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Abstract—The novel coronavirus SARS-CoV-2, responsible for the COVID-19 outbreak, 
has become a pandemic threatening millions of lives worldwide. Recently, several vaccine 
candidates and drugs have shown promising effects in preventing or treating COVID-19, but 
due to the development of mutant strains through rapid viral evolution, urgent investigations 
are warranted in order to develop preventive measures and further improve current vaccine 
candidates. Positive-sense-single-stranded RNA viruses comprise many (re)emerging human 
pathogens that pose a public health problem. Our innate immune system and, in particular, 
the interferon response form an important first line of defense against these viruses. Flex-
ibility in the genome aids the virus to develop multiple strategies to evade the innate immune 
response and efficiently promotes their replication and infective capacity. This review will 
focus on the innate immune response to SARS-CoV-2 infection and the virus’ evasion of the 
innate immune system by escaping recognition or inhibiting the production of an antiviral 
state. Since interferons have been implicated in inflammatory diseases and immunopathology 
along with their protective role in infection, antagonizing the immune response may have an 
ambiguous effect on the clinical outcome of the viral disease. This pathology is character-
ized by intense, rapid stimulation of the innate immune response that triggers activation of 
the Nod-like receptor family, pyrin-domain-containing 3 (NLRP3) inflammasome pathway, 
and release of its products including the pro-inflammatory cytokines IL-6, IL-18, and IL-1β. 
This predictive view may aid in designing an immune intervention or preventive vaccine for 
COVID-19 in the near future.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is a member of the genus Betacoronavirus 
within the family Coronaviridae. It is a single-stranded 
positive-sense RNA virus. Following the recent outbreak 
of a novel coronavirus (SARS-CoV-2), COVID-19 has 
rapidly spread across the globe and has adversely affected 
the capacity of the global public health community [1, 2]. 
Among individuals of different age groups, COVID-19 
has been reported to cause more severe disease-related 
symptoms in older age groups and also people with 
different comorbidities [3], indicating increased dis-
ease severity in hosts with weak immune systems. The 
genome of SARS-CoV-2 (Fig. 1) contains 14 open read-
ing frames (ORFs) which encode 27 different proteins, 
including the spike (S) protein, envelope (E) protein, 
membrane (M) glycoproteins, and nucleocapsid (N) pro-
tein [4]. Emerging genetic and clinical data of this virus 
strongly suggests similarities with two previous highly 
pathogenic human β-coronaviruses, SARS-CoV-1 and 
MERS-CoV. Approximately, 79% and 50% of sequence 
identity is seen with SARS-CoV-1 and MERS-CoV, 
respectively [5]. They also share similar mechanisms for 
viral entry into the host cells [6] and the propensity to 
induce hyperinflammation during diseases severity [7]. 
SARS-CoV-2 infection causes serious respiratory disease 
similar to SARS-CoV-1, namely, novel coronavirus dis-
ease 19 (COVID-19). Common symptoms include fever, 
cough, shortness of breath, and myalgia or fatigue. Some 
patients based on ethnicity, age, and genetic makeup 
display severe symptoms which progress to acute res-
piratory distress syndrome (ARDS) and multiple organ 
failure [8]. Despite the identification of this virus, no 
highly effective antiviral drug has currently been devel-
oped as a robust and effective treatment. Fortunately, 
many vaccine candidates have shown promising results, 
including prevention of developing severe symptoms 
and substantially reducing hospitalizations of infected 
people. However, the long-term efficacy of vaccines and 
mechanisms exacerbating the disease still largely remain 
undetermined. The innate immune system relies mainly 
on different pattern recognition receptors (PRRs) to detect 
pathogen-associated molecular patterns [8]. Recognition 
of viral genome during infection plays an important role 
in limiting virus replication at the early stages of infec-
tion. During the process, the Nod-like receptor family, 
pyrin domain-containing 3 (NLRP3), is activated [9]. 
Currently, there is a gap in knowledge regarding the 

host innate immune response to SARS-CoV-2. However, 
based on the accumulated clinical and experimental data 
on these previous viruses, predictions can be made on 
how the host immune system may deal with this virus and 
how the virus may evade such host responses [10]. The 
first line of defense against viral infection comprises a set 
of pattern recognition receptors (PRRs), including Toll-
like receptors (TLRs) and RIG-I-like receptors (RLRs), 
that recognize the RNA viral genome and its replication 
intermediates. Evidence suggests that upon entry into the 
alveolar epithelium, the virus is sensed by the endosomal 
single-stranded (ss) RNA sensor, TLR7/8, and the cyto-
solic double-stranded (ds) RNA sensor, RIG-I/MDA-5. 
Upon recognition, these sensors recruit the adaptor pro-
teins, MyD88 and MAVS, respectively, and induce down-
stream signaling. Ultimately, this leads to the activation 
of the transcription factors, IRF3/7 and NF-κB, and the 
subsequent production of type I interferons (IFN-α and 
IFN-β) and pro-inflammatory cytokines (e.g., IL-6 and 
TNF-α), respectively [11].

NLRP3 inflammasome is an oligomeric complex 
comprised of the NOD-like receptor NLRP3, the adap-
tor ASC, and caspase-1. This complex is crucial for 
generating optimal antimicrobial response in host body 
accompanied with IL-1β and IL-18 secretion and pyrop-
tosis. NLRP3 recognizes different varieties of PAMPs 
and danger-associated molecular patterns (DAMPs) dur-
ing viral infection, triggering NLRP3 inflammasome-
dependent antiviral immune response to remove virus. 
However, viruses have evolved effective ways in evad-
ing the immune system, such as through modulating the 
NLRP3 inflammasome. Indeed, SARS-CoV-1 has previ-
ously been shown to induce the formation of the NLRP3 
inflammasome through the action of viral proteins such 
as the E and 3a proteins [12]. However, our understand-
ing of the exact innate immune viral recognition mecha-
nisms requires a further understanding. Subsequently, 
our paper aims to provide a conceptual knowledge of 
host–pathogen interactions relevant to the innate immune 
system. It also suggests future avenues pertaining to the 
treatment of COVID-19.

INNATE IMMUNE SENSING OF SARS‑COV‑2

Innate immune system in animals consists of con-
served cellular and molecular defense strategies involved 
in recognition and removal of pathogens and also send-
ing signals for activation of adaptive immune response. 
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Against intracellular pathogens, innate immunity acts as a 
first line of defense. Innate immune response generation 
involves recognition of pathogen-associated molecular pat-
terns (PAMPs) by pattern recognizing receptors expressed 
by host cells (PRR) [13]. Interaction of PAMP with PRR 
triggers a signaling response, which leads to the synthesis 
and secretion of battery soluble cytokines. Understanding of 
the specific innate immune response against SARS-CoV-2 
is currently limited. However, based on our existing knowl-
edge of other CoVs, we can recapitulate common mecha-
nisms during SARS-CoV-2 interactions with host cells.

During SARS-CoV-2 infection, viral spike protein 
interacts with ACE2 receptor on the surface of immune 
cells [14], and the viral RNAs inside the infected cell 
detect intracellular PRR, resulting in immune system 
activation (Fig. 2). RNAs of viruses including SARS-
CoV, SARS-CoV-2, and MERS-CoV are detected by 
endosomal RNA detecting PRRs, including Toll-like 
receptors (TLR-3 and 7) and/or cytoplasmic RNA sen-
sors, namely, retinoic acid-inducible gene I (RIG-I) and 
melanoma differentiation-associated protein 5 (MDA5) 
[15] (Fig. 2). During the process of viral RNA recognition 

Fig. 1  Pictures depicting the structure organization and ORFs of SARS-CoV2. A Structure of SARS-CoV2: it is an enveloped virus, nonsegmented 
with positive‐sense single‐stranded RNA genome. Various components of the virion are shown as follows: spike protein (S), the envelope (E) pro-
tein together with the membrane (M) protein, and the nucleocapsid (N) protein bound to the RNA genome forming nucleocapsid. B Graph repre-
senting genomic organization of SARS-CoV2: genome of the virus encodes two large open reading frames (ORF1a and ORF1b) as shown in 5′ to 
3′ orientation. About two-thirds (67%) of the complete virus genome consist of two ORFs: ORF1 a and b. Both these ORFs encode for 16 nonstruc-
tural proteins. The remaining ORFs occupy the remaining one-third of the genome encoding the four structural proteins (S, spike; E, envelope; M, 
membrane; N, nucleocapsid) and other accessory proteins of the virus.
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inside immune cells, the downstream signaling complex 
is activated, ultimately leading to activation of crucial 
factors involved in generating antiviral signaling path-
ways. Key factors involved in the process are IRF3 (IFN 
regulatory factor-3), nuclear factor κB (NF-κB), and JAK 
(Janus kinase)/STAT (signal transducer and activator of 
transcription) [16]. These cascades during infection are 
important for diseases progression, and therefore, iden-
tification of complete signaling molecules in the path-
way may serve as potential therapeutic targets. In line 
with this, pathways activated by TLRs have been found 
to differentially control other different signaling path-
ways in human CD14 + monocytes. Secretion of specific 
cytokines and type I IFN takes place by coordinated 
activity of signaling pathways [15].

Usually, TLRs upon recognition trigger two inde-
pendent but related pathways: the first one depends upon 
the recruitment of the adapter protein myeloid differen-
tiation primary response gene 88 (MyD88), and the sec-
ond one proceeds via the adapter TIR-domain-containing 
adapter-inducing IFN-β (TRIF) [17]. TLR3 signaling 
is accompanied with the recruitment of TRIF, which 
further interacts with tumor necrosis factor receptor-
associated factors 3 and 6 (TRAF3 and TRAF6). This 
signaling complex further activates a serine/threonine-
protein kinase (TBK1) and inhibitor of κB kinase (IKK) 
and stimulating nuclear factor κ enhancer light chains 
of activated B cells (NF-κB), IFN regulatory factor 
(IRF) 3, and cytokine secretion. Additionally, TRAF6 
also interacts with RIP, leading to stimulation of trans-
forming growth factor beta-activated kinase 1 (TAK-1) 
complex and activation of NF-κB and mitogen-activated 
protein kinase (MAPK) [18]. During TLR7 engagement, 
MyD88 is involved and forms a scaffold complex with 
IL-1 receptor-associated kinases 1 and 4 (IRAK1 and 
IRAK4), TRAF3, and TRAF6. These multiprotein com-
plexes stimulate MAPK, IKK, and TBK, which down-
stream activates and promotes nuclear translocation of 
activator protein 1 (AP-1), NF-κB, IRF3, and IRF7. The 
coordinated activity of all these transcription factors 
results in induction of IFN-I, certain pro-inflammatory 
cytokine, and chemokine (Fig. 2) [18, 19].

Retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs) are additional RNA sensor molecules located 
in the cytoplasm of various cells, including myeloid, epi-
thelial, and central nervous system. These sensor mol-
ecules are involved in sensing phosphate-containing RNA 
and long dsRNA to provide antiviral immunity [20]. 
Following virus genome recognition, the RLRs induce 

a downstream signaling response and interact with mito-
chondrial membrane and activate mitochondrial antiviral 
signaling (MAVS) and then activate transcription factors 
such as interferon regulatory factor 1 (IRF1), IRF3, and 
NF-κB to activate the synthesis of types I and III inter-
ferons and inflammatory cytokines [21]. RLRs induced 
signaling pathway has been reported to result in an aber-
rant cytokine storm condition that leads to debilitating 
conditions in COVID-19 infected patients [22].

Type I IFNs (IFN-α/β) bind to their specific IFN-
α/β receptors (IFNARs) on the surface of nearby or viral 
infected cells, activating the Janus kinase (JAK)/signal 
transducer and activator of transcription (STAT) path-
way to synthesize ISGs for promoting antiviral activity 
[23]. Detailed signaling process for type I IFNs signal-
ing involves activation of JAK1 and tyrosine kinase 2, 
causing phosphorylation and dimerization of STAT1 
and STAT2 [24], which later forms a complex with 
IRF9. STAT-IRF-9 complex translocates to the nucleus 
to induce transcription of ISGs [25]. ISGs are known to 
influence several key cellular processes, including but 
not limited to RNA processing, protein stability, and cell 
viability, which directly participates in the viral life cycle. 
ISGs are also involved in activating T and B cell [26], 
thereby affecting the magnitude and resolution of adap-
tive immune response for virus clearance.

Other than IFNs, one notable activator of JAK/
STAT signaling pathway is IL-6, which induces biologi-
cal effects during infection. IL-6 has been reported to 
increase exponentially COVID-19 patients [27–29] with 
a strong implication in acute inflammation and cytokine 
storm. The main targets of IL-6 are T cells, B cells, and 
many granulocytes. It is known to control activation, dif-
ferentiation, and survival of B and T cells. During SARS-
CoV-2 infection, large amounts of IL-6 are produced and 
released by fibroblast, mesenchymal, endothelial, and 
other cells. This leads to the hyperactivation of T cells 
causing fatal immune reactions in patients. This path-
ological release of IL-6 results in severe symptoms in 
infected individuals.

NLRs (NOD-like receptor) are another large family 
of cytosolic proteins which functions as PRR for gen-
erating response against viruses. This class of receptors 
is organized into three main domains: a CARD domain, 
pyrin domain (PYD), or baculovirus inhibitor repeat 
domain at the N terminal, a conserved NOD motif at 
the intermediate region and LRR motifs at the C termi-
nal. The LRR motifs of the receptor detect viral PAMPs 
and subsequently activate MAPK and NF-κB signaling 
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Fig. 2  Schematic representation of elements involved in generating innate immune response against SARS-CoV-2. SARS‐CoV2 infects permis-
sible cells via angiotensin‐converting enzyme 2 (ACE2). After entering the alveolar epithelium, the virus is recognized by important innate immune 
sensors including endosomal RNA sensors—Toll-like receptor 3 (TLR3), TLR7/8 and cytoplasmic retinoic acid-inducible gene I (RIG-I), and mela-
noma differentiation-associated protein 5 (MDA5). TLRs are known to further activate TIR-domain-containing adapter-inducing IFNβ (TRIF) and 
myeloid differentiation primary response gene 88 (MyD88) signaling pathways. MyD88-dependent pathway proceeds via formation of “Mydos-
some” with TRAF6 activating TAK1 kinase via polyubiquitination. The activated TAK1 activates IKK kinase complex by phosphorylation. The 
activation of IKK complex leads to the activation of induced nuclear translocation of NF-κB. The TRIF-dependent pathway, on the other hand, 
recruits TRAF3 and TRAF6. TRAF3 activates IKK complex by polyubiquitination which in turn activates IKKε/TBK1 by phosphorylation and 
causes activation and nuclear translocation of IRF3 and IRF7. In addition, virus-induced mitochondria damage activates cyclic GMP-AMP synthase 
(cGAS) and stimulator of interferon gene (STING) pathway to induce synthesis of antiviral IFN-α/β production via IRF3 and IRF7. Transcription 
factor NF-κB initiates production of pro-inflammatory cytokines (TNF-α and IL-6), and the transcription factor IRF3/7 initiates production of type 
I interferon (IFN-α/β). Interferons are secreted and bind to the type I interferon receptor (IFNAR) in an autocrine loop to activate JAK-STAT signal 
transduction pathway, where STAT1-STAT2 is phosphorylated and forms heterodimer that joins IRF9 to form ISGF-3. ISGF-3 complex then binds 
to ISREs on the regulatory region on target genes to induce expression of interferon-stimulated genes (ISGs). ISG genes expression establishes an 
antiviral state in the cells.
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pathways [30]. Furthermore, some members of NLRs are 
known to generate multimeric protein complexes known 
as inflammasomes. These inflammasomes are mainly 
responsible for preventing survival of pathogens inside 
the infected cells and also induce the cleavage of pro-
IL-1β and pro-IL-18 into their active forms [31].

The transcription factor NF-κB is a major regu-
lator for both innate and adaptive immunity [32]. It is 
essential in initiation and propagation of optimal immune 
responses and, therefore, participates in decreasing 
inflammation [33]. However, overstimulation of the 
NF-κB signaling pathway often results in the develop-
ment of inflammatory diseases (Hayden et  al. 2006) 
[33]. Notably, the exacerbation of NF-κB activation is 
also reported to have implications in lung inflamma-
tory immunopathology induced by respiratory viruses 
like SARS-CoV [34]. In line with this, [35] demon-
strated that stimulation of murine macrophages cell line 
(RAW264.7) with recombinant SARS-CoV-2 spike pro-
tein resulted in excessive secretion of IL-6 and TNF-α 
in a dose-dependent manner. Synthesis of both cytokines 
relies on the activation of NF-κB signaling pathway [36]. 
Accordingly, transfection of RAW264.7 cells with domi-
nant negative NIK which inhibits NF-κB activation was 
seen to produce a blunted secretion of IL-6 and TNF-α 
upon spike protein stimulation [36].

The cyclic GMP-AMP synthase (cGAS) and stimu-
lator of IFN gene (STING) pathway are also activated dur-
ing viral infection [37]. This pathway involves recognition 
of pathogen DNA and also self-DNA. In the process, the 
cGAS nucleotidyl transferase produces second-messenger 
cyclic GMP-AMP (cGAMP) that binds to STING, leading 
to activation of TBK1, phosphorylation of IRF3, and pro-
duction of type I IFNs [38]. Overactivation of STING has 
been shown to induce progressive activation of CD4 + and 
CD8 + T lymphocytes as observed in severe COVID-19 
patients. Targeting STING pathway with specific inhibi-
tors could be regarded as a therapeutic strategy for treating 
severe COVID-19 patients.

MODULATION OF HOST INNATE IMMUNITY 
BY SARS‑COV‑2

Based on recent literature, coronaviruses have par-
ticularly been shown to adapt to evade immune detection 
whilst also compromising host immune responses. This 
partially explains the longer incubation period of such 
viruses, 2–11 days on average compared to other common 

flu virus like influenza, which displays an incubation 
period of 1–4 days [39]. The length of incubation period 
is determined by several factors such as the number of 
viral particles infecting the host and how efficiently they 
are cleared by host immunity and viral evasion strategies. 
The longer incubation period for CoVs is, therefore, due 
to more efficient immune evasion strategies at early stages 
of infection.

Based on findings from HCoVs, most likely PRRs 
involved in SARS-CoV-2 sensing are TLR3, TLR7, RIG1, 
and MDA5 as discussed previously [40]. And also, all 
these PRRs induce signaling cascades for inducing very 
strong IFN response. Previous reports have shown that 
infection caused by HCoVs, especially the highly patho-
genic SARS-CoV-1, suppresses IFN release in vitro and 
in vivo [41, 42]. In line with this, SARS-CoV-2 also dis-
played weak IFN I/III signatures from infected cell lines, 
primary bronchial cells, and a ferret model [43]. In fact, 
severe COVID-19 patients show remarkably impaired 
IFN I signature when compared with mild or moderate 
cases [44, 45]. The capability of the virus to control I IFN 
signaling is an important feature of its virulence proper-
ties [46]. The complexities are associated with IFN syn-
thesis and secretion; it is utmost essential to understand 
the complete dynamics of type I IFN response during 
SARS-CoV-2 infection. Different cell lines model dem-
onstrates SARS-CoV-2-induced low level of type I and 
II IFNs response, ultimately inducing moderate amount 
of ISGs and key pro-inflammatory signature molecules 
including ILIB, IL6, TNF, and different chemokines 
[43]. An early clinical study reported that type I IFNs 
were either not detected or found in very small amount 
irrespective of disease severity in the plasma of patients 
[44]. These findings suggest that early burst of type I IFN 
(IFN-α) is more likely of lung origin rather than derived 
from blood-derived immune cells [47]. The dynamics of 
type I IFNs in mouse model suggest that they play a sig-
nificant role as a driver of pathologic response [48].

SARS-CoV-2 uses a multipronged approach to 
evade type I innate immune response which mainly 
relies on the viral components and their interactors in 
host cells in early COVID-19 studies [40, 43, 47]. At least 
ten SARS-CoV-2 proteins have been identified that coun-
teract the antiviral action of IFN (Fig. 3).

A nonstructural protein 16 (NSP16) of SARS-
CoV-2 suppresses global mRNA splicing and viral 
mRNA sensing by host helicase receptors. In addition to 
this, NSP1 causes global inhibition of mRNA translation, 
and NSP8 and NSP9 interfere with protein movement 
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to the cell membrane. All these processes ultimately 
lead to reduced type I IFN production by infected cell 
[49, 50]. Biophysical analysis further suggested that 
NSP13 interacts with TBK1 and NSP15 with NRDP1 

(E3 ubiquitin ligase for maintaining JAK-STAT receptor 
degradation). Other viral proteins including ORF9b and 
ORF6 were seen to interact with TOMM70 (outer mito-
chondrial membrane protein) and KPNA2 or IFN-induced 

Fig. 3  Immune evasion strategies exploited by SARS-CoV2 during infection. After viral genome entry into the host cells during infection, viral 
genome ssRNA as well as dsRNA intermediate found in virus life cycle is sensed by innate immune sensors, RIG-I/MDA5 in cytoplasm or Toll-like 
receptors TLR3/7/8 in endosome. Response generated from these sensors initiates a downstream signaling cascade leading to IFN-β gene expres-
sion. RIG-I/MDA5-dependent signaling involves a mitochondrial adaptor MAVS, whereas TLR signals through TRIF/MyD88. Both pathways 
involve common TRAF adaptor to activate transcription factors. The SARS-CoV-2 encoded proteins shown in yellow box are known to intervene 
the host innate immune signaling at various action points as evasion mechanisms to sustain viral replication and propagation. One key strategy is to 
effectively suppress the activation of TNF receptor-associated factors (TRAF) 3 and 6, thereby limiting activation of the transcription factors NFκB 
and IRF3 and 7. This leads to severely dampened early pro-inflammatory response mediated by type I interferons (IFN) and pro-inflammatory effec-
tor cytokines IL-1, IL-6, and TNF-α. Furthermore, novel SARS-CoV-2 inhibits activation of STAT transcription factors (ISRE) in response to type I 
IFN receptor activation, which further limits antiviral response mechanisms. Altogether, this prohibits virus containment through activation of anti-
viral programs and the recruitment of immune cells.
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NUP98-RAE nuclear export complex, which are both 
involved in nuclear targeting of proinflammatory factors 
such as IRF3, IRF7, and STAT1 [50, 51].

Functional testing demonstrated further support for 
the counteracting activity of ORF3b, ORF6, NSP1, or 
NSP13 on type I IFN activation, of which particularly 
ORF6 suppressed STAT1 and STAT2 phosphorylation 
and STAT1 nuclear translocation [51, 52]. Evidence sug-
gests that SARS-CoV-2 is targeting the type I IFN system 
at various steps, subsequently strongly interfering with 
a well-orchestrated interplay between antiviral and pro-
inflammatory innate and adaptive defense mechanisms 
within the immune system. Early studies of COVID-19 
infection, especially associated with severe disease, sug-
gested infection-induced immune response results to 
cytokine storm or cytokine release syndrome (CRS) [53, 
54]. In severe or critical patients, NF-kB pathway was 
seen to be mainly involved for upregulated expression 
of several pro-inflammatory genes [44]. This response 
later leads to accumulation of pathogenic inflamma-
tory neutrophils and macrophages in the lung, further 
causing higher load of pro-inflammatory cytokines and 
chemokines in BALF and blood [1, 35, 43, 44, 55–57]. 
Among cytokines, IL-6, TNF, and IFNγ have shown 
elevated responses in mild to severe patients [44, 58]. 
Among these, longitudinal profiling revealed dynamic 
changes in the concentration of IL-6 correlates with the 
pathology of COVID-19. Collectively, these findings fur-
ther support more complex viral-host interactions with 
upregulation of pro-inflammatory signaling as a crucial 
part of derailed innate immune response.

ALTERATIONS IN INNATE IMMUNE CELLS 
DURING SARS‑COV‑2 INFECTION

Series of cellular and transcriptional changes 
take place in the respiratory tract to generate mucosal 
immune response against SARS-CoV-2 infection [59]. 
As expected, very large influx of innate immune cells 
take place in the lungs of COVID-19 infected patients. 
Most notable cells involve neutrophils and macrophages 
attracted toward lungs epithelium in response to several 
chemokines secreted by infected lung epithelial cells. Due 
to the hyperactivity of pro-inflammatory macrophages, 
further recruitment of more granulocytes and monocytes 
takes place in patients showing severe symptoms [59, 60]. 
It is still not clear whether changes seen in the immune 
cells in circulation reflect individual-patient changes in 

lungs with known viral load and infection. One of the 
key hallmarks of severe COVID-19 involves an increase 
in circulating neutrophils along with decreased propor-
tions of lymphocytes, mainly clonally expanded CD8 + T 
cells [1, 44, 61, 62]. Furthermore, severe patients show 
dysfunctional S100hi classical monocytes with downreg-
ulated MHC-II expression, ultimately promoting sepsis 
[47, 63–65]. In addition to this, IFN-α secreting plas-
macytoid DCs (pDCs) are both reduced and functionally 
impaired in the circulation of infected patients, meaning 
infected lungs act as an important source for elevated 
levels of type I IFNs during early stages of infection [47, 
66]. As discussed early, lymphopenia is identified as an 
important hallmark of severity of disease which not only 
includes reduction in B and T cells but also in NK cells 
[44, 67] Patients with faster recovery are accompanied 
with decreased inhibition of NF-κB signaling in NK cells 
along with increased levels of cytotoxicity to clear viral 
infected cells more efficiently [63]. All in all, immunosup-
pressive phenotypes in innate immune cells are directly 
linked to deviation in the adaptive immune systems 
observed during SARS-CoV-2 infection, which might 
be leading to lymphopenia [62]. Overall, we postulate 
that very much different molecular determinants might be 
involved in differently programming innate immune cells 
in mild versus severe disease courses, accompanied with 
differences in adaptive immunity against SARS-CoV-2. 
This is sufficient to further understand inflammasone 
signaling pathway during viral infection which might be 
a converging point toward a detrimental clinical path.

NLRP3 INFLAMMASOMES ACTIVATION 
IN SARS‑COV‑2 PATHOGENESIS

The NLRP3 is a vital sensor protein in cytosol involved 
in producing antimicrobial response. It contains an N- 
terminal pyrin domain (PYD), a central NACHT domain, and  
C-terminal leucine-rich domain (LRR) [68]. During response,  
NLRP3 oligomerizes and causes cleavage-dependent activa-
tion of caspase 1, which ultimately leads to inflammasome  
activation [69]. Upon activation, inflammation is enhanced  
by increased production of molecules including IL‐1β, 
IL‐18, and gasdermin D which plays a key role in regulating  
pathogen-induced inflammation. Numerous studies have  
shown excessive and aberrant inflammasome activity dur-
ing viral infection, ultimately causing systemic inflamma-
tion-induced tissue destruction. In addition to this, NLRP3 
inflammasome and IL-1β are known to mediate inflammation 
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during lung injury and ARDS [70, 71]. Recent studies on 
SARS‐CoV‐2 using wide range of cells indicate activation 
of the inflammasome pathway [72]. It is more likely that 
NLRP3-mediated inflammasome is regarded as a major 
cause of formation of the severe inflammatory cytokine 
storm, resulting in clinical and pathological manifestations 
of individuals infected with COVID-19 [73]. In other coro-
navirus infections including MERS-CoV and SARS-CoV-1, 
patients with ARDS show high levels of pro-inflammatory 
markers such as IL-1β, IL-6, and IL-8 [73, 74]. In line with 
this, influenza infection is known to demonstrate a high 
load of IL-1β in the bronchoalveolar fluid and plasma from 
patients with lung injury [75–79]. Based on these reports, 
IL-1β appears to play a key role in acute lung injury, so sub-
sequently, pharmacological targeting of this pathway repre-
sents an important area of intervention. The acute immune 
response generated during SARS-CoV-2 infection is largely 
driven by inflammatory alveolar and monocyte-derived mac-
rophages in response to PAMPs and DAMPs sensing in the 
infected cells [80–82]. As an initial response to infection, 
TNF-α and IL-1β secreted by alveolar macrophages gener-
ate an acute pro-inflammatory environment. The secretion 
of these cytokines induces cell death and damage, PAMP/
DAMP production, immune cell recruitment, and wide-
spread NLRP3 activation, establishing a pro-inflammatory 
positive feedback cascade [82–84]. Through the aid of ZBP1, 
NLRP3 recognizes viral proteins and promotes inflamma-
some assembly [85]. ZBP1 interacts with the IAV nucleopro-
tein (NP) and polymerase subunit PB1 after infection. ZBP1 
goes on to interact with RIP3 through their shared domain 
homotypic interaction motif (RHIM), to stimulate activation 
of the NLRP3 inflammasome via the RIP1-RIP3-caspase-8 
pathway [85–87].

During the course of infection, viruses stimulate 
various changes in cellular status of their host cells, 
including lysosomal maturation, aberrant ion concen-
trations, mitochondria damage, and the accumulation 
of misfolded protein aggregates, all of which are rec-
ognized as danger signals by the host and stimulate the 
activation of the NLRP3 inflammasome. The maturation 
and acidification of lysosomes cause the leakage of cata-
lytically active cathepsin B, and the resulting generation 
of reactive oxygen species (ROS), which activates the 
NLRP3 inflammasome [88, 89]. ROS are also required 
for NLRP3 inflammasome activation. Potassium efflux is 
a well-known activator of the NLRP3 inflammasome [90, 
91]. N protein from SARS-CoV causes the flux of cal-
cium from intracellular storages to the cytosol, which is 
vital for NLRP3 activation [92]. SARS-CoV viroporin 3a 

changes membrane permeability through formation of a 
cation-selective ion channel. Subsequently, the ion chan-
nel permits the release of Na + /K + , rather than Ca2 + , to 
induce the NLRP3 inflammasome activation [12]. Mito-
chondria damage is also a vital activator of the NLRP3 
inflammasome. Similar to lysosomal or endosomal matu-
ration, mitochondria damage also leads to the production 
of ROS to activate the NLRP3 inflammasome [93].

The SARS-CoV-1 genome encodes 3 ion channel 
proteins: E, open reading frame 3a (ORF3a), and ORF8a 
in which E and ORF3a are required for both replication 
and virulence [83, 94, 95]. In addition to the canonical 
NLRP3 activation pathway by PAMPs and DAMPs, 
the E, 3a, and 8b proteins of SARS-CoV-1 function as 
NLRP3 agonists [81, 83, 96]; many of these sequences 
are conserved in SARS-CoV-2 and likely play a role in 
inflammatory pathogenesis [81, 97].

Defining the inflammatory activities of SARS-
CoV-2 ORFs 3a and 8 is therefore critical to predictive 
monitoring and modeling of novel SARS-CoV-2 strain 
emergence.

The NLRP3 inflammasome has demonstrated to 
play an instrumental role in the pathogenesis of viral 
diseases [98, 99]. The proliferation of SARS-CoV-2 in 
various cells can be combined with numerous observa-
tions of direct and indirect activation of inflammasome by 
other coronaviruses. Activation of the inflammasome is 
likely to be involved in the formation of severe cytokine 
storm, which subsequently causes ARDS and MODS and 
ultimately leads to death. Recent studies emphasize on 
the key role of NLRP3 inflammasome in immunopatho-
genesis of severe COVID-19 especially in patients with 
increased risk (such as diabetes and obesity) [100–102].

For SARS-CoV-2-induced NLRP3 inflammasome 
activation, the potential mechanisms are based mainly 
on canonical activation pathways. SARS-CoV-2 can acti-
vate the NLRP3 inflammasome either directly or through 
diverse cellular/molecular signaling events. Incubation of 
viable SARS-CoV-2 viral particle with monocytes causes 
the activation of NLRP3 inflammasome as demonstrated 
by puncta formation, a marker for active inflammasome 
formation. Activation of NLRP3 inflammasome is associ-
ated with disease severity in COVID-19 patients [103].

A number of hypotheses suggest that several pro-
teins encoded by coronavirus, called viroporins, are 
responsible for ion channel proteins (IC) assemblage and 
alteration of cell membrane permeability, facilitating 
virus spreading and virulence [104, 105]. The accessory 
protein 3a of SARS-CoV-2 contains several functional 
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domains that have been suggested to be involved in 
the virus’ virulence and pathogenesis by the activa-
tion NLRP3 inflammasome [106]. Given its capacity to 

interact directly with both transcription factor TNF recep-
tor 3 (TRAF3) (through domain II) and ASC NLRP3 
protein (through domain III) and enhance IC assemblage 

Fig. 4  NLRP3 activation by SARS-CoV-2. Activation of the NLRP3 inflammasome requires priming signal and activation signal. During initial 
priming signal, activated PRRs induce IRF3/7 and NF-kB activation, triggering the transcription of NLRP3, pro caspase-1, pro-IL-1b, and pro-
IL-18. Later, activation signal involves multiple DAMPs, and PAMPs induced NLRP3 inflammasome assembly and activation. DAMPs include 
lysosomal or endosomal injury, aberrant ionic fluxes, mitochondrial injury, and protein aggregates. With the help of ZBP1, NLRP3 is activated by 
sensing viral proteins and RNA and promotes inflammasome assembly. Lysosomal maturation and mitochondria damage induce the production of 
ROS to activate the NLRP3 inflammasome. NLRP3 recruits the adapter protein, ASC and the protease caspase-1. Association with these factors 
makes NLRP3 fully matured, and NLRP3 inflammasome further drives maturation of pro-IL-1β and pro-IL-18 into their respective active forms. 
Activation of caspase-1 involves the auto-cleavage of pro-caspase-1 and matured caspase-1 and then mediates proteolytic cleavage-based activation 
and secretion of pro-IL-1b and pro-IL-18 into IL-1β and IL-18 which results in pyroptosis (programmed cell death).
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(through domain III), 3a acts as an important factor in the 
activation signaling pathways of NFk-B and pro-cytokine 
maturation to activate IL-1β and IL-18 [106, 107].

The N proteins of SARS-CoV-2 can activate 
the complement cascade in a mannan-binding lectin-
dependent manner. Several studies have indicated that 
the initiation of the complement cascade can lead to the 
activation of the NLRP3; the complement system con-
tributes to COVID-19 pathology and is closely related 
to the activation of the NLRP3 inflammasome. In this 
context, it can be inferred that SARS-CoV-2 infection 
activates the NLRP3 inflammasome through the com-
plement cascade pathway [108, 109].

Infection with SARS-CoV-2 induces cell death, 
characterized by loss of integrity of the plasma mem-
brane, characteristic of pyroptosis. Evaluation of 
COVID-19 patients and postmortem samples showed 
that SARS-CoV-2 induces inflammasome activation in 
primary human monocytic cells and mimics the release 
of lactate dehydrogenase, a marker of cell injury, from 
infected monocytes. According to recent reports, SARS-
CoV-2 directly infects human monocytic cells and pro-
motes activation of NLRP3 and lytic cell death [22, 110]. 
Although further evidence is needed to verify the role of 
both structural and nonstructural SARS-CoV-2 proteins, 
understanding the underlying molecular mechanisms 
could pave the way for a therapeutic target to reduce dis-
ease severity (Fig. 4).

EMERGENT TREATMENTS AGAINST COVID‑19

Currently, the fundamental tools being used to 
respond against the global threat posed by COVID-19 
are various vaccines. Through a collaboration of gov-
ernments, pharmaceutical organizations, and academ-
ics across the world, several decades of progress on new 
vaccine platforms, viral immunology, structural biology, 
protein engineering research, and clinical trial operations 
expertise allowed rapid development, evaluation, manu-
facturing, and deployment of successful vaccines [111].

Modern vaccinology, as seen in the vaccines pro-
duced by companies such as Pfizer and Moderna, utilizes 
advances in viral immunology, structural biology, and 
novel vaccine platforms to safely elicit robust immunity 
[111]. Recognizing the importance of stabilizing viral 
surface proteins as immunogens enabled investigators to 
build their understanding of the atomic-level structure of 

the HKU1 Betacoronavirus. This allowed investigators 
to subsequently assess the impact of introducing stabi-
lizing mutations into the spike protein of HKU1, SARS, 
and Middle East Respiratory Syndrome (MERS) [112, 
113]. Both of these studies [112, 113] demonstrated how 
the alteration of two sequential amino acids to prolines 
in the central helix of the transmembrane portion of the 
protein could aid in the stabilization of the spike protein 
in its native conformation, enhancing protein expression 
and thus improving immunogenicity [114]. The sequence 
alignment allowed the two proline mutations to be intro-
duced into the SARS-COV-2 spike protein to facilitate 
the successful design and production of some of the vac-
cines which are successfully combating COVID-19 today 
[111].

However, further research must be conducted upon 
potential drugs which can combat COVID-19; as to date, 
dexamethasone is the only drug that has shown to reduce 
COVID-19 mortality in those requiring respiratory sup-
port [115].

CONCLUSION

The COVID-19 pandemic, caused by novel SARS-
CoV-2, is one of the greatest global public health emer-
gencies since the Spanish influenza outbreak of 1918. 
This has left us with an unprecedented challenge for the 
identification of both preventive and therapeutic drugs. 
Knowledge of virus interactions with host cells has 
gained importance for designing effective therapeutics 
for the treatment. These insights are explored for urgently 
designing several vaccines and drugs in countering the 
pandemic. Currently, understanding of the mechanistic 
detail of host innate immune response remains limited, 
and further research is required to enhance this under-
standing. It is highly crucial to understand the host innate 
immune responses during infection and how pathogens 
exploit them for successful evasion. One classical and key 
innate immune response involves antiviral type I IFNs, 
but several ssRNA viruses show different mechanisms to 
antagonize IFN response, thereby protecting themselves 
from host immune regulators. Additionally, pathology is 
caused through viral evasion associated with a delayed 
aberrant IFNs induced inflammatory response.

SARS-CoV-2 enters the host cells through binding 
to cellular receptors, ACE2. After entry into the host cell, 
the innate immune sensors, TLR and RLR, are activated. 
Response generated by these regulators further activates 
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IRF3, IRF7, and NF-κB, leading to generation of an 
antiviral response and the production of inflammatory 
cytokines. Also, COVID-19 causes an array of disease 
manifestations, the most severe of which is mediated 
by a massive inflammatory response which may involve 
stimulation of the NLRP3 inflammasome. Direct scien-
tific data linking the NLRP3 inflammasome and SARS-
CoV-2 infection is limited due to poor understanding of 
this new pathogen.

However, recent studies directly support the role of 
IL-1β and NLRP3-dependent inflammasome activation 
in the pathogenesis of acute lung injury. The potential 
involvement of NLRP3 in severe cases of COVID-19 
warrants further research into the therapeutic targeting 
of the NLRP3 inflammasome. Overall, more understand-
ing and investigations of the host innate immune response 
and pathogenesis of SARS-CoV-2 would facilitate more 
insights for the development of antiviral therapeutics and 
vaccines.
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