
https://doi.org/10.1007/s10753-021-01519-7

REVIEW

Severe Acute Respiratory Syndrome Coronavirus 2: The 
Role of the Main Components of the Innate Immune 
System

Akbar Anaeigoudari1 , Hamid Reza Mollaei2 , Mohammad Kazemi Arababadi3,4  and 
Reza Nosratabadi5,6  

Received 26 February 2021; accepted 8 July 2021

Abstract—At the end of December 2019, the COVID-19 pandemic began in Wuhan of 
China. COVID-19 affects different people with a wide spectrum of clinical manifestations, 
ranging from asymptomatic with recovery without hospitalization up to a severe acute 
respiratory syndrome (SARS). The innate and adaptive immunity appears responsible for 
the defense against the virus and recovery from the disease. The innate immune system, 
as the first line of defense, is essential for the detection of virus and subsequent activation 
of acquired immunity. The innate immune response is carried out by sentinel cells such 
as monocytes/macrophages and dendritic cells and by receptors known as pattern recog-
nition receptors (PRR). These receptors can recognize various components of the virus, 
which lead to intracellular signaling and subsequently the synthesis of various cytokines. 
These cytokines then recruit other immune cells, activate adaptive immune responses, and 
inhibit viral spreading. The most common receptors include Toll-like receptors, C-type 
lectin receptors, and RIG-I like receptors. This review describes the current knowledge 
about the interplay between innate immune responses and SARS-CoV-2 with a focus on 
the innate immune cells and the role of their receptors in viral RNA recognition, as well 
as their mechanisms for recognizing SARS-CoV-2.
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INTRODUCTION

Coronaviruses are RNA viruses, which can infect 
different species of animals such as humans, pigs, cats, 
rats, mice, cows, camels, and bats. The name of these 
viruses was adapted from their crown-like shape in the 
electron microscope pictures. Coronaviruses have been 
introduced as viruses with a high proliferation rate [1]. 
This characteristic was attributed to the development of 
transcription errors and RNA related to RNA polymerase 
jumps of coronaviruses [2].
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Human coronaviruses have been reported to 
involve respiratory, cardiovascular, gastrointesti-
nal, renal, and nervous systems [3]. The people of 
the world confronted outbreaks of two types of these 
viruses in 2002–2003 and 2011. The first was named 
severe acute respiratory syndrome (SARS) [4], and the 
second type was introduced as Middle East respira- 
tory syndrome (MERS) [5]. The SARS was transmit-
ted from bat origin to humans through an intermediate 
host, palm civet cats, in 2002. The first case involved 
with SARS belonged to Guangdong State of China [6].  
MERS was observed in Saudi Arabia for the first time.  
This virus with bat origin was transmitted to humans 
via camel. MERS sickened 2494 people and killed 858  
of them [3].

At the end of December 2019, a case with acute 
respiratory syndrome in Wuhan of China was reported 
[7]. After an investigation of respiratory samples, the 
infection of a new type of coronavirus was indicated. 
The World Health Organization named it Coronavirus 
disease 2019 (COVID-19). This virus was named severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) by the International Committee on Taxonomy 
of Viruses [8]. Epidemiologic reports reveal that the 
human-to-human transmission rate of this virus is 
higher than SARS and MERS, whereas its mortality 
rate is lower [9]. It has been indicated that COVID-19 
mostly infects adult people (30–65 years old), whereas 
the infection percentage of individuals under 20 years 
of age is low.

Several research studies have tried to investigate 
the interaction between the immune system and the 
virus. The innate immunity and adaptive immunity are 
two arms of the immune system against the virus; the 
innate immune system, as the first line of defense, ini-
tiates the immune responses and triggers the adaptive 
immunity.

The innate immune response is carried out by 
sentinel cells such as monocytes/macrophages and den-
dritic cells and by receptors known as pattern recogni-
tion receptors.

These components can recognize various compo-
nents of the virus, which lead to intracellular signaling 
and subsequently the synthesis of various cytokines. 
These cytokines subsequently recruit other immune 
cells, activate adaptive immune responses, and inhibit 
viral spreading.

In this review, the recent advances about the 
innate immune responses to SARS-CoV-2 virus will be 

discussed with a focus on the innate immune cells and 
the role of their receptors in the recognition of corona-
viruses, as well as their mechanisms for recognizing 
SARS-CoV-2.

THE SEVERE ACUTE RESPIRATORY 
SYNDROME CORONAVIRUS 2 (SARS‑COV‑2)

The SARS-CoV-2 is a virus that belongs to the 
Nidovirales order. The Nidovirales order consists of 
enveloped viruses that have a large single-strand positive  
RNA genome. The Nidovirales enter their host cell by 
binding to the surface receptors. After uncoating from 
the nucleocapsid, the RNA genome uses various intra-
cellular organs of the host cell to produce nonstructural  
and structural proteins such as the nucleocapsid (N) pro-
tein, the membrane (M) protein, the envelope (E) protein,  
and the spike (S) protein (Fig. 1a). Based on different 
genomic and immunologic properties, the Nidovirales 
is classified into four virus families including Roniviri-
dae, Arterividae, Mesoniviridae, and Coronaviridae. 
Torovirinae and Coronavirinae are two sub-families of 
Coronaviridae. Four genera of Alpha, Beta, Gamma, and  
Delta coronavirus are categorized in the Coronaviridae 
sub-family [10, 11]. The hosts of Alpha and Beta coro-
naviruses are mammals like bats, pigs, cats, mice, and 
humans, and this is while Gamma and Delta coronavi-
ruses mainly infect birds and even mammals in rare cases  
[12]. Seven found human coronaviruses cause aggres-
sive or mild diseases. HCoV-229E, HCoV-OC43, HCoV- 
NL63, and HCoV-HKU1 create self-limiting respiratory  
diseases while SARS-CoV and MERS-CoV have a mor-
tality rate of almost 10% and 40%, respectively [13, 14].  
SARS-CoV-2 is the latest species of coronaviruses caus-
ing another severe acute respiratory syndrome and makes 
a clade in the subgenus of sarbecovirus [15]. The result 
of the whole-genome phylogenetic shows that SARS- 
CoV-2 has much more genetic similarity to SARS-CoV 
than MERS-CoV. These similarities are mainly at M, N,  
and E proteins than S protein [16]. Despite many simi-
larities between SARS-CoV-2 and SARS-CoV, they have 
sufficient differences to consider SARS-CoV-2 as a new  
human-infecting coronavirus [17].

The genome structure of coronaviruses has a similar 
organization. Besides 5′-cap and 3′-polyA at both sides, 
their genome started with the 5′ untranslated region 
(5′UTR) and ends at 3′UTR. Coronaviruses’ genome 
has at least ten open reading frames (ORFs) (Fig. 1b). 
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The first two ones (ORF1a/b) occupy two-thirds of the 
genome and encode two polyproteins pp1a and pp1ab. 
By cleaving these two polyproteins, 16 non-structural 
proteins (nsp) are created. These proteins build the repli-
cation‐transcription complex (RTC) in double‐membrane 
vesicles (DMVs). Other ORFs are needed for producing 

structural proteins. Besides all the above, the genes of 
some accessory proteins like the hemagglutinin esterase, 
HE protein, 3a/b protein, and 4a/b protein exist in just 
some coronavirus genera [18]. Among structural pro-
teins, Spike protein is a crucial surface glycoprotein of 
COVs for binding, fusion, and entering the host cell. The 

Fig. 1  Typical SARS-CoV-2 structure and its genome. a SARS-CoV-2 is an RNA virus; its genome encodes structural proteins including spike (S), 
envelope (E), membrane (M), and nucleocapsid (N) proteins. b Schematic diagram of the SARS-CoV-2 genome. (i) The viral genome contains non-
structural genes (ORF1a and ORF1b) which constitute two-thirds of the genome and structural genes; spike (S), envelope (E), membrane (M), and 
nucleocapsid (N) as well as accessory genes (in yellow) interspersed within the structural genes. (ii) Schematic representation of SARS-CoV-2 gene 
encoding spike protein. The spike protein is composed of two subunits (S1 and S2) which are responsible for host cell fusion and virus entry. SP: 
signal peptide; NTD: N-terminal domain; RBM: receptor-binding motif; RBD: receptor-binding domain; FP: fusion peptide; HR1 and HR2: heptad 
repeat regions 1 and 2; TM: transmembrane; CP: cytoplasmic tail region.
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virus binds to the host cell receptor through its receptor-
binding domain (RBD) in the S1 subunit and then fuses 
its genome and membrane by the S2 subunit (Fig. 1b). 
The attachment of S1 protein to its receptor causes the S2 
conformation changes, reveal, and interaction of the hep-
tad repeat 1 (HR1) and heptad repeat 2 (HR2) domains 
with each other and forms a six-helical bundle (6-HB) 
that results in membrane fusion between virus and target 
cell. The RBDs of SARS-CoV and SARS-CoV-2 identify 
angiotensin-converting enzyme 2 (ACE2) as their target 
whereas the specific receptor for the RBD of MERS-COV 
is dipeptidyl peptidase 4 (DPP4). Studies show that the 
affinity of RBD to ACE2 is ten times higher in SARS-
CoV-2 compared with SARS-CoV [19]. Due to the vital 
role of virus attachment in pathogenesis, many research-
ers are trying to find treatment by blocking the different 
subunits of RBD and ACE2 [20]. Another proven target 
for drug discovery is viral 3-chymotrypsin-like cysteine 
protease 4 (3CLpro) enzyme that has an essential role in 
virus replication. The 3CLpro sequence of SARS-CoV-2 
is highly conserved and has a 96.08% and 87% equality 
sequence with SARS-CoV and MERS-CoV, respectively. 
Despite the high similarity sequence of SARS-CoV-2 and 
SARS-CoV, twelve-point mutations have been reported 
between SARS-CoV and SARS-CoV-2 3CLpro enzymes. 
These mutations mostly affect the 3CLpro structure [21].

Altogether, despite the conserved sequences of the 
SARS-CoV-2, the recombination rates of this virus are 
so high that special consideration is needed for finding 
treatments and care should be taken regarding the future 
of this virus family [6].

INNATE IMMUNE COMPONENTS 
AND COVID‑19

The innate immune system is the first line of 
defense against pathogens, and it participates in antigen 
detection and restriction of pathogens as well as activa-
tion of effector adaptive immune responses, significantly 
[22].

The main components of innate immunity are phys-
ical barriers such as skin and mucosal surfaces; innate 
immune cells including monocytes, macrophages, den-
dritic cells, natural killer cells, and neutrophils; and sev-
eral molecules in the plasma and cells to combat against 
invading pathogens. In this system, innate responses to 
pathogens are non-specific with no memory, but these 
responses are immediate and occur within hours after 
exposure to the microbe.

This system recognizes conserved molecular sub-
stances that are produced by microbial pathogens [23]. 
These microbial structures that are often essential for 
microbial survival are called pathogen-associated molec-
ular patterns (PAMPs) [23].

The most important PAMPs are viral PAMPs, and 
infections derived from these microbes and resulting 
symptoms are the major challenges of the World Health 
Organization (WHO) nowadays.

In viral infections, the innate immune system uses 
several types of receptors such as pattern recognition 
receptors (PRRs) that present in different locations in the 
cells, and cellular components in the blood and tissues, 
to recognize viral PAMPs [24].

Based on the recent investigations, some PRRs play 
an essential role in SARS-CoV-2 detection and restriction. 
The roles played by PRRs and mechanisms used by the 
virus to overcome them are presented in detail as follows.

Pattern Recognition Receptors (PRRs)

PRRs are the cellular receptors for PAMPs that are 
expressed on the surface, in phagocytic vesicles, and in 
the cytosol of various innate immune cells, all of which 
are locations where microbes may be present [25].

The main PRRs are toll-like receptors (TLRs), 
nucleotide oligomerization domain (NOD)–like recep-
tors (NLRs), retinoic acid–inducible gene 1 (RIG-I)–like 
receptors (RLRs), C-type lectin receptors (CLRs), scav-
enger receptors, N-formylmethionyl-leucyl-phenylalanine 
(FMLP), and DNA-dependent activator of IFN regulatory 
factors (DAI) [26].

Of which, the most well-characterized are TLRs, 
RLR, and NLRs, which are involved in viral product 
detection.

Toll‑Like Receptors

The most efficient PRRs are TLRs, which are 
divided into 10 members in humans, named TLR1 
through TLR10 [27]. Among them, TLR1, 2, 4, 5, and 
TLR6 are cell surface receptors, while TLR3, 7, 8, and 9  
are expressed on the surface of the endosomal compart-
ment and found to be involved in viral nucleic acid detec-
tion [27, 28]. TLR3 recognizes dsRNA, which is produced  
during viral RNA replication, while TLR7 and TLR8 
detect ssRNA that presents in SARS-CoV and TLR9 
activated by unmethylated CpG DNA present in DNA 
viruses [29, 30].
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It is well known that SARS-CoV-2 is an RNA virus; 
hence, it can be recognized by either endosomal RNA 
receptors, i.e., TLR3 and TLR7/8, or by cytosolic RNA 
sensors, RLRs, such as RIG-I and MDA-5 (Fig. 2) [31].

Recognition of viral ligands by TLRs results in the 
activation of several downstream signaling pathways and 
ultimately their nuclear transcription factors. The main tran-
scription factors that are activated by TLRs are nuclear factor 
κB (NF-κB), interferon response factor 3 (IRF3), and IRF7 
[32, 33]. NF-κB stimulates the expression of genes encod-
ing inflammatory cytokines (tumor necrosis factor [TNF] 
and IL-1, IL-6), chemokines (e.g., CCL2 and CXCL8), and 
IRF3/IRF7 which induces the production of type I inter-
ferons (IFN-α and IFN-β), which initiate innate immune 
responses against viral infection at the entry sites [34].

It is well established that TLRs can recognize 
SARS-CoV and MERS-CoV, which are antigenically 

similar to SARS-CoV-2 [18]. One report delineates that 
human coronaviruses such as SARS-CoV-2 are recog-
nized by RNA sensors including TLR3 and TLR7 [35].

In experimental models of coronavirus infection, the 
studies have reported the increased expression of TLR3 
and downstream signaling molecules and subsequently the 
production of type I IFN and pro-inflammatory cytokines 
[36]. The research also revealed that inhibition of adaptor 
proteins downstream of TLRs (MYD88 and TRIF) had 
different results. The study found out MYD88 −/− mice 
had reduced production of inflammatory cytokines, while 
 TRIF−/− mice showed a reduction in the level of inflam-
matory cytokines in the 2nd day post-infection but an 
increase in the same cytokines in 4 days post-infection 
[36]. Since TRIF is associated with the expression of 
type-I interferons, and the cytokine can modulate immune 
responses, and based on the fact that production of several 

Fig. 2  Role of pattern recognition receptors in response to SARS-CoV2 infection. Internalization of virus through membrane fusion or binding to a 
surface receptor (ACE-2) leads to the release of genomic RNA into the cytoplasm. TLR7 and TLR8 in the endosome can recognize ssRNA from the 
virus, while dsRNA sensors (TLR3, RIG-I, and MDA-5) can detect the virus during SARS-CoV replication. These receptors can induce the activa-
tion of IRF3/7 and NF-kB signaling pathways. Activated IRFs and NF-kB translocate to the nucleus and, together with other transcription factors, 
induce the expression of IFN-I, ISGs, and pro-inflammatory cytokines/chemokines (IL-1, TNF-α, CCL-2, and CXCL-8).
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pro-inflammatory cytokines is induced by the MYD88 
pathway, it appears that MYD88 can be considered as the 
main response to the SARS-CoV-2. Moreover, due to the 
fact that cytokine storm by the pro-inflammatory cytokines 
is the main complication of SARS-CoV-2 infected 
patients, MYD88 can be considered as the main pathway 
that participates in the SARS-CoV-2 complications.

Due to the fact that TLR4, which uses both MYD88 
and TRIF pathways, recognizes several ligands, it has 
been hypothesized that TLR4 may participate in the rec-
ognition of SARS-CoV-2. Shon and colleagues reported 
that the expression of TLR4 was increased in COVID-
19 patients [37]. Based on the potential roles played by 
MYD88 in response to SARS-CoV-2, it may be con-
cluded that TLR4 fights against COVID-19 in a MYD88-
dependent manner.

The research also demonstrated that the activation of 
TLR4 is due to the high expression of oxidized phospholip-
ids in lung tissue samples from mice infected with respira-
tory viruses such as SARS and H1N1. This phospholipid, 
similar to LPS, activates TLR4 and subsequently down-
stream signaling molecules MyD88, which in turn leads to 
the overproduction of inflammatory cytokines [38].

An in vitro study also showed the expression of 
TLR4, and its downstream proteins were increased in 
PBMC of patients infected with SARS-CoV-2 [37].

Interestingly, the results of this study also showed 
that there was no significant difference in the expression 
of TLR3/7/8 and IRF3 between SARS-CoV-2-infected 
patients and healthy controls [37]. In parallel with this 
result, Imai et al. showed that a mutation in TLR4 in 
an animal model of ARDS (acute respiratory distress 
syndrome) induced by SARS-CoV was associated with 
decreased lung injury, while deletion of TLR3 did not 
show a significant change in lung injury [39].

Taken together, these results demonstrate that the 
TLR4 signaling via MYD88 pathway in COVID-19 
patients leads to pro-inflammatory responses; thus, it 
seems that although TLR4 plays an essential role in the 
pathogenesis of COVID 19, its role in the SARS-CoV-2 
infection is indirect.

Data from bioinformatics analysis also demon-
strated that TLR7 and TLR8 can detect ssRNA fragments 
from the SARS-CoV-2 genome [40]. TLR7 and TLR8 
upon stimulation by ssRNA from virus induce pDC to 
produce type I IFN, which in turn exerts a protective anti-
viral response [40].

According to the findings of a study by Van Der 
Made et al. on four patients with severe COVID-19, there 

was a loss-of-function mutation in the TLR7 gene, which 
in turn led to decreased IFN production [41]. Angelopoulou 
et al. also revealed that imiquimod, another TLR7 ago-
nist, can stimulate innate immunity against pulmonary 
infections and is able to inhibit SARS-CoV-2 infection 
in the early stage of the disease [42].

Some studies also revealed that the membrane pro-
teins of SARS such as M protein can induce IFN-β pro-
duction through TLR signaling [43].

Collectively, it seems that the TLRs using MYD88 
as the adaptor recognize SARS-CoV-2, and its related 
molecules can be considered as the immune responses to 
the virus to defend against human cells and also to induce 
pro-inflammatory complications. The main mechanisms 
that participate in the outcome of the TLR responses to 
the SARS-CoV-2 are yet to be clarified. The important 
roles played by TLRs were also documented by the inves-
tigation, since there was no alteration in the expression 
of RLRs such as RIG-I (retinoic acid–inducible gene-I), 
MDA-5 (melanoma differentiation–associated gene-5), 
and MAVS (mitochondrial antiviral signaling molecule), 
while the expression of TLR adaptor proteins (MyD88, 
TRAM/TICAM2, and TIRAP) was increased [43].

In general, this evidence indicates that the MYD88-
dependent pathway may be the main factor involved in the 
induction of pro-inflammatory responses and pathogen-
esis of SARS-CoV-2 via NF-kB activation, while TLR7 
and TLR8 induce IRF3/7 and antiviral responses, as the  
studies on TLR5, TLR7, and TLR8 agonists showed a 
protective immunity in COVID-19 patients. However, it  
needs to be clarified by further in vivo investigations.

RLRs (Retinoic Acid–Inducible Gene‑I–Like 
Receptors)

RLRs are a family of cytosolic sensors that respond 
against viruses by inducing the production of antiviral 
type I interferons [44]. This family comprises three mem-
bers: retinoic acid–inducible gene 1 (RIG-I), melanoma 
differentiation–associated gene 5 (MDA5), and laboratory 
of genetics and physiology 2 (LGP2) [45].

Unlike TLRs, RLRs are located throughout the cyto-
sol; hence, the viruses that enter the cytosol of infected 
cells by direct membrane fusion and without entering the 
endosome can still be detected by RLRs [46, 47].

During SARS-CoV infection, the virus fuses its 
membrane with the host cell membrane through an inter-
action between the S protein of coronavirus with ACE2 
receptor of host cells [48]. Then, the virus releases its 
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RNA into the cytosol. Therefore, the viral RNA can be 
recognized by cytosolic sensors of host cells such as 
RLRs (Fig. 2) [48].

RLRs recognize different viral PAMPs, as RIG-I 
detects RNA with a 5′-triphosphate residue [49], while 
MDA5 can interact with long dsRNA, which is crucial for 
innate immune recognition of RNA viruses [50].

Activation of RIG-I or MDA-5 leads to signal-
ing through an adaptor protein, mitochondrial antivi-
ral signaling molecule (MAVS), which subsequently 
stimulates the activation of TBK1, IKKi, IKKα/β 
kinases and ultimately activates the transcription fac-
tor IRF3/7 and NF-κB for the expression of IFNs and 
interferon-stimulated genes (ISGs) as well as inflam-
matory cytokines (Fig. 2) [51].

Several studies have reported that RIG-I and 
MDA-5 are essential cellular sensors to recognize RNA 
viruses [52]. An in vivo study by Zalinger et al. indicated 
that MDA5 is able to recognize the virus and promote the 
host defense during murine coronavirus infection [53].

The findings of an in  vitro research have also 
reported that RLRs have potential in MERS-CoV detec-
tion, as the results of this study demonstrated that RIG-I 
and MDA5 were increased in macrophages infected with 
MERS-CoV. This research also revealed that depletion of  
RLR downstream molecule, MAVS, decreased the pro-
duction of inflammatory cytokines such as IL-6, TNF-α, 
IFN-γ, MIP-1α, RANTES, and IP-10 [54].

The vital role of RLRs in viral infection has also 
been shown in MDA5-deficient mice. These studies indi-
cated that the mentioned animals are highly susceptible to 
infection with ssRNA viruses such as SARS coronavirus 
[55], Rhinovirus [56], and Coxsackie B virus [57].

Regarding the role of RLRs, some in vitro studies 
have also indicated the upregulation of MDA-5 and RIG-I 
during SARS-CoV and MERS-CoV infection [58, 59].

Recently, a study by Felsenstein et al. showed that 
MDA-5 and RIG-I as the cytosolic sensors are able to 
detect novel coronavirus, SARS-CoV-2, in the cytoplasm 
of infected cells [35].

However, there are some studies which reported 
that MERS-CoV inhibits RLRs to escape from immune 
responses. This research showed that MERS-CoV is able 
to suppress MDA-5 signaling through inhibition of the 
NF-kB pathway, while it had no effect on RIG-I-mediated 
signaling [60].

It is noteworthy that activation of MDA-5 is also 
associated with the upregulation of interferon-stimulated  
genes (ISGs), especially ISG15 that is essential for 

MDA5-to inhibit viral replication. Recent evidence 
reported that SARS-CoV-2 has a novel mechanism to over-
come ISGylation of MDA-5. The virus produces a papain-
like protease (PLpro), which has been demonstrated to 
have a de-ISGylation effect. PLpro of SARS-CoV-2 abol-
ishes MDA-5 ISGylation to escape from innate immune 
responses [61].

It is well known that NSP8, a nonstructural pro-
tein of SARS-CoV-2, plays a role in viral evasion from 
antiviral immune responses. NSP8 interacts with MDA-5 
and subsequently inhibits the recruitment of MAVS, an 
adaptor protein upstream of MDA-5, to form a signalo-
some with MDA-5. Indeed, NSP8 of SARS-CoV-2 dimin-
ishes the expression of IFN-I, ISGs, and proinflammatory 
cytokines [62].

Furthermore, M protein of SARS-CoV-2 may play a 
role in viral evasion. This protein can interact with MAVS 
and suppresses signaling through RIG-I and MDA5. 
Importantly, M protein does not affect the downstream 
molecules of MAVS such as TBK1, IRF3, and TRAF3 
[63].

In general, research indicates that the innate 
immune system can recognize SARS-CoV-2 by a mem-
brane or cytosolic receptor. When the coronavirus escapes 
from membrane receptors, it can be trapped by MDA-5 or 
RIG-I in the cytoplasm of infected cells; however, SARS-
CoV-2 uses diverse mechanisms to escape from innate 
immune responses.

DC‑SIGN

DC-SIGN (dendritic cell–specific intercellular 
adhesion molecule-3 grabbing non-integrin) is an innate 
immune receptor that belongs to C-type lectin receptors, 
which are highly expressed on DCs [64]. In addition to 
DC-SIGN, there is a DC-SIGN homolog named L-SIGN 
(liver/lymph node–specific SIGN) [65]. This protein is 
expressed in the liver, lymph node, and placenta and leads 
to SARS-CoV infection of these tissues [66]. Although 
these markers are specific for DCs, their expression has 
also been reported on monocytes, alveolar macrophages, 
and endothelial cells [67].

Carbohydrate residues are DC-SIGN ligands, since 
a wide range of pathogens express this ligand; hence, DC-
SIGN can recognize a variety of pathogens.

DC-SIGN not only plays a role in antigen recogni-
tion but also mediates intercellular adhesion of DCs with 
T cells, as well as signaling to facilitate cell activation  
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and migration to the other tissues [68]. In addition,  
these molecules can also deliver their cargo to other cells 
through a cross-presentation route [68].

DC-SIGN recognizes several PAMPs from patho-
gens; therefore, binding PAMPs to DC-SIGN leads to 
activation of several downstream molecules. The most 
important molecule is rapidly accelerated fibrosarcoma 
(Raf-1). However, studies have shown that the activation 
of Raf-1 still depends on the upstream molecules such 
as Ras. Activated Ras binds to Raf-1, and this binding 
induces the conformational changes in Raf-1. However, 
full activation of Raf-1 requires the phosphorylation of 
specific serine and tyrosine residues. Gringhuis et al. 
demonstrated the phosphorylation of serine 338 and 
tyrosine 340/341 carried out by p21-activated kinase 
(Pak) and an Src family tyrosine kinase, respectively. 
Subsequently, activated Raf-1 phosphorylated the p65 
subunit of NFkB and ultimately activates the p50/p65 
NFkB dimer. This modification activates NF-kB and 
then stimulates the expression of cytokines which in turn 
initiate an immune response against invading pathogen 
(Fig. 2) [27].

Zhang et al. in a study on avian coronavirus con-
cluded that DC-SIGN may be a marker in the expansion 
of the virus from one organ to another [69].

It is now well established that coronaviruses, includ-
ing SARS-CoV and MERS-CoV, use multiple receptors 
to infect the host cells. The most important receptors are 
ACE-2, DC-SIGN, and L-SIGN [70].

Recently, a research by Amraei revealed that 
L-SIGN and DC-SIGN are able to act as an alternative 
receptor for SARS-CoV-2 entry and infection. These 
receptors can bind to the RBD domain of spike protein; 
however, the affinity of these receptors for SARS-CoV-2 
is lower than for ACE-2 [71]. Nevertheless, the neck 
domain of DC-SIGN leads to an oligomerization process, 
which in turn results in tetramerization of DC-SIGN that 
recognizes ligands with high affinity [44].

A previous study reported that ACE-2 is the main 
receptor for SARS infection and DC-SIGN acts as a 
cofactor for ACE-2 receptor. They showed that DC-SIGN 
exerts its role through uptake and transfer of viruses to 
target cells expressing ACE-2 [72].

Findings of an in vitro study on mouse 3T3 cell 
lines expressing hDC-SIGN established that DC-SIGN 
may play a role as an alternative receptor for feline coro-
navirus infection [73].

In contrast, a number of studies have indicated that 
not only does DC-SIGN serve as a receptor for SARS-CoV 

infection but also its function is independent of ACE-2 
[74].

Further studies have also indicated the entry of 
human coronaviruses, HCoV-229E and HCoV-NL63, is 
mediated via ACE2-independent pathways using L-SIGN 
and DC-SIGN, respectively [75, 76].

Similarly, Han et al. found out that glycans on S 
protein of SARS-CoV determine the type of receptor-
mediated infection. The findings of this research indi-
cated that different glycosylation sites on S protein are 
important for virus entry through DC-SIGN or ACE-2 
receptors [77].

For instance, glycosylation sites such as N109, 
N118, N119, N158, N227, N589, and N699 in S protein 
of SARS-COV were also demonstrated to be essential for 
virus entry through DC-SIGN or L-SIGN [55].

Because of different S glycoproteins on coronavi-
ruses, it can be concluded that DC-SIGN, L-SIGN, and 
ACE-2 are the main receptors for SARS-CoV-2 infection, 
but their role is synergistic and depends on glycosylation 
sites on viral protein S.

Although DC-SIGN is considered as a receptor for 
expansion of SARS-CoV-2 infection, it may participate in 
the phagocytosis of the virus to be presented by MHC-II, 
and because the pathway presentation is the main inducer 
of adaptive immunity against SARS-CoV-2, it appears 
that the roles played by DC-SIGN need to be explored in 
the SARS-CoV-2-infected human cautiously.

INTERFERON RESPONSES

Interferons are well described as the first line of 
innate immune defense, especially in response to viral 
infections [78]. These molecules are secreted by infected 
cells, but affect neighboring cells and inhibit the spread of 
virus. As mentioned in the previous sections, upon viral 
infection, PRRs, including TLRs and RLRs, detect nucleic 
acids of the virus, then trigger downstream signaling mol-
ecules and ultimately lead to activation of type I interfer-
ons (IFN-I), such as IFN-α and IFN-β [79]. The antiviral 
activity of IFNs is induced through binding of the IFN-α/β 
to IFN-α/β receptor (IFNAR) on other cells [79].

Interaction of IFN-I with IFNAR induces several 
interferon-stimulated genes (ISGs) including double-
stranded RNA-dependent protein kinase (PKR) that 
inhibits viral protein synthesis, and also RNase L, which 
promotes degradation of viral RNA [80].

Analysis of bronchoalveolar lavage fluid (BALF) 
from COVID-19 patients showed that the expression of 
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ISGs was increased [81]. In addition, the high expres-
sion of ISGs was detected in the PBMCs from severe 
COVID-19 patients [82]. These results demonstrated  
that interferon has an essential role in the disease.

Previously, the role of IFN-I in SARS-CoV suppres-
sion was demonstrated during the 2003 SARS outbreak. 
The study on Rhesus monkey revealed that recombinant 
IFN-α2b can suppress SARS-CoV infection in infected 
animals [83]. In vitro and in vivo studies also showed 
that treatment of cell lines or animals with IFN inhibits 
the pathogenesis and spread of virus [84, 85]. A cohort 
study on patients with MERS-CoV infection reported 
that treatment with IFN-α improves the survival rate of 
patients [86]. It has been reported that in addition to anti-
viral activities of IFN-I, it also acts as immunomodula-
tory molecule; hence, it is used for down-regulation of 
pro-inflammatory responses in some disorders, such as 
multiple sclerosis [87].

Therefore, it seems that IFN could possibly be a 
new choice for 2019-nCov treatment, not only for its anti-
viral functions, but also for its immunomodulatory roles 
during cytokine storm of the COVID-19 infected patients.

In contrast, some in vitro studies have revealed 
SARS-CoV infection does not induce IFN production  
in cell cultures [88, 89]. These researches suggest  
that coronavirus is able to block the IFN induction by 
immune cells. The studies on tissue and blood samples 
also revealed there was no increase in the level of IFN-I 
in SARS-CoV-infected patients [83, 90].

Moreover, other researches indicated that SARS-
CoV does not affect IFN and related signaling molecules 
(IRF-3 and NF-κB) in infected cells [90, 91], but in vivo 
studies on SARS-CoV-infected macaques have shown 
that the expression of IFN-I was increased during the 
early phase of the infection [92].

In Vero cells infected with SARS-CoV, treatment 
with IFN-I leads to control of virus growth. The data 
also showed that IFN-β is more effective than IFN-α in 
the reduction of virus titers [93]. Therefore, it appears 
that SARS-CoV avoids appropriate immune responses 
via suppression of IFN-I production, and then leads to 
activation of severe pro-inflammatory responses.

Furthermore, a retrospective cohort study in 
China showed that IFN-α2b treatment in the early phase 
of SARS-CoV-2 infection was associated with reduced 
mortality in hospitalized patients [94].

In vitro studies have also reported that SARS-
CoV-2 is sensitive to IFN-I responses, as treatment of  
SARS-CoV-2 infected cells with IFN-I led to a decrease 

in viral load. Interestingly, this reduction was more sig-
nificant in SARS-CoV-2 than SARS-CoV-infected cells 
[95]. Furthermore, it has been documented that IFN  
response at the early phase of COVID-19 elicits an anti-
viral state and restricts the virus growth, while delayed  
IFN-I responses were associated with over-activation of  
pro-inflammatory responses [96].

On the other hand, dysregulation of IFN-I 
responses may affect on the outcome of COVID-19.

Taken together, the data on the role of IFN in 
SARS-CoV infection is controversial, but this dis-
crepancy can be explained by the fact that the virus 
can inhibit the IFN response in vitro, whereas in vivo 
researches showed that the immune system produces 
IFN-I during SARS-CoV infection. The other reason 
for this challenge may be due to the sampling which 
was done late during the infection, while IFN-I acts on 
primary immune responses.

Even though antiviral effects of IFN-I are well 
demonstrated in several viral infections, including SARS-
CoV and MERS-CoV, it seems that the role of IFN-I in 
COVID-19 patients is time-dependent (Fig. 3), as early 
IFN-I administration is associated with reduced viral load 
and disease severity, but delayed IFN-I response promoted 
viral load and disease severity in SARS-CoV-infected 
patients [97]. Moreover, in animal models of MERS-CoV 
and SARS-CoV, delayed IFN-I administration was associ-
ated with a high level of the pro-inflammatory cytokine, 
destruction of epithelial and endothelial cells, and a defect 
in control of viral infection [98].

In general, these data demonstrate that early IFN-I 
response orchestrates the protective effects against 
COVID-19, whereas delayed expression of IFN-I leads 
to the induction of an inflammatory response and ulti-
mately pulmonary pathology during SARS-CoV-2 
infection (Fig. 3).

CELLULAR COMPONENTS OF INNATE 
IMMUNITY AND SARS‑COV‑2

SARS-CoV-2 is an obligate intracellular particle 
that needs a cell to initiate the infection cycle in the 
human body.

The magnitude of the immune response is related 
to how the virus invades the body and how immune 
cells interact with the virus. The immune system usu-
ally responds to the virus by activating innate (non-
specific) and adaptive (specific) immune responses.
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During the infection with SARS-CoV-2, the innate 
immunity initiates a non-specific immunity against the 
virus which is followed by specific immune responses 
through T and B cells [99].

The innate immune cells recognize a wide range 
of PAMPs that are commonly found in bacteria and 
viruses [100]. The innate immune cells also play 
an important role in shaping the downstream adap-
tive immune response; however, an overactive innate 
immune response can also result in immune pathology 
and subsequent tissue destruction [101, 102].

The studies have established that innate immune 
cells such as dendritic cells (DCs) and macrophages play 
an essential role in the inhibition of viral infections [103].

Dendritic Cell

DCs are the body sentinels, able to link innate and 
adaptive immunity. These cells can serve as professional 
antigen-presenting cells (APC) that trigger T cell stimu-
lation and proliferation [104]. DCs are divided into two 
major subpopulations, namely, “conventional” (cDCs)  
and plasmacytoid DCs (pDCs) [105]. cDCs are subdivided 
into cDC1 and cDC2 based on their ontogeny and func-
tions. These cells are the professional APCs that search  

our body and sample antigens and then migrate to the T 
cell area of lymph nodes (LNs).

Upon viral infection, DCs respond to the virus 
through production of large amounts of IFN-I [106]. IFN-I 
induces an antiviral state in infected and neighboring cells 
and stimulates NKC and CD8 + T cells to kill the virus.

It is well known that DCs as professional antigen-
presenting cells could recognize SARS-CoV antigens in 
the periphery by receptors including TLRs. Upon recog-
nition, these cells migrate from peripheral tissue to local 
lymph nodes to stimulate T cells in a chemokine-dependent 
manner [107]. DCs express a wide range of PRRs such as 
TLR2 and TLR4 to recognize SARS/MERS-CoV proteins 
and TLR3, 7 and TLR8 to detect viral RNA [108].

Researches have revealed that the role of DCs in 
SARS/MERS-CoV infection is controversial.

Some studies have shown that macrophages and 
DCs are the foci for MERS/SARS-CoV replication [109, 
110], while some groups did not see SARS-CoV replica-
tion in macrophages or DCs [111, 112].

The research has reported that DCs expressing 
ACE2 especially lung DCs, as well as SARS-CoV-
2-infected DCs, present a high level of DC-SIGN, sug-
gesting that SARS-CoV-2 can infect DCs to facilitate 
infection [113].

Fig. 3  Interplay between SARS-CoV-2 and the type I interferon response. The effect of IFN-I in COVID-19 outcome is time dependent. Early 
IFN-I response can control viral growth yields an antiviral state, so leading to a mild form of disease, while delayed IFN-I expression is associated 
with rapid SARS-CoV-2 replication, so the patients represent more extensive disease and poorer clinical outcomes.
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In addition, during the SAR-CoV outbreak in 2003, 
the researchers showed that DCs are unable to eradicate 
SARS-CoV infection [111, 114]. In vitro studies also 
showed that infection of DCs by SARS-CoV produced 
low levels of IFN, while inflammatory cytokines and 
chemokines production were enhanced [112].

Evidence from in vitro studies also revealed that 
SARS-CoV could infect DCs or macrophages and repli-
cate its genome, but there was no increase in viral load 
and viral protein synthesis [115].

The findings from SARS-CoV-infected DCs 
revealed that there was no relationship between the 
expression of TLRs and SARS-CoV infection, while an 
increase in chemokine expression was observed (i.e., 
CCR1, CCR3, CCR5, and CCR7) [116].

A recent in vitro study on SARS-CoV-2-infected 
DCs reported that, although DCs have been infected with 
SARS-CoV-2 and some viral proteins were expressed, 
there was no viral replication in infected DCs [117]. This 
study also showed a low level of IFN production, while 
the levels of some pro and inflammatory cytokines were 
increased [117].

Together, these data suggest that the SARS-CoV-
2-infected dendritic cells have a role in the pathogenesis 
of COVID-19 through pro-inflammatory cytokine pro-
duction. However, activation of adaptive immunity is a 
main immune response against COVID-19, which is con-
trolled by dendritic cells.

Additionally, as in previous sections, DC-SIGN, 
which is expressed on the dendritic cells, plays important 
roles in the distribution of SARS-CoV-2 in the infected 
patients, the main mechanisms used by HIV to distribute 
in the human body. Taken together, dendritic cell func-
tion during COVID-19 infection is complicated and needs 
additional in vitro and in vivo experiments.

Monocyte/Macrophage

Monocytes and macrophages are defined as com-
mon phagocytic cells and the first line of defense against 
invading pathogens. These cells are present in blood and 
all tissues and play an essential role in the control of 
infections [118].

Monocytes were initially divided into two subsets 
based on CD14 and CD16 expression. The most impor-
tant subsets are classical monocytes, which express CD14 
high and CD16 low, and non-classical monocytes with 
low CD14 and high CD16 expression [119].

Recently, studies have reported the third popula-
tion of monocytes called intermediate monocytes [120]. 
This subset of monocytes is defined by CD14 and CD16 
expression and produces IL-6 in COVID-19 patients [121].

Monocytes are the main source of several cells such 
as dendritic cells and especially macrophages when they 
migrate into the tissues. Based on their function and acti-
vation mode, macrophages are divided into M1 and M2 
types.

M1 macrophages present antigens to T cells, inhibit 
tumor growth, and produce pro-inflammatory cytokines 
such as IL-6, IL-12, and TNF-α, while M2 macrophages 
participate in tissue repair and wound healing and pro-
duce anti-inflammatory cytokines (IL-10 and TGF-β), 
and hence, restrict inflammation [122].

In patients with COVID-19, monocytes and mac-
rophages detect SARS-CoV-2 using a variety of PRRs, 
which sense viral PAMPs such as viral RNA. During 
SARS-CoV-2 infection, the virus attacks tissues, espe-
cially the lung, and induces active immune responses 
through recruiting monocytes and macrophages [123]. 
These cells restrict the spread of the virus by phagocy-
tosis or release cytokines to stimulate T cells and other  
adaptive immune responses [123]. However, a dysregu-
lated activation of monocytes and macrophages contrib-
utes to hyper-inflammation and SARS-associated pathol-
ogy [124].

A study on patients with COVID-19 showed that 
the serum level of pro-inflammatory cytokines, includ-
ing IP-10, MCP-1, MIP-1α, and TNF-α was higher in 
ICU patients than those receiving non-ICU care [125]. 
Moreover, BALF samples from SARS-CoV-2 patients 
showed a high expression of CCL-2 and CCL-7 as the 
main chemokines at monocyte recruitment [126].

In addition, a higher percentage of monocytes and 
macrophages in BALF was observed in patients with 
a severe form of COVID-19 compared with patients 
with mild disease or healthy patients [127]. The stud-
ies also indicated that the BALF from severe COVID-
19 patients contained higher frequencies of M1 mac-
rophages, while in patients with moderate disease a 
higher percentage of M2 type was observed [127].

However, the research on an animal model of res-
piratory viruses such as respiratory syncytial virus has 
shown that the control of infection depends on M1 mac-
rophages [128]. Despite this, in other respiratory viruses 
including SARS and influenza, the number of M1 mac-
rophages decreases through apoptosis and necrosis 
which leads to the spread of virus [128]. On the other 
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hand, the polarization of macrophages toward the M2 
type may contribute to the viral spread through inhibit-
ing effective antiviral immune responses. Moreover, the 
over-activation of M1 macrophages and production of 
the pro-inflammatory cytokines or cytokine storm can 
lead to severe disease [128].

Researches have also revealed that cytokine storm, 
particularly macrophage activation syndrome (MAS), is 
the most important complication in COVID-19 infection 
[129]. MAS results in high expression of inflammatory 
cytokines such as TNF-α and IL-6 and subsequently 
these mediators promote inflammatory pathways [130]. 
This over-activation of immune responses from MAS 
leads to acute respiratory distress syndrome (ARDS) in 
COVID-19 patients [131].

Recent researches suggest that monocyte responses 
might be dysregulated in COVID-19 patients. These 
dysregulations may be due to the involvement of differ-
ent subsets of monocytes in the disease. Classical mono-
cytes, whose major function is phagocytosis, uptake 
pathogens and produce pro-inflammatory cytokines and 
activate the other immune cells to modulate inflamma-
tion. Intermediate monocytes produce various types of 
inflammatory cytokines such as IL-1β, IL-6, IL-8, and 
TNF-α and participate in cytokine storm.

In COVID-19 patients, the numbers of  CD14++ 
CD16− cells, as classical monocytes, decrease, while 
the numbers of  CD14++CD16+ (intermediate) and 
 CD14+CD16++ (non-classical) monocytes increase [113].

Furthermore, patients with a severe form of COVID-
19 display a high increase in the number of intermediate 
monocytes than a mild form of the disease [132]. In addi-
tion, these subsets of monocytes also showed the capabil-
ity to secrete GM-CSF, TNF-α, and IL-6 especially in ICU 
patients, which led to inflammatory cytokine storm.

In contrast, the results in the case of  CD14+ 
 CD16++ non-classical monocytes are controversial. A 
study by Gatti on patients infected with SARS-CoV-2 
revealed a decrease of peripheral non-classical mono-
cytes in the severe form of disease [133]. Other work also  
reported depletion of non-classical monocytes in COVID-
19 patients [134]. However, non-classical monocytes con-
sist of two subsets, including type 1 and type 2 (non-
classical monocyte 1 and 2) based on the expression of 
SLAN (a glycosylated form of P-selectin glycoprotein-1 
(PSGL-1). The research found that only  SLAN+ non-
classical monocytes (type 2) were absent in the moderate 
and severe COVID-19 patients, while type 1 non-classical 
monocytes were increased [132].

In addition, in numerous inflammatory diseases 
such as inflammatory bowel disease, cardiovascular 
disease, and stroke, the number of CD16 + monocytes 
(intermediate and non-classical) was correlated to disease 
severity [135–137]. This provides insight into the pro-
inflammatory properties of non-classical and intermediate 
monocytes, while classical monocytes exhibit scavenging 
and phagocytic properties.

Therefore, it seems likely that in patients infected 
with SARS-CoV-2, the severity of pulmonary immune 
injury correlates with intermediate and non-classical 
monocytes, especially the first one; since intermedi-
ate monocytes seldom exist in healthy individuals, it is 
believed that they are a transitional stage between classi-
cal and non-classical monocytes.

Accordingly, it seems that although monocytes 
can limit the virus through phagocytosis or promoting 
adaptive immune responses, the plasticity of classical 
monocytes toward intermediate or non-classical types 
determines the outcome of disease. When monocytes 
are biased towards intermediate and non-classical types, 
it can drive severe lung injury during infection with 
human coronaviruses, but when the monocytes shift to 
phagocytic type (classical type), the outcome will be a 
decrease in viral spreading and a mild form of the disease 
(Table 1).

It is well known that in addition to the role of mono-
cytes/macrophages in the pathogenesis of COVID-19, a 
different expression of ACE-2 (as a receptor for SARS-
CoV-2) by these cells is involved in determining the dis-
ease severity.

Evidence revealed that SARS-CoV-2 utilizes this 
receptor to attach and enter into the host cells; hence, 
the high expression of ACE2 is considered in the patho-
genesis of SARS-CoV-2. This receptor is widely distrib-
uted on macrophages and the findings demonstrated that  
not all macrophages have this receptor [121]. The find-
ings of a research on samples obtained from patients 
who died from SARS-CoV-2 revealed the high expres-
sion of SARS-CoV-2 nucleoprotein (NP) and high level 
of ACE-2 in macrophages from lymph node and spleen 
[138]. Moreover, pulmonary macrophages express a high 
level of ACE2; therefore, pulmonary macrophages may 
contribute to pulmonary infection during SARS-CoV-2 
invasion [63].

Recently, the heterogeneity of ACE-2 expres-
sion on monocyte subsets has also been reported in  
patients with rheumatoid arthritis (RA). In RA patients  
the results revealed the frequency of non-classical and 
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intermediate monocytes were related to disease sever-
ity and also the expression of ACE-2 was increased in 
CD16 + monocyte subsets than classical monocytes [139].

In patients with chronic kidney disease, the 
CD14 + CD16 + monocytes with high expression of 
ACE-2 were associated with increased mortality in 
comparison to other patients [140].

However, the expression of ACE-2 on monocyte 
subsets in COVID-19 patients has not yet been fully 
clarified; therefore, further studies are warranted.

As mentioned in the previous sections, the life and 
death of COVID-19 patients are highly dependent on 
monocytes/macrophages.

Collectively, the factors that drive severe lung 
pathology during infection with human coronaviruses 
include (i) increased production of proinflammatory 
cytokines or cytokine storm by monocytes and mac-
rophages, (ii) high expression of ACE-2 by monocytes 
and macrophages, especially pulmonary macrophages, 
and (iii) high frequency of pro-inflammatory subsets 
of monocytes such as intermediate/non-classical mono-
cytes (Table 1).

Therefore, although manipulation of monocyte/
macrophages seems to be a promising option for the 
treatment of COVID-19 patients, it should be noted that 
various types of monocytes/macrophages are involved 
in the different stages of disease.

Thus, a better understanding of which subsets of 
monocytes/macrophages drive disease pathology is impor-
tant for the development of proper therapeutic interventions.

CONCLUDING REMARKS

Based on the information presented here, it 
appears that innate immunity plays significant roles to 
determine the outcome of COVID-19 infection. Based 
on the fact that the young infected human has stronger 
innate immunity than older ones, they eradicate the 
virus faster. Additionally, most hospitalized patients 
suffer from pro-inflammatory responses which may be 
related to the uncontrolled innate immune responses. 
Furthermore, innate immunity may participate in the 
distribution of COVID-19, especially by attachment 
of COVID-19 to DC-SIGN on the dendritic cells and 

Table 1  Characteristics of monocyte subsets in COVID-19 and their association with the form of the disease

CCR5, CCR2low

CX3CR1high
CCR2low

CX3CR1high
CCR2 high

CX3CR1 low
Chemokine receptor

HLA-DR, LFA-1HLA-DR, CD74, 
CLEC10A

CD36, TLR-4, CD11b, 
CD62L

Surface markers

IL-1β, TNF-α and IL-6TNF-αIL-10, IL-1Cytokines 

15%~~5%~85-90%Frequency in 
peripheral blood

Pro-inflammatory 
response

Pro-inflammatory 
response

Immune response, 
phagocytosis

Main function

Severe diseaseSevere diseaseMild diseaseCOVID-19

Classical
Monocyte

CD14++CD16-

Intermediate 
Monocyte

CD14++CD16+

Non-Classical
Monocyte

CD14+CD16++

Table 1. Characteristics of monocyte subsets in COVID-19 and their association with the form of the disease 

CLEC-10A: C-type lectin domain family 10 member A; LFA-1: Lymphocyte function-associated antigen 1; TNF-α: Tumor necrosis factor-α

CLEC-10A C-type lectin domain family 10 member A, LFA-1 lymphocyte function-associated antigen 1, TNF-α tumor necrosis factor-α
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migration of the cells to the lymph nodes. Monocyte/
macrophages are also the main cells that participate in 
the defense against COVID-19; however, they are also 
the main source of pro-inflammatory cytokines, includ-
ing IL-6 that play key roles in the induction of pro-
inflammatory-related complications in infected patients.
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