS-CoV-
2 infection. Nat. Commun. 11:2251. doi: 10.1038/s41467-020-16256-y

Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. (2020). Clinical
characteristics of 138 hospitalized patients with 2019 novel coronavirus-
infected pneumonia in Wuhan, China. JAMA 323, 1061–1069. doi: 10.1001/
jama.2020.1585

Wang, F., Nie, J., Wang, H., Zhao, Q., Xiong, Y., Deng, L., et al. (2020).
Characteristics of peripheral lymphocyte subset alteration in COVID-19
pneumonia. J. Infect. Dis. 221, 1762–1769. doi: 10.1093/infdis/jiaa150

Wang, L., Mitchell, P. K., Calle, P. P., Bartlett, S. L., McAloose, D., Killian, M. L.,
et al. (2020). Complete genome sequence of SARS-CoV-2 in a tiger from a U.S.
zoological collection. Microbiol. Resour. Announc. 9:e00468–20. doi: 10.1128/
mra.00468-20

Wang, M., Cao, R., Zhang, L., Yang, X., Liu, J., Xu, M., et al. (2020). Remdesivir
and chloroquine effectively inhibit the recently emerged novel coronavirus
(2019-nCoV) in vitro. Cell Res. 30, 269–271. doi: 10.1038/s41422-020-0282-0

Wang, Q., Qiu, Y., Li, J. Y., Zhou, Z. J., Liao, C. H., and Ge, X. Y. (2020). A unique
protease cleavage site predicted in the spike protein of the novel pneumonia
coronavirus (2019-nCoV) potentially related to viral transmissibility. Virol. Sin.
35, 337–339. doi: 10.1007/s12250-020-00212-7

Wang, X., Xu, W., Hu, G., Xia, S., Sun, Z., Liu, Z., et al. (2020). SARS-CoV-2 infects
T lymphocytes through its spike protein-mediated membrane fusion. Cell Mol.
Immunol. doi: 10.1038/s41423-020-0424-9 [Epub ahead of print].

Wang, Z., He, Y., Shu, H., Wang, P., Xing, H., Zeng, X., et al. (2020). High
fluorescent lymphocytes are increased in COVID-19 patients. Br. J. Haematol.
190, e76–e78. doi: 10.1111/bjh.16867

Wec, A. Z., and Wrapp, D. (2020). Broad neutralization of SARS-related viruses
by human monoclonal antibodies. Science 369, 731–736. doi: 10.1126/science.
abc7424

Wen, W., Su, W., Tang, H., Le, W., Zhang, X., Zheng, Y., et al. (2020). Immune cell
profiling of COVID-19 patients in the recovery stage by single-cell sequencing.
Cell Discov. 6:31. doi: 10.1038/s41421-020-0168-9

Williamson, B. N., Feldmann, F., Schwarz, B., Meade-White, K., Porter, D. P.,
Schulz, J., et al. (2020). Clinical benefit of remdesivir in rhesus macaques
infected with SARS-CoV-2. Nature 585, 273–276. doi: 10.1038/s41586-020-
2423-5

Wrapp, D., De Vlieger, D., Corbett, K. S., Torres, G. M., Wang, N., Van Breedam,
W., et al. (2020). Structural basis for potent neutralization of betacoronaviruses
by single-domain camelid antibodies. Cell 181, 1004–1015.e15. doi: 10.1016/j.
cell.2020.04.031

Wrapp, D., and Wang, N. (2020). Cryo-EM structure of the 2019-nCoV spike in the
prefusion conformation. Science 367, 1260–1263. doi: 10.1126/science.abb2507

Wu, F., Zhao, S., Yu, B., Chen, Y. M., Wang, W., Song, Z. G., et al. (2020). A new
coronavirus associated with human respiratory disease in China. Nature 579,
265–269. doi: 10.1038/s41586-020-2008-3

Wu, Y., Guo, C., Tang, L., Hong, Z., Zhou, J., Dong, X., et al. (2020). Prolonged
presence of SARS-CoV-2 viral RNA in faecal samples. Lancet Gastroenterol.
Hepatol. 5, 434–435. doi: 10.1016/s2468-1253(20)30083-2

Xia, X. (2020). Extreme genomic CpG deficiency in SARS-CoV-2 and evasion of
host antiviral defense. Mol. Biol. Evol. 37, 2699–2705. doi: 10.1093/molbev/
msaa094

Xiang, F., Wang, X., He, X., Peng, Z., Yang, B., Zhang, J., et al. (2020). Antibody
detection and dynamic characteristics in patients with COVID-19. Clin. Infect.
Dis. 71, 1930–1934. doi: 10.1093/cid/ciaa461

Xiong, Y., Liu, Y., Cao, L., Wang, D., Guo, M., Jiang, A., et al. (2020).
Transcriptomic characteristics of bronchoalveolar lavage fluid and peripheral
blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 9,
761–770. doi: 10.1080/22221751.2020.1747363

Xu, X., Yu, C., Qu, J., Zhang, L., Jiang, S., Huang, D., et al. (2020). Imaging and
clinical features of patients with 2019 novel coronavirus SARS-CoV-2. Eur. J.
Nucl. Med. Mol. Imaging 47, 1275–1280. doi: 10.1007/s00259-020-04735-9

Yan, R., and Zhang, Y. (2020). Structural basis for the recognition of SARS-CoV-
2 by full-length human ACE2. Science 367, 1444–1448. doi: 10.1126/science.
abb2762

Yang, C. W., and Chen, M. F. (2020). Composition of human-specific slow
codons and slow di-codons in SARS-CoV and 2019-nCoV are lower than
other coronaviruses suggesting a faster protein synthesis rate of SARS-CoV and
2019-nCoV. J. Microbiol. Immunol. Infect. 53, 419–424. doi: 10.1016/j.jmii.2020.
03.002

Yao, X. H., He, Z. C., Li, T. Y., Zhang, H. R., and Wang, Y. (2020). Pathological
evidence for residual SARS-CoV-2 in pulmonary tissues of a ready-for-
discharge patient. Cell Res. 30, 541–543. doi: 10.1038/s41422-020-0318-5

Ye, Q., Wang, B., and Mao, J. (2020). The pathogenesis and treatment of the
‘Cytokine Storm’ in COVID-19. J. Infect. 80, 607–613. doi: 10.1016/j.jinf.2020.
03.037

Young, B. E., Fong, S. W., Chan, Y. H., Mak, T. M., Ang, L. W., Anderson, D. E.,
et al. (2020a). Effects of a major deletion in the SARS-CoV-2 genome on the
severity of infection and the inflammatory response: an observational cohort
study. Lancet 396, 603–611. doi: 10.1016/s0140-6736(20)31757-8

Young, B. E., Ong, S. W. X., Kalimuddin, S., Low, J. G., Tan, S. Y., Loh, J., et al.
(2020b). Epidemiologic features and clinical course of patients infected with
SARS-CoV-2 in Singapore. JAMA 323, 1488–1494. doi: 10.1001/jama.2020.
3204

Yu, J., and Tostanoski, L. H. (2020). DNA vaccine protection against SARS-CoV-2
in rhesus macaques. Science 369, 806–811. doi: 10.1126/science.abc6284

Yuan, M., and Wu, N. C. (2020). A highly conserved cryptic epitope in the receptor
binding domains of SARS-CoV-2 and SARS-CoV. Science 368, 630–633. doi:
10.1126/science.abb7269

Zeng, F., Dai, C., Cai, P., Wang, J., Xu, L., Li, J., et al. (2020). A comparison study
of SARS-CoV-2 IgG antibody between male and female COVID-19 patients:
a possible reason underlying different outcome between sex. J. Med. Virol. 92,
2050–2054. doi: 10.1002/jmv.25989

Zeng, L., Xia, S., Yuan, W., Yan, K., Xiao, F., Shao, J., et al. (2020). Neonatal
early-onset infection with SARS-CoV-2 in 33 neonates born to mothers with
COVID-19 in Wuhan, China. JAMA Pediatr. 174, 722–725. doi: 10.1001/
jamapediatrics.2020.0878

Zhang, C., Shi, L., and Wang, F. S. (2020). Liver injury in COVID-19: management
and challenges. Lancet Gastroenterol. Hepatol. 5, 428–430. doi: 10.1016/s2468-
1253(20)30057-1

Zhang, J. J., Dong, X., Cao, Y. Y., Yuan, Y. D., Yang, Y. B., Yan, Y. Q., et al. (2020).
Clinical characteristics of 140 patients infected with SARS-CoV-2 in Wuhan,
China. Allergy 75, 1730–1741. doi: 10.1111/all.14238

Zhang, Q., Honko, A., Zhou, J., Gong, H., Downs, S. N., Vasquez, J. H., et al.
(2020). Cellular nanosponges inhibit SARS-CoV-2 infectivity. Nano Lett. 20,
5570–5574. doi: 10.1021/acs.nanolett.0c02278

Zhang, T., Wu, Q., and Zhang, Z. (2020). Probable pangolin origin of SARS-
CoV-2 associated with the COVID-19 outbreak. Curr. Biol. 30, 1346–1351.e2.
doi: 10.1016/j.cub.2020.03.022

Zhang, X., Chen, X., Chen, L., Deng, C., Zou, X., Liu, W., et al. (2020). The
evidence of SARS-CoV-2 infection on ocular surface. Ocul. Surf. 18, 360–362.
doi: 10.1016/j.jtos.2020.03.010

Zhang, X., and Tan, Y. (2020). Viral and host factors related to the clinical outcome
of COVID-19. Nature 583, 437–440. doi: 10.1038/s41586-020-2355-0

Zhang, Y., Xu, J., Jia, R., Yi, C., Gu, W., Liu, P., et al. (2020). Protective humoral
immunity in SARS-CoV-2 infected pediatric patients. Cell. Mol. Immunol. 17,
768–770. doi: 10.1038/s41423-020-0438-3

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 April 2021 | Volume 9 | Article 578825

https://doi.org/10.1016/j.chom.2020.05.020
https://doi.org/10.1038/nature24039
https://doi.org/10.1111/imm.13223
https://doi.org/10.1111/imm.13223
https://doi.org/10.1080/22221751.2020.1729069
https://doi.org/10.1080/22221751.2020.1729069
https://doi.org/10.1007/s12015-020-09976-7
https://doi.org/10.1016/j.celrep.2020.107918
https://doi.org/10.1038/s41467-020-16256-y
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1093/infdis/jiaa150
https://doi.org/10.1128/mra.00468-20
https://doi.org/10.1128/mra.00468-20
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1007/s12250-020-00212-7
https://doi.org/10.1038/s41423-020-0424-9
https://doi.org/10.1111/bjh.16867
https://doi.org/10.1126/science.abc7424
https://doi.org/10.1126/science.abc7424
https://doi.org/10.1038/s41421-020-0168-9
https://doi.org/10.1038/s41586-020-2423-5
https://doi.org/10.1038/s41586-020-2423-5
https://doi.org/10.1016/j.cell.2020.04.031
https://doi.org/10.1016/j.cell.2020.04.031
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1016/s2468-1253(20)30083-2
https://doi.org/10.1093/molbev/msaa094
https://doi.org/10.1093/molbev/msaa094
https://doi.org/10.1093/cid/ciaa461
https://doi.org/10.1080/22221751.2020.1747363
https://doi.org/10.1007/s00259-020-04735-9
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1016/j.jmii.2020.03.002
https://doi.org/10.1016/j.jmii.2020.03.002
https://doi.org/10.1038/s41422-020-0318-5
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/s0140-6736(20)31757-8
https://doi.org/10.1001/jama.2020.3204
https://doi.org/10.1001/jama.2020.3204
https://doi.org/10.1126/science.abc6284
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1002/jmv.25989
https://doi.org/10.1001/jamapediatrics.2020.0878
https://doi.org/10.1001/jamapediatrics.2020.0878
https://doi.org/10.1016/s2468-1253(20)30057-1
https://doi.org/10.1016/s2468-1253(20)30057-1
https://doi.org/10.1111/all.14238
https://doi.org/10.1021/acs.nanolett.0c02278
https://doi.org/10.1016/j.cub.2020.03.022
https://doi.org/10.1016/j.jtos.2020.03.010
https://doi.org/10.1038/s41586-020-2355-0
https://doi.org/10.1038/s41423-020-0438-3
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-578825 April 21, 2021 Time: 16:34 # 13

Jia et al. COVID-19 Pathogenesis and Animal Models

Zheng, H. Y., Zhang, M., Yang, C. X., Zhang, N., Wang, X. C., Yang, X. P., et al.
(2020). Elevated exhaustion levels and reduced functional diversity of T cells in
peripheral blood may predict severe progression in COVID-19 patients. Cell.
Mol. Immunol. 17, 541–543. doi: 10.1038/s41423-020-0401-3

Zheng, M., Gao, Y., Wang, G., Song, G., Liu, S., Sun, D., et al. (2020). Functional
exhaustion of antiviral lymphocytes in COVID-19 patients. Cell. Mol. Immunol.
17, 533–535. doi: 10.1038/s41423-020-0402-2

Zhou, B., and Thao, T. T. N. (2021). SARS-CoV-2 spike D614G change enhances
replication and transmission. Nature 592, 122–127. doi: 10.1038/s41586-021-
03361-1

Zhou, F., Yu, T., Du, R., Fan, G., Liu, Y., Liu, Z., et al. (2020). Clinical course
and risk factors for mortality of adult inpatients with COVID-19 in Wuhan,
China: a retrospective cohort study. Lancet 395, 1054–1062. doi: 10.1016/s0140-
6736(20)30566-3

Zhou, J., Li, C., Liu, X., and Chiu, M. C. (2020). Infection of bat and human
intestinal organoids by SARS-CoV-2. Nat. Med. 26, 1077–1108. doi: 10.1038/
s41591-020-0912-6

Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579, 270–273. doi: 10.1038/s41586-020-2012-7

Zhou, Z., Ren, L., Zhang, L., Zhong, J., Xiao, Y., Jia, Z., et al. (2020). Heightened
innate immune responses in the respiratory tract of COVID-19 patients. Cell
Host Microbe 27, 883–890.e2. doi: 10.1016/j.chom.2020.04.017

Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., et al. (2020). A novel
coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 382,
727–733. doi: 10.1056/NEJMoa2001017

Zhu, Z., Cai, T., Fan, L., Lou, K., Hua, X., Huang, Z., et al. (2020). Clinical value of
immune-inflammatory parameters to assess the severity of coronavirus disease
2019. Int. J. Infect. Dis. 95, 332–339. doi: 10.1016/j.ijid.2020.04.041

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Jia, Wang, Sun, Zhou, Shi and Zhou. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 April 2021 | Volume 9 | Article 578825

https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1038/s41586-021-03361-1
https://doi.org/10.1016/s0140-6736(20)30566-3
https://doi.org/10.1016/s0140-6736(20)30566-3
https://doi.org/10.1038/s41591-020-0912-6
https://doi.org/10.1038/s41591-020-0912-6
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.chom.2020.04.017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/j.ijid.2020.04.041
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Mechanisms and Animal Models of SARS-CoV-2 Infection
	Introduction
	Genomic Characterization of Sars-CoV-2
	Pathogenicity of Sars-CoV-2
	Roles of Angiotensin Converting Enzyme II (ACE2) in SARS-CoV-2 Infection
	Receptor Interactions and Cell Entry
	ACE2 and COVID-19 Susceptibility
	ACE2 and COVID-19 Symptoms

	Immunopathology of COVID-19
	Antibody Responses
	Lymphocyte Dysregulation
	Cytokine Storm


	Animal Models of Covid-19
	Non-human Primates, Including Cynomolgus Macaque and Rhesus Macaque
	Ferret
	Mouse
	Golden Syrian Hamsters

	Conclusion and Future Perspective
	Author Contributions
	Acknowledgments
	References


