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ABSTRACT

The emergence of a new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic has become a significant health concern worldwide. Undoubtedly, a better 
understanding of the innate and adaptive immune responses against SARS-CoV-2 and its 
relationship with the coronavirus disease 2019 (COVID-19) pathogenesis will be the sole 
basis for developing and applying therapeutics. This review will summarize the published 
results that relate to innate immune responses against infections with human coronaviruses 
including SARS-CoV-1 and SARS-CoV-2 in both humans and animal models. The topics 
encompass the innate immune sensing of the virus to the dysregulation of various innate 
immune cells during infection and disease progression.
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INTRODUCTION

The outbreak of novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the 
resulting coronavirus disease 2019 (COVID-19) began in Wuhan, Hubei Province, China in 
December 2019. In March 2020, the World Health Organization (WHO) declared COVID-19 
a global pandemic. As of December 30, 2020, COVID-19 has resulted in more than 81 million 
cases and over 1.7 million mortalities worldwide. Because COVID-19 emerges unpredictably 
and spreads rapidly, it poses a continuous threat to human health. Patients with COVID-19 
have been reported to experience multiple symptoms ranging from mild symptoms such as 
cough, fever, fatigue, dyspnea, and occasional diarrhea to severe symptoms characterized 
by respiratory failure, acute respiratory distress syndrome (ARDS), and multi-organ failure 
(1). Especially, in COVID-19 ARDS patients, cytokine storm is a common characteristic 
which is defined as increased plasma levels of inflammatory cytokines, including IL-6, 
IL-1β, and TNF-α. And this cytokine storm induces immune cell infiltration into inflamed 
lungs to cause alveolar damage and diminish lung function (2). Emerging studies imply that 
innate immune systems act as first responders for the detection and clearance of SARS-
CoV-2 infection and also play a role in COVID-19 severity. Therefore, understanding the role 
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of innate immune responses in SARS-CoV-2 is important to uncover mechanisms of host 
responses and improve our knowledge for disease pathogenesis and developing vaccines 
and immunotherapeutics. In this review, we primarily focus on the recent findings related to 
the host's innate immune responses and immune evasion mechanisms against SARS-CoV-2 
infection and pathophysiology.

INNATE SENSING OF SARS-CoV-2

Pattern recognition of SARS-CoV-2 by TLRs & retinoic acid-inducible gene I 
(RIG-I)
Against most RNA viruses including coronaviruses, innate immune signals are triggered 
through the detection of RNA by the pattern recognition receptors (PRRs) such as endosomal 
TLRs and cytoplasmic RIG-I like receptors (RLRs) (Fig. 1). Among the TLR family, TLR7 and 
TLR8 recognize ssRNA, and TLR3 recognizes dsRNA. After ssRNA binding, TLR7 and TLR8 
induce the recruitment of adaptor protein MYD88, IL-1 receptor-associated kinase (IRAK)-
4, TNF receptor-associated factor (TRAF) 6, and the transcription factor IFN regulatory 
factor (IRF)-7. Phosphorylation of IRF-7 finally results in increased expression of type I 
IFNs genes. Recognition of dsRNA via TLR3 leads to recruitment of adaptor protein TIR-
domain-containing adaptor protein-inducing IFN-β (TRIF) and induces pro-inflammatory 
cytokines containing type I IFNs. RLRs, including RIG-I and MDA5, are known as sensors 
for cytosolic dsRNA. Recognition of cytoplasmic dsRNA through RLRs stimulates TRAF-
family-member-associated NF-κB activator binding kinase 1 (TBK1), inducible IκB kinase 
(IKK-i), and IRF-7 downstream signals through IFN-β promoter stimulator I (IPS-1, also 
called mitochondrial antiviral-signaling protein [MAVS]), an adaptor protein localized in the 
mitochondria membrane and eventually induces pro-inflammatory cytokines and type I IFNs 
(3). Although these PRRs are vital for inducing anti-viral responses, little is known about the 
effects of SARS-CoV-2 infection. However, considering that SARS-CoV-2 shows a high level of 
conservation with other coronaviruses, it is worth referring to the previous studies on SARS-
CoV-1 and Middle East respiratory syndrome coronavirus (MERS-CoV). In the case of MERS-
CoV, a study revealed that TLR7 was essential for sensing of MERS-CoV by plasmacytoid 
dendritic cells (pDCs), the primary producers of type I IFNs (4). Moreover, MERS-CoV 
evades immune responses by suppressing TLR signaling. For example, MERS-CoV limits the 
TLR signaling by their spike glycoprotein which induced the IRAK-M expression, a negative 
regulator of TLR signaling, and peroxisomal proliferator-activated receptor (PPAR)-γ, a 
transcriptional repressor (5). Likewise, after the infection with SARS-CoV-1, while the 
expression level of TLR7 of infected monocytes was upregulated, MYD88 and TRIF, the 
adaptor proteins of the TLR pathway, were all downregulated and IRAK-M was upregulated. 
It indicates that after SARS-CoV-1 infection, even though TLR7 was upregulated, the 
transduction of TLR7 downstream signals may be impaired in the infected monocytes (6). In 
the case of RIG-I, it has been reported that nucleocapsid protein of SARS-CoV-1 inhibits the 
RIG-I ubiquitination and activation by interacting with tripartite motif protein 25 (TRIM25) 
E3 ubiquitin ligase, resulting in suppression of type I IFNs production (7). However, further 
studies are needed to demonstrate the impact of SARS-CoV-2 in the PRRs and PRRs-relating 
downstream signals.

Production of cytokines and chemokines on SARS-CoV-2 infection
Several studies have tried to link various immunological parameters to disease severity 
in COVID-19 patients. Compared to healthy people, elevated levels of multiple pro-
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inflammatory cytokines such as IL-1β, TNF-α, IL-8, GM-CSF, and IFN-γ were detected in 
the serum from COVID-19 patients (Fig. 2) (8). Furthermore, a study identified that even in 
the COIVD-19 patients' group, circulating macrophage-related pro-inflammatory cytokines 
such as IL-6 and TNF-α were significantly increased in severe cases compared to mild cases. 
However, this study could not detect the IL-1β in the serum in most of the COVID-19 patients 
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Figure 1. Innate sensing of viral infection through TLR and RIG-I in coronaviruses. 
The viral entry into the cell is largely mediated through cell surface receptors such as ACE2 for SARS-CoV-1 and DPP4 for MERS-CoV. After the viral entrance, the 
innate immune signaling cascades are triggered through the detection of cytosolic or endosomal nucleic acids. ssRNA in the endosome is recognized by TLR7/8. 
The TLR7/8 recruits and activates MYD88, IRAK-4, and TRAF-6, which results in phosphorylation of IRF-7. The dsRNA in the endosome is recognized by TLR3 
and through TRIF, the IKK-i/TBK1 complex is activated, phosphorylating IRF-7. Likewise, the cytosolic dsRNA is recognized by RIG-I, which activates IKK-i/TBK1 
complex through IPS-1 on mitochondria, which results in phosphorylation of IRF-7. The phosphorylated IRF-7 finally results in increased expression of type I IFN 
genes. In the meantime, binding of MERS-CoV's spike glycoprotein to DPP4 induces the expression of IRAK-M, a negative regulator of TLR signaling, and PPAR-γ, 
a transcriptional repressor for TLR7/8. The IRAK-M is also reported to be upregulated with the infection of SARS-CoV-1. The N protein in SARS-CoV-1, interacting 
with TRIM25 in the cytosol, inhibits the ubiquitination and activation of RIG-I. 
DPP4, dipeptidyl peptidase 4.



regardless of disease course (9). Similarly, a study performing the RNA analysis extracted 
from blood found that the expression of pro-inflammatory genes, including IL-2, IL-6, TNF, 
and IFNA1/13, was higher in severe cases compared to mild cases (10). Besides, the increased 
concentration of IL-6 in serum is consistently observed in critically ill patients (11). Taken 
together, it indicates that systemically elevated pro-inflammatory cytokines are commonly 
observed in COVID-19 patients and especially IL-6 and TNF-α are also positively correlated 
with disease severity (12).

In addition to systemic inflammatory conditions, local inflammation in the lungs is also 
a phenomenon commonly observed in COVID-19 patients. RNA-sequencing analysis of 
bronchoalveolar lavage fluid (BALF) from patients with COVID-19 revealed that neutrophil 
chemoattractant CXCL1, CXCL2, and CXCL8, and monocyte-derived macrophages (MDMs) 
chemoattractant CCL2 were highly expressed compared to healthy control (Fig. 2) (13,14). 
It suggests that elevated levels of chemokines in the lungs facilitate the migration and 
accumulation of those innate immune cells to the lungs. And these recruited immune cells 
contribute to inducing tissue damage and a massive amount of pro-inflammatory cytokines 
which may lead to cytokine storm.

Since the pathology observed in COVID-19 patients is driven by an increased level of 
circulating pro-inflammatory cytokines and recruitment of a large number of neutrophils 
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Figure 2. Innate immune responses against SARS-CoV-2 in human. 
Upon SARS-CoV-2 infection, chemokines such as CXCLl, CXCL2, CXCL8, CCL2, and CCL7 were increased in the lung and recruit neutrophils and monocytes. 
Activated neutrophils release reactive oxygen species (ROS), proteases, and NETs which are involved in tissue damage and pathology in infected lungs. 
Monocytes differentiate into macrophages and DCs in infected lungs, functioning as MDMs and moDCs, respectively. Activated MDMs produce pro-inflammatory 
cytokines including IL-6, TNF-α, and IL-1β. Excessive production of those cytokines results in cytokine storm and mortality in SARS-CoV-2 patients. moDCs uptake 
viral Ags and migrate to the draining lymph nodes. NK cells secrete cytotoxic granzymes and perforins, and IFNs. Exhaustion phenotypes of NK cells were found 
in SARS-CoV-2 patients. The exact role of ILCs and unconv T cells in SARS-CoV-2 infection remains to be addressed. In the blood of SARS-CoV-2 patients, levels of 
IL-1β, IL-6, TNF-α, IL-8, GM-CSF, and IFN-γ were significantly increased while the frequency of total DCs, pDCs, NK cells, ILCs, and unconv T cells was decreased.



and monocytes, those cytokines and chemokines are the good targets for the treatment of 
COVID-19. For example, IL-6, a critical cytokine associated with disease severity in COVID-19 
patients, is a promising target for the COVID-19 therapy. IL-6 blocking agents, including 
tocilizumab, sarilumab (anti-IL-6R Abs), and siltuximab (anti-IL-6 Ab) were developed 
and tested for their efficacy in alleviating the COVID-19 disease in clinical trials (15). In 
addition to IL-6, GM-CSF contributing to the recruitment and activation of macrophages and 
monocytes has been proposed as potential targets for blockade (Gimsilumab) (16).

INNATE IMMUNE CELLS IN HUMANS

Neutrophils
Neutrophils are the first cells to be recruited to the inflamed tissue following stimulation 
by chemotactic factors released from infected epithelial cells (17). However, neutrophils are 
considered to play a major role in causing ARDS and acute lung injury (ALI), as activation and 
recruitment of neutrophils is a hallmark event in the progression of ARDS and ALI (18,19). 
Although neutrophil activation is vital for the host defense, activated neutrophils result in 
lung damage by releasing ROS and proteases by degranulation, and generating neutrophil 
extracellular traps (NETs) (2,20). Multiple studies have reported on the relationship between 
neutrophil infiltration and pathogenesis even in the COVID-19 patients because of these 
hallmarks of neutrophils. Significant neutrophilic infiltrate was identified in autopsied 
COVID-19 patients (21). Moreover, higher counts of peripheral neutrophils are observed and 
represent a predictor of poor outcome in COVID-19 ARDS patients. And a study observed 
that patients with severe symptoms had significantly higher peripheral neutrophil counts 
(22,23). Increased transcriptional levels of neutrophil chemoattractant CXCL2 and CXCL8 in 
BALF and PBMCs of COVID-19 patients support the relevance between enhanced neutrophil 
recruitment and disease severity in COVID-19 patients (Fig. 2) (14). Moreover, the neutrophil-
to-lymphocyte ratio (NLR) was proposed as the most meaningful marker for predicting 
COVID pathogenesis (22).

Infiltration may not be the only mechanism by which neutrophils cause pathology in 
COVID-19 patients. ROS, proteases, and NETs released by activated neutrophils can 
also contribute to pathology (Fig. 2). SARS-CoV-2 infections cause redox imbalance and 
induce ROS accumulation, which induces tissue damage, thrombosis, and red blood cell 
dysfunction, contributing to COVID-19 disease severity (24,25). NETs, which comprise 
extracellular DNA, fibers and granular proteins, such as neutrophil elastase (NE) or 
myeloperoxidase, are released by neutrophils in response to many infectious agents (26,27). 
A recent study revealed that NETs released by neutrophils contribute to organ damage and 
mortality in COVID-19 patients (28,29). Furthermore, NETs play a significant role in inducing 
a cytokine storm (28). Because of their deleterious role in COVID-19 patients, strategies 
that inhibit the synthesis or promote the fragmentation of NETs are proposed to alleviate 
the COVID-19 disease. For example, inhibitors of NE, peptidyl arginine deiminase type 4 
(PAD4), and gasdermin D which are the key enzymes required for NETs formation have been 
developed for the treatment of COVID-19 and undergone clinical trials (28,30). Since pro-
inflammatory cytokines and molecules produced by activated neutrophils could be associated 
with the disease severity, targeting those molecules may be good strategies for alleviating the 
COVID-19 disease.
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Macrophages
Macrophages provide effective host defense against pathogens, by phagocytosis, processing, 
and presenting foreign Ags that enter the airways. After infected with a respiratory virus, the 
lung harbors at least two distinct macrophage populations, including alveolar macrophages 
(AMs) and MDMs. AMs reside in the airspaces near placing with alveolar epithelial cells 
and are important for sustaining tissue-homeostasis (31). But during influenza infection, 
AMs are pro-inflammatory and play a critical role in viral clearance (32). Following the 
resolution of influenza infection, AMs are differentiated as immunosuppressive phenotype 
expressing high levels of negative regulators such as CD200 receptor (31), which is critical 
for maintaining airway immune homeostasis. In contrast to tissue-resident AMs, CC-
chemokine receptor 2+ monocytes are recruited to the inflamed lungs enriched in CCL2 and 
CCL7 (Fig. 2) (13) and differentiate into pro-inflammatory macrophages through activation 
of JAK-STAT pathways (33). In general, during viral infection, these activated MDMs secrete 
pro-inflammatory cytokines, including IL-6, TNF-α, and IL-1β, which are the main players of 
inducing cytokine storm (Fig. 2) (34,35). And significantly, these macrophage populations 
are related to the progression of clinical disease. Single-cell RNA sequencing (scRNA-seq) 
on BALF cells from COVID-19 patients revealed that BALF consisted of a distinct macrophage 
population. In contrast to healthy donors (HD) and mild patients whose lungs are dominated 
by FABP4+ AMs, severe patients showed an increase in inflammatory MDMs and pro-fibrotic 
SPP1+ macrophages and depletion of AMs (35). Collectively, this observation suggests 
that recruitment of peripheral monocytes to the inflamed lung and their differentiation 
into MDMs can accelerate COVID-19 disease severity, and excessive inflammatory lung 
environment may delay the conversion of pro-inflammatory AMs into the anti-inflammatory 
phenotype, leading to exacerbation of the disease. Therefore, it is critical to developing 
therapeutic strategies toward inhibiting inflammatory MDMs accumulation in the lungs and 
properly modulating AMs activation status.

Dendritic cells (DCs)
DCs belong to the Ag-presenting cells (APCs) and they efficiently process and present Ag 
to T cells to induce priming of Ag-specific T cell responses. DCs can mainly be divided into 
2 populations: conventional dendritic cells (cDCs) and pDCs. cDCs are further subdivided 
into CD103 or CD8α expressing type 1 cDCs (cDC1) and CD11b+ type 2 cDCs (cDC2), and they 
are functionally specialized in cross-presentation and induction of CD4+ T cell responses, 
respectively (36). Especially in the lungs, there are 2 main subsets, including CD103+ and 
CD11bhi respiratory DCs, which are tissue-resident and critical for the induction of T cell-
mediated responses. Besides, upon inflammation, MHC IIlowCD11clow monocyte-derived DCs 
(moDCs) are recruited to the inflamed tissue (37). Because of their critical role in immunity to 
respiratory viruses, DCs with impaired function could eventually lead to immunopathology 
in respiratory diseases, including COVID-19 (23,38).

During acute SARS-CoV-2 infection, the frequency of total DCs in PBMC from patients was 
significantly decreased and they did not upregulate co-stimulatory molecules like CD80 after 
maturation stimulation compared to those of HD (Fig. 2). Furthermore, in contrast to cDCs 
derived from HD, cDCs from acute patients could not induce proliferation of T cells and 
production of antiviral molecules, indicating that acute patient-derived cDCs are functionally 
impaired for maturation and T cell activation (38). This demonstrates that they cannot lead to 
an appropriate anti-viral response during SARS-CoV-2 infection. In addition to cDCs, pDCs, 
major producers of type I IFNs, were decreased in the blood, and they were functionally 
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impaired upon COVID-19 infection (Fig. 2) (39). However, it is necessary to study further 
whether these dysfunctional DCs are associated with disease severity in COVID-19 patients.

Cytotoxic innate lymphoid cells (ILCs) – NK cells
Unlike T and B cells, ILCs lack expression of somatically rearranged Ag receptors, thereby 
absent of any degree of Ag specificity. The ILC family is divided into two main groups – 
“cytotoxic” NK cells and “non-cytotoxic” ILC populations. And non-cytotoxic ILCs consist of 
3 distinct groups: group 1 ILCs (ILC1s), group 2 ILCs (ILC2s), and group 3 ILCs (ILC3s) (40).

NK cells are cytotoxic lymphocytes that serve as a first-line defense against viral infections. 
NK cell activation can result in cytotoxic degranulation and inflammatory cytokines 
production for killing target cells (41). Due to their cytotoxic functions against viruses, 
several studies found the features of NK cells in COVID-19 patients. The number of NK 
cells in the peripheral blood of patients was decreased compared to healthy people, and 
even in the COVID-19 patients' group, severe cases had a further decrease in NK cell counts 
compared to mild cases (Fig. 2) (23,42-45). The NK cell population comprises cytotoxic 
CD56dimCD16+ NK cells and cytokine-producing CD56brightCD16− NK cells conferred with 
immunoregulatory functions. Decreased percentage of cytotoxic CD56dimCD16+ NK cells in 
severe cases compared to mild cases was observed in COVID-19 patients. It suggests that 
the decrease of cytotoxic CD56dimCD16+ NK cells may be one reason that severe patients 
could not correctly control against SARS-CoV-2 infection (44). Additionally, lower NK cell 
numbers correlated with higher plasma concentrations of IL-6 (46). And there was a report 
showing that in in vitro system, IL-6 and soluble IL-6 receptors impair perforin and granzyme 
B (GZMB) production by NK cells from HD, which could be restored by treatment with the 
IL-6R inhibitor tocilizumab (47). These results suggest that enhanced IL-6 may downregulate 
the number and function of NK cells in COVID-19 patients.

Consistently, multiple studies have reported that NK cells become functionally exhausted 
in COVID-19 patients. Expression of inhibitory receptor NK group 2 member A (NKG2A) 
on NK cells results in the functional exhaustion of NK cells in chronic viral infection and 
cancer (48,49). The frequency of NKG2A+ NK cells in the COVID-19 patients was significantly 
increased and other exhaustion markers, LAG-3 and TIM-3, were also upregulated (23,50). 
Importantly, the frequency of NKG2A+ NK cells was decreased in convalescing patients (42). 
Besides, the production of IFN-γ, TNF-α, IL-2, and CD107a was also reduced, indicating 
impaired cytotoxicity (23,42). These results suggest the functional exhaustion of cytotoxic 
NK cells in COVID-19 patients. However, another paper showed that the expression of GZMA 
and perforin on NK cells was increased in patients compared with HD, which indicates high 
cytotoxic potential. Moreover, perforin expression in NK cells was significantly increased 
according to the severity of the disease (45). Collectively, the effect of SARS-CoV-2 infection 
on functional exhaustion of NK cells is controversial, so further studies are required to 
understand NK cell exhaustion status according to the COVID-19 disease course.

Non-cytotoxic ILCs
Non-cytotoxic ILC populations are further divided into three subsets, including ILC1, ILC2, 
and ILC3 based on their ability to produce Th1, Th2, and Th17 cell-associated cytokines, 
respectively. Those ILCs are present in both lymphoid and non-lymphoid tissues and 
are primarily tissue-resident cells and are particularly abundant at the mucosal tissues, 
including intestine and lung. Although the role of ILCs has not yet been investigated in 
human respiratory viral diseases, it has been demonstrated through mouse studies. Among 
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the ILC populations, ILC2s accumulate in the lung and play a critical role in restoring airway 
epithelial integrity and tissue homeostasis after influenza virus infection (51,52). Recently, 
the characteristics of the ILC population observed in COVID-19 patients have been reported. 
Circulating ILCs from COVID-19 patients were depleted compared with HD (Fig. 2). Among 
the circulating ILC population, the frequency of ILC2s was decreased in severe cases but not 
in mild cases, indicating that ILC2s may be differentially modulated depending on the disease 
severity. This is supported by the negative correlation between the frequency of ILC2s and the 
coagulation factor D-dimer and organ/muscle damage markers that reflect the disease severity 
in the COVID-19 patients (53). Therefore, it suggests that low ILC2 levels in COVID-19 patients 
could indicate a more severe disease outcome. However, further research is necessary to clarify 
the role of other ILC population in the context of SARS-CoV-2 infection.

Unconventional T (unconv T) cells
Besides conventional CD4+ and CD8+ T cells, the T cell compartment comprises several 
lineages of cells that share functional profiles of innate and adaptive immunity. They are 
called unconv T cells. Critical subsets of these lineages include invariant NK T (iNKT) cells, 
mucosal-associated invariant T (MAIT) cells, and γδT cells. In contrast to conventional T 
cells which express αβ TCR recognizing peptide Ags presented by MHC molecules, unconv 
T cells are not restricted to classic MHC molecules and recognize non-peptide Ags (54). 
Considering that these cells rapidly respond to non-cognate stimulation by releasing large 
amounts of cytokines, they may serve an important role in the initial response and defense 
against various pathogens. And in recent years, many groups have elucidated that NKT cells 
(55,56), MAIT cells (57,58), and γδT cells (59,60) contribute to anti-viral influenza immunity 
and lung tissue repair. Several studies have analyzed unconv T cells in the blood of severe 
COVID-19 patients, showing decreases in number and frequency of MAIT, iNKT cells, and 
Vδ2+ subset of γδT cells population in severe COVID-19 patients (Fig. 2) (61,62). And this is 
paralleled by a high frequency of MAIT cells in the airway which may indicate the possibility of 
recruitment from the blood. Furthermore, all types of unconv T cells in the blood of COVID-19 
patients showed increased expression of the activation markers such as CD69 and PD-1, or 
CD25 (61,63). Simultaneously, the frequency of CD69 and PD-1 expressing MAIT and γδT cells 
was significantly increased in the airway compared to blood in matched COVID-19 patients. 
Collectively, these data suggest that activated unconv T cells can be recruited into the inflamed 
lung. In this study, the activated phenotypes of unconv T cells are likely due to the increased 
level of IL-18, a cytokine associated with unconv T cell activation during viral infection (58,64). 
Importantly, unconv T cells can be used as biomarkers, for example, CD69 expressing blood 
MAIT and iNKT cells may serve as a biomarker for the predictive of the clinical course (61). 
Therefore, considering the role of unconv T cells in anti-viral immune responses, in-depth 
studies are required to clarify their functions in COVID-19 patients further.

INNATE IMMUNE RESPONSES IN ANIMAL MODELS FOR 
SARS-CoV-2 INFECTION
From mouse to non-human primate, various animal models have been utilized to investigate 
therapeutics and vaccines against COVID-19 (Table 1). The mouse is the most utilized 
laboratory animal for the investigation of various human diseases. However, since the 
absence of a proper receptor for viral entrance to host cells, there was a limitation in utilizing 
mouse models for investigating viral infection including SARS-CoV-1 and SARS-CoV-2 
(65,66). Researchers introduced various techniques that enable viral entrance and infection 
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to the mouse system to solve this problem. One of the conventional methods is using 
mouse-adapted viruses. Serial passaging of the human virus in the mice allows the virus to 
be adapted (67). These approaches have been applied for SARS-CoV-1 infection in mice (68-
70). Infection of the adapted virus in BALB/c mice induced accumulation of inflammatory 
monocyte and macrophages to the lung, which is associated with pulmonary pathogenesis 
with increased levels of cytokines and chemokines (69). Delayed type I IFN signaling after 
virus infection caused the pathogenesis since IFN-I orchestrates inflammatory response on 
SARS-CoV-1 infection. The AMs from the infected mice inhibited airway DCs' activation and 
T cell proliferation in vitro (71). More recently, mouse adaptation of human SARS-CoV-2 has 
been tried to assess the efficacy of vaccines and therapeutics (71-74). Significant infiltration 
of monocytes and other inflammatory cells was identified in mice infected with mouse-
adapted SARS-CoV-2 as in mice with SARS-CoV-1 (74). However, further studies remain 
to address the impact of mouse-adapted virus infection on various innate immune cells. 
Another method is introducing the human angiotensin-converting enzyme (ACE) 2 gene to 
the mouse. K18-human angiotensin-converting enzyme 2 (hACE2) transgenic mice are the 
most frequently used strain, where human ACE2 is expressed on epithelial cells by human 
keratin 18 promoter, allowing the entrance of SARS-CoVs to mouse epithelial cells (75). This 
model can utilize patient-derived virus directly without the adaptation process in mice. The 
infection of SARS-CoV-2 in K18-hACE2 mice showed increased infiltration of inflammatory 
cells, including lymphocytes, macrophages, and neutrophils (76-78). Other cell populations 
including DCs, NK cells, and γδT cells were also accumulated in the lung. Monocyte 
accumulation was observed in the BALF, which coincided with the decreased number of AMs 
in the lung tissue (79).
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Table 1. Innate immune response against SARS-CoV-1 and SARS-CoV-2 using various animal & organoid models
Model Innate immune response Reference

Small laboratory animals
Mouse

Viral adaptation SARS-CoV-1
Delayed IFN-I signaling

Inflammatory monocytes accumulation to lung

Channappanavar et al. (69)

Page et al. (68)
SARS-CoV-2

Infiltration of monocytes and other inflammatory cells Dinnon et al. (74)
K18-hACE2 transgenic mice SARS-CoV-2

Infiltration of inflammatory cells; macrophages, neutrophils, and lymphocytes

Increased DCs, NK cells, and γδT cells

Bao et al. (76); Israelow et al. (77)

Hassan et al. (78)
Syrian hamster SARS-CoV-2

Prominent infiltration of inflammatory cells; neutrophils and monocytes Sia et al. (80)
Ferret SARS-CoV-2

Increase of pneumocytes, macrophages, and neutrophils

Infiltration of macrophages, lymphocytes, and plasma cells in liver

Shi et al. (82)

Ryan et al. (83)
Non-human primate

Rhesus macaque SARS-CoV-1
Infiltration of inflammatory macrophages and monocytes in lungs

Increased activation of lung macrophages

Liu et al. (89)

Clay et al. (90)
SARS-CoV-2

Infiltration of lymphocytes and monocytes in lungs

Age-related increased viral replication and pneumonia severity after infection

Shan et al. (87); Zheng et al. (88)

Yu et al. (93)
Organoid

Airway epithelial organoid SARS-CoV-2
Responses related to innate immunity can be induced in the absence of immune cells

Alveolar type II cells mediate inflammatory state, secreting various cytokines and IFNs

Katsura et al. (94);  
Elbadawi and Efferth. (95)



The sequence similarity in the ACE2 receptor in hamsters and humans enables the Syrian 
hamster to be infected by patient-derived SARS-CoV-2 without the adaptation process (80). 
The infection of SARS-CoV-2 to the Syrian hamster resulted in prominent infiltration of 
inflammatory cells like neutrophils and monocytes to the lung. Ferrets were also available 
for the SARS-CoV-2 infection study, showing rapid transmission after infection (81). The 
increase of inflammatory cells including pneumocytes, macrophages, and neutrophils 
was identified through a histological assessment on the lung from the infected ferret 
(82). Another research on ferret identified cellular infiltration, including neutrophils and 
macrophages in bronchiolar lumina and macrophages, lymphocytes, and plasma cells in 
the liver, respectively (83). Non-human primate animal models have been utilized by many 
researchers to test therapeutics and vaccines against SARS-CoV-2 (84-86). Rhesus macaque 
model has been widely used in SARS-CoV-2 study, showing virulence and pathogenesis 
including pneumonia (87,88). Consistent with small animal models, SARS-CoV-1 infection 
to rhesus macaques results in significant infiltration of inflammatory macrophages and 
monocytes in the lungs (89). Another study in rhesus macaques also revealed that lung 
macrophages but not monocyte-derived DCs after the virus infection showed activated 
phenotype, indicating a higher frequency of activation marker CD86 (90). Likewise, many 
studies in rhesus macaques infected with SARS-CoV-2 revealed moderate infiltration of 
lymphocytes and monocytes to the lungs (85,91-93).

Organoids are miniaturized organs with 3D structures established from multipotent adult 
tissue stem cells or induced pluripotent stem cells. The maintenance of organ structure and 
organ-specific cell types allows many researchers to utilize the organoid system to assess 
pathogenesis in humans. The infection of SARS-CoV-2 to the organoid system could reveal 
many factors for inflammatory induction mediated by epithelial cells. Transcriptomic 
profiling revealed the inflammatory state mediated by alveolar type II cells which express 
numerous IFN, cytokines, and genes related to cell death after SARS-CoV-2 infection (94). 
Other researches with organoids also revealed the ability of the infection inducing innate 
immune response without recruitment of immune cells. However, most studies with the 
organoid system are restricted to their landscape for innate response in epithelial cells 
without the recruitment of immune cells. Therefore, the co-culture model of immune cells 
and organoids may provide a useful tool to investigate the interplay between epithelial cells 
and innate immune cells upon SARS-CoV-2 infection (95).

CONCLUSION

This review summarized the scientific knowledge from the general understanding of the 
innate anti-viral responses against various human coronaviruses, including SARS-CoV-2 
in both human and animal models. In essence, the early anti-viral responses of epithelial 
cells and tissue-resident innate immune cells, such as macrophages and DCs, are crucial 
to the disease progression. Paradoxically, one major cause of severe disease by COVID-19 is 
associated with excessive responses by the recruited innate immune cells such as neutrophils 
and monocytes. The increase of innate immune cells is often followed by the severe loss 
of T cells, particularly CD8+ T cell subsets in patients. Those dysregulated immune cell 
composition represented with the neutrophil to lymphocyte ratio is closely correlated 
with disease pathogenesis including ARDS. Therefore, the critical question is how innate 
immunity is dysregulated, and if so, how to regulate the imbalanced host innate immune 
responses against SARS-CoV-2. Finding the answers to these questions will be important 
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not only for a better understanding of basic knowledge but also for developing and applying 
therapeutics against COVID-19.
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