
Type I and III interferons (IFNs) and the nucleotide-binding 
domain (NBD) leucine-rich repeat (LRR)-containing receptor 
(NLR) family pyrin domain containing 3 (NLRP3) inflamma-
some play pivotal roles in the pathogenesis of SARS-CoV-2. 
While optimal IFN and inflammasome responses are essen-
tial for limiting SARS-CoV-2 infection, aberrant activation of 
these innate immune responses is associated with COVID-19 
pathogenesis. In this review, we focus our discussion on re-
cent findings on SARS-CoV-2-induced type I and III IFNs 
and NLRP3 inflammasome responses and the viral proteins 
regulating these mechanisms.
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tory syndrome corona virus 2

Introduction

The innate immune system acts as an advance guard that re-
cognizes viral infection and activates a host defense response. 
Cells of the innate immune system recognize viral pathogen- 
associated molecular patterns (PAMPs) via germ line-encoded 
pattern recognition receptors (PRRs). Viral nucleic acids serve 
as major PAMPs to initiate innate immune responses. Cyto-
solic PRRs, including retinoic acid-inducible gene-I (RIG-I) 
like receptors (RLRs), play pivotal roles in sensing viral nu-
cleic acids. Upon recognition of viral nucleic acids, cytosolic 
PRRs trigger intracellular signaling pathways to stimulate the 
expression of type I and III interferons (IFNs) as well as pro-
inflammatory cytokines which recruit macrophages and mo-
nocytes from the blood to the site of infection and prime adap-
tive immune responses. Type I (IFN-α/β) and III (IFN-λ) IFNs 
act in an autocrine/paracrine manner and activate the Janus 
kinase-signal transducer and activator of transcription (JAK- 
STAT) pathway to promote the expression of interferon- 
stimulated genes (ISGs) for establishing an antiviral state. 

Recognition of viral PAMPs by PRRs as well as cellular stress 
signals induced by viral infection additionally triggers in-
flammasome assembly. The inflammasome promotes acti-
vation of canonical and non-canonical caspases, in turn, lead-
ing to secretion of the proinflammatory cytokines, IL-1β and 
IL-18, and pyroptosis of infected cells.
  Severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) is the etiological agent for the coronavirus disease 2019 
(COVID-19) outbreak. Similar to other RNA viruses, SARS- 
CoV-2 infection induces type I and III IFNs and activates the 
inflammasome. While optimal innate immune responses are 
essential for eliminating infection, aberrant IFN and inflam-
masome activation are associated with COVID-19 patho-
genesis. Suppression of type I and III IFN responses and ex-
acerbation of NLRP3 inflammasome activation are reported 
to be associated with severe COVID-19 (Arunachalam et al., 
2020; Hadjadj et al., 2020; Ferreira et al., 2021; Galani et al., 
2021; Junqueira et al., 2021; Rodrigues et al., 2021; Zheng et 
al., 2021). In support of these findings, mutations in genes 
associated with type I IFN signaling pathway and neutraliz-
ing auto-antibodies against type I IFNs have been identified 
in 3.5% and 10% severe COVID-19 cases, respectively (Ba-
stard et al., 2020; Zhang et al., 2020; Pairo-Castineira et al., 
2021). In contrast, other studies have reported robust type I 
IFN responses in patients with severe COVID-19 (Wilk et al., 
2020; Zhou et al., 2020). At the cellular level, efficient SARS- 
CoV-2 infection of lung epithelial cells induces delayed hy-
per-induction of type I and III IFNs without affecting virus 
replication (Rebendenne et al., 2021). In association with theses 
complicating phenomena, SARS-CoV-2 employs various viral 
proteins to promote and/or impede type I and III and inflam-
masome responses (Fig. 1). Orchestrated regulation of IFN 
and inflammasome responses by SARS-CoV-2 at the cellular 
and systemic host levels may contribute to viral replication, 
transmission and pathogenesis. Here, we focus our review on 
providing an overview of recent findings on SARS-CoV-2- 
mediated IFN and inflammasome activation mechanisms 
and associated regulatory viral proteins.

SARS-CoV-2 and Type I and III IFN Signaling 
Pathways

RLRs, including RIG-I and melanoma differentiation-asso-
ciated protein 5 (MDA5), function as important sensors of 
RNA viruses, including hepatitis C virus (HCV), Sendai virus 
(SeV), influenza virus, flaviviruses and picornaviruses (Meylan 
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Fig. 1. SARS-CoV-2 genome and proteins. SARS-CoV-2 contains a single-stranded positive-sense RNA genome of ~30 kb. The polyproteins, pp1a and pp1ab, 
are directly translated from two overlapping ORFs, ORF1a, and ORF1b, respectively, and processed into 16 NSPs by two viral protease, NSP3 (PLpro) and 
NSP5 (3CL). The structural proteins including spike (S), envelope (E), membrane (M) and nucleocapsid (N), and accessory proteins are translated from 
subgenomic RNAs produced by the discontinuous translation of negative-strand RNAs (Fernandes et al., 2020; Huston et al., 2021; V’kovski et al., 2021; 
Yan et al., 2021).

Fig. 2. Regulation of type I and III IFN signaling pathways by SARS-CoV-2 proteins. Cellular proteins involved in type I and III IFN signaling pathways are 
represented in gray. SARS-CoV-2 proteins which activate and inhibit the pathways are represented in green and red, respectively.
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and Tschopp, 2006; Chiu et al., 2009; Nakhaei et al., 2009; 
Stone et al., 2019). RLRs sense viral RNAs in the cytoplasm 
and activate the adaptor protein, mitochondrial antiviral sig-
naling protein (MAVS). Activated MAVS interacts with inhi-
bitor of nuclear factor kappa-B kinase subunit epsilon (IKKε) 
and the serine/threonine-protein kinase 1 (TBK1) to phos-
phorylate transcription factors, such as nuclear factor κB (NF- 
κB) and interferon (IFN) regulatory factor 3 and 7 (IRF3 and 
IRF7). Phosphorylated transcription factors translocate to 
the nucleus and induce the expression of pro-inflammatory 
cytokines and type I and III IFNs (Dutta et al., 2017; Brisse 
and Ly, 2019; Zhang et al., 2019). Upon binding of type I and 
III IFNs to the heterodimeric receptors composed of the IFN-α 
receptor 1 (IFNAR1) and the IFN-α receptor 2 (IFNAR2) and 
the IFN-λ receptor (IFNLR1 or IL-28Rα) and the interleukin 
10 receptor 2 (IL-10R2), respectively, the Janus kinase (JAK) 
family of protein tyrosine kinases is activated and phospho-
rylates signal transducer and activator of transcription (STAT) 
1 and 2. Phosphorylated STAT1 and 2 bind to the IRF9 and 
form interferon-stimulated gene factor 3 (ISGF3) transcrip-
tion factor complex which translocates to the nucleus and in-
duces the expression of the ISGs (Chmiest et al., 2016; Majoros 
et al., 2017). The ISGs interfere with the virus life cycle by 
blocking viral entry, uncoating, gene expression, replication, 
assembly or egress (Schoggins, 2019). Indeed, ISGs inhibit the 
different stages of the SARS-CoV-2 life cycle. For example, 
SARS-CoV-2 replication and egress are suppressed by LY6E 
and BST2, respectively (Martin-Sancho et al., 2021). Further-
more, LY6E, CLEC4D, UBC, ELF1, FAM46C, and REC8 
block SARS-CoV-2 entry (Martin-Sancho et al., 2021).
  RLRs are reported to play a critical role in suppressing SARS- 
CoV-2 replication (Rebendenne et al., 2021; Yamada et al., 
2021). MDA5, but not RIG-I, is essential for sensing SARS- 
CoV-2 and inducing type I and III IFNs in lung epithelial 
cells (Rebendenne et al., 2021). Interestingly, RIG-I has also 
been shown to inhibit SARS-CoV-2 replication in a manner 
independent of type I and III IFN signaling. Upon infection, 
RIG-I senses the 3’ untranslated region of the RNA genome 
of SARS-CoV-2 and interferes with viral RNA-dependent 
RNA polymerase (RdRP)-mediated replication (Yamada et 
al., 2021).
  To evade host innate immune responses, SARS-CoV-2 em-
ploys a number of viral proteins that block RLR-mediated IFN 
signaling pathways (Fig. 2). Nonstructural protein 1 (NSP1) 
suppresses translocation of IRF3 to the nucleus and reduces 
the IFN-β level in addition to inhibiting phosphorylation of 
STAT1 and degrading STAT2 via proteasome (Xia et al., 2020; 
Kumar et al., 2021). The papain-like protease (PLpro) domain 
of NSP3, which cleaves the viral polyproteins to generate 
NSP1, NSP2, and NSP3 (Klemm et al., 2020), interacts with 
and de-ISGylates MDA5 to block ISG15 conjugation and ac-
tivation of MDA5 (Liu et al., 2021a). Furthermore, PLpro sup-
presses phosphorylation of TBK1 and promotes de-ISGyla-
tion of IRF3 to inhibit its phosphorylation and nuclear trans-
location (Shin et al., 2020). NSP5 protease (3CLpro or Mpro), 
which cleaves the viral polyproteins to generate 13 NSPs (NSP4 
to NSP16) (Klemm et al., 2020), blocks TBK1- and IKKε-in-
duced IFN-β promoter activity and nuclear translocation of 
IRF3 (Fung et al., 2021). NSP6, a membrane protein which 
forms a replication-transcription complex with NSP3 and 

NSP4 (Pandey et al., 2020), suppresses MAVS-, TBK1- and 
IKKε-induced IFN-β promoter activation, interacts with 
TBK1, and inhibits phosphorylation of IRF3 (Xia et al., 2020). 
NSP12, a RNA-dependent RNA polymerase (RdRp) (Peng 
et al., 2020), inhibits the nuclear translocation of IRF3 and 
suppresses RIG-I, MDA5, MAVS and IRF3-induced IFN-β 
promoter activation (Wang et al., 2021). Mutational studies 
further indicate that the enzymatic activity of NSP12 is not 
required for this inhibition (Wang et al., 2021). NSP13 heli-
case interacts with TBK1, consequently inhibiting phospho-
rylation of TBK1 and IRF3 (Xia et al., 2020). NSP13 as well 
as NSP14, which contains 3’ to 5’ exoribonuclease and me-
thyltransferase guanine-N7 methyltransferase activity, and 
NSP15 a uridine specific endoribonuclease, individually block 
nuclear translocation of IRF3 and inhibit RIG-I-induced 
IFN-β promoter activation (Yuen et al., 2020). Furthermore, 
NSP14 inhibits IFN-dependent ISG induction through sup-
pressing synthesis of proteins such as ISGs, RIG-I, MDA5, 
and STING (Hsu et al., 2021). Membrane (M) protein interacts 
with RIG-I, MDA5, MAVS, and TBK1 and blocks the forma-
tion of complexes with downstream proteins of the signaling 
pathway (Zheng et al., 2020). The protein inhibits the RIG-I/ 
MDA5 signaling pathway, but not TRIF- or STING-mediated 
IFN activation (Zheng et al., 2020). In another study, the M 
protein is reported to interact with MAVS, but not RIG-I, 
MDA5 or TBK1, and block recruitment of downstream pro-
teins including TRAF3, TBK1, and IRF3 (Fu et al., 2021). Fur-
ther reports suggest that the M protein interacts with MDA5, 
TRAF3, TBK1, and IKKε and degrades TBK1 via K48-linked 
ubiquitination to suppress type I IFN production (Sui et al., 
2021). The M protein is additionally reported to inhibit nu-
clear translocation of IRF3, but not phosphorylation (Sui et 
al., 2021). Although it is well established that the M protein 
inhibits RIG-I/MDA5 signaling pathway, the detailed me-
chanisms remain unclear. The nucleocapsid (N) protein in-
teracts with RIG-I and blocks TBK1 interactions with IRF3, 
thus suppressing phosphorylation and nuclear translocation 
of IRF3 and inhibiting IFNβ promoter activation (Chen et 
al., 2021; Liu et al., 2021b; Oh and Shin, 2021). The open- 
reading frame (ORF) 3b (ORF3b) of SARS-CoV-2 includes 
four stop codons that produce four derivatives, specifically, 
57a.a, 79a.a, 119a.a, and 155a.a. Except for 155a.a, ORF3b de-
rivatives suppress IFN-β promoter activity to a greater extent. 
For instance, Ecuador variant ORF3b lacking the first stop 
codon inhibits type I IFN activation more significantly than 
original SARS-CoV-2 ORF3b. In addition, ORF3b inhibits 
nuclear translocation of IRF3 and IRF3-induced type I IFN 
activation (Konno et al., 2020). ORF6 inhibits RIG-I-, MDA5-, 
MAVS-, TBK1-, and IRF3-5D-induced IFN-β promoter ac-
tivation and IFN-β-induced ISRE promoter activation with 
amino acids (aa) at position 53 to 61 identified as the key 
region involved in suppression of both IFN-β promoter ac-
tivation and type I and III IFN secretion. In addition, ORF6 
binds KPNA2, but not the other KPNAs, suppressing nuclear 
translocation of IRF3 (Lei et al., 2020; Xia et al., 2020; Yuen 
et al., 2020). Another study by Miorin et al. (2020) reports 
that ORF6 interacts with KPNA1, KPNA2 and Nup98-Rae1 
complex and blocks nuclear translocation of STAT. ORF7a 
inhibits IFNα-induced mRNA expression of ISGs, such as 
ISG56, IFITM and OAS1, through K63-linked ubiquitina-
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tion (Cao et al., 2021). Ubiqutinated ORF7a suppresses STAT2 
phosphorylation and nuclear translocation of STAT1 (Cao 
et al., 2021). ORF9b interacts with TOM70, an adapter pro-
tein of the RIG-I/MDA5-triggered signaling complex, localizes 
to the mitochondrial membrane through interactions with the 
C-terminal domain of TOM70, and inhibits MAVS-induced 
IFN-β promoter activation (Jiang et al., 2020). ORF9b has 
additionally been shown to inhibit SARS-CoV-2-, SeV-, VSV-, 
and poly(I:C)-induced IFNβ promoter activity and VSV- 
mediated expression of pro-inflammatory cytokine and che-
mokine genes, such as IL-6, TNF, CCL2, CXCL10 and ISG15 
(Wu et al., 2021). Upon confirming a more specific mecha-
nism, ORF9b suppresses IFNβ and NF-κB promoter acti-
vation induced by constitutively active form of RIG-I and 
MAVS, but not TBK1 and IKKβ. Moreover, ORF9b interacts 
with NF-κB essential modulator (NEMO) through the N ter-
minus, suppressing its K63-linked polyubiquitination and 
inhibits phosphorylation of IKKβ and inbibitor of κB (IκB) 
as well as translocation of NF-κB into the nucleus (Wu et al., 
2021).
  Interestingly, SARS-CoV-2 also employs viral proteins that 
activate type I and III IFN signaling pathways. For example, 
NSP2 and S proteins are reported to enhance SeV-induced 
IFN-β promoter activation (Lei et al., 2020). However, the 
specific involvement of IFN-β promoter activation by NSP2 
and S proteins in the life-cycle and pathogenesis of SARS- 
CoV-2 require further investigation.

  Although cyclic GMP-AMP (cGAMP) synthase (cGAS) is 
a cytosolic DNA sensor that recognizes viral DNA for acti-
vation of type I and III IFN signaling pathways, activation 
of stimulator interferon genes (STING) also inhibits SARS- 
CoV-2 infection (Liu et al., 2021c). Upon DNA binding, 
cGAS synthesizes cGAMP that activates STING on the en-
doplasmic reticulum (Dai et al., 2019). STING activates TBK1 
and IKK activity, thereby stimulating IRF3 and NF-κB to in-
duce expression of type I and III IFNs (Carroll et al., 2016; 
Prabakaran et al., 2018; Zierhut et al., 2019). RNA viruses, 
such as human immunodeficiency virus (HIV) and Dengue 
virus, activate cGAS by producing reverse-transcribed cDNA 
(Sun et al., 2017) and inducing mitochondrial damage lead-
ing to release of mitochondrial DNA (mtDNA) (Sun et al., 
2017; Gatti et al., 2020). To counteract the cGAS-STING 
pathway, SARS-CoV-2 3CL pro (NSP5) and ORF3a interact 
with STING and inhibit nuclear translocation of NF-κB p65. 
Furthermore, recruitment of downstream factors, such as 
TBK1 and IKKβ, is suppressed by 3CL pro but not ORF3a 
(Rui et al., 2021) (Fig. 2). Further research is required to es-
tablish the role of the cGAS-STING pathway in SARS-CoV- 
2-induced type I and III IFN signaling pathways and iden-
tify the viral proteins counteracting the pathway. The mech-
anisms used by SARS-CoV-2 proteins to regulate type I and 
III IFN pathways are summarized in Table 1.

Table 1. Summary of SARS-CoV-2 proteins regulating type I and III IFN pathways
ORF Mechanism of action References

NSP1 Inhibits phosphorylation of STAT1 and nucleus translocation of IRF3 Kumar et al. (2021)
Xia et al. (2020)

NSP2 Increases SeV-induced IFN-β promoter activation Lei et al. (2020)
NSP3 (PLpro) De-ISGylated MDA5 and IRF3 Liu et al. (2021a)

NSP5 (3CL) Inhibits TBK1- or IKKε-induced IFN-β promoter activation
Interacts with STING and inhibits recruitment of TBK1 and IKKβ 

Fung et al. (2021)
Rui et al. (2021)

NSP6 Inhibits MAVS-, TBK1- and IKKε-induced IFN-β promoter activation Xia et al. (2020)

NSP12 Inhibits RIG-I- and MDA5-induced IFN-β promoter activation
Inhibits nuclear translocation of IRF3

Wang et al. (2021)
Wang et al. (2021)

NSP13
Inhibits phosphorylation of TBK1 and IRF3
Inhibits RIG-I-induced IFN-β promoter activation
Inhibits nuclear translocation of IRF3

Xia et al. (2020)
Yuen et al. (2020)
Yuen et al. (2020)

NSP14
Inhibits RIG-I-induced IFN-β promoter activation
Inhibits nuclear translocation of IRF3
Inhibits IFN-dependent ISG induction

Yuen et al. (2020)
Yuen et al. (2020)
Hsu et al. (2021)

NSP15 Inhibits RIG-I-induced IFN-β promoter activation
Inhibits nuclear translocation of IRF3

Yuen et al. (2020)
Yuen et al. (2020)

S Increases SeV-induced IFN-β promoter activation Lei et al. (2020)

M Inhibits RIG-I and MDA5
Degradation of TBK1 via K48-linked ubiquitination 

Zheng et al. (2020)
Sui et al. (2021)

N Interacts with RIG-I and inhibits TBK1 
Chen et al. (2021)
Liu et al. (2021b)
Oh and Shin (2021)

ORF3a Interacts with STING and inhibits degradation of IκB Rui et al. (2021)
ORF3b Inhibits nuclear translocation of IRF3 Konno et al. (2020)

ORF6 Inhibits RIG-I and MDA5
Inhibits nuclear translocation of STAT

Lei et al. (2020)
Xia et al. (2020)
Yuen et al. (2020)
Miorin et al. (2020)

ORF7a Inhibits phosphorylation of STAT2 and nuclear translocation of STAT1 Cao et al. (2021)
ORF9b Interacts with NEMO and suppresses K63-linked polyubiquitination Wu et al. (2021)
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SARS-CoV-2 and the NLRP3 Inflammasome

The inflammasome is an intracellular multi-protein com-
plex consisting of a sensor protein, the adaptor apoptosis- 
associated speck-like protein containing a CARD (ASC) pro-
tein and caspase-1 (Guo et al., 2015; Próchnicki and Latz, 
2017; Yang et al., 2019). Upon virus infection, NLRP3 and 
the pyrin and hematopoietic interferon-inducible nuclear 
(PYHIN) domain proteins, including absent in melanoma 2 
(AIM2) and interferon-γ (IFN-γ) inducible protein 16 (IFI16), 
recruit the adaptor ASC proteins and promote ASC oligo-
merization to activate caspase-1. Subsequently, activated cas-
pase-1 proteolytically cleaves and activates the pro-inflam-
matory cytokines, IL-β and pro-IL-18. Caspase-1 also cleaves 
gasdermin D (GSDMD) to induce pyroptosis of infected cells.
  SARS-CoV-2 infection clearly activates the NLRP3 inflam-
masome (Rodrigues et al., 2021). Levels of inflammasome 
products, such as caspase-1, IL-1β and IL-18, are significantly 
increased in SARS-CoV-2 infection and COVID-19 patients 
(Ferreira et al., 2021; Rodrigues et al., 2021). Dysregulated 
IL-1β induces IL-6 secretion and subsequent production of 
vascular endothelial growth factor, which damages the pul-
monary endothelium associated with immune cell infiltra-
tion (Vora et al., 2021). NLRP3 inhibitors, such as glyburide 
and MCC950, have been shown to inhibit SARS-CoV-2-trig-
gered caspase-1 activation and IL-1β production (Ferreira 

et al., 2021; Rodrigues et al., 2021).
  According to a recent study, potassium (K+) efflux induced 
by GU-rich RNA of SARS-CoV-2 is one of the mechanisms 
underlying NLRP3 inflammasome activation (Campbell et 
al., 2021) (Fig. 3). Furthermore, N protein of SARS-CoV-2 ac-
tivates the NLRP3 inflammasome by interacting with NLRP3 
and promoting its interactions with ASC, resulting in ASC 
oligomerization. In addition, N protein promotes mRNA ex-
pression of IL-1β, CXCL10, IL-11,TNF and IL-13 and IL-1β 
secretion (Pan et al., 2021).
  Interestingly, SARS-CoV-2 also employs NSP1 and NSP13 
to inhibit NLRP3-inflammasome-induced caspase-1 activity 
and IL-1β secretion (Kim et al., 2021) (Fig. 3). NSP1 of SARS- 
CoV-1 binds the 40S ribosome subunit and inhibits host 
mRNA translation (Kamitani et al., 2006; Wathelet et al., 2007; 
Narayanan et al., 2008; Huang et al., 2011). SARS-CoV-2 
NSP1 may utilize a similar mechanism to inhibit the NLRP3 
inflammasome since NLRP3, ASC and caspase-1 levels are 
significantly reduced in NSP1-expressing human monocytic 
THP-1 cells (Kim et al., 2021). On the other hand, NSP13 
inhibits NLRP3 inflammasome-induced caspase-1 cleavage 
without affecting NLRP3, ASC and caspase-1 protein levels 
(Kim et al., 2021). NSP13 helicase is proposed to be asso-
ciated with inhibition of caspase-1 enzymatic activity (Kim 
et al., 2021). Another study by Ma et al. (2021) reports that 
the N protein inhibits pyroptosis by blocking GSDMD clea-

Fig. 3. Regulation of the NLRP3 inflammasome 
by SARS-CoV-2 proteins. Cellular proteins in-
volved in the NLRP3 inflammasome pathway are
represented in gray. SARS-CoV-2 proteins which
activate and inhibit the pathway are represented 
in green and red, respectively.
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vage via interaction with GSDMD C terminus and the linker 
region. The potential mechanisms by which SARS-CoV-2 
proteins regulate the NLRP3 inflammasome are summar-
ized in Table 2.

Conclusion

Type I and III IFNs and the inflammasome play pivotal roles 
in pathogenesis of SARS-CoV-2. Properly regulated type I 
and III IFN and inflammasome responses are essential for 
the host to eliminate the virus. Notably, aberrant IFN and 
inflammasome activation are signatures of SARS-CoV-2 in-
fection and COVID-19 severity is highly associated with sup-
pressed type I and III IFN responses and exaggerated in-
flammasome activation (Arunachalam et al., 2020; Hadjadj et 
al., 2020; Ferreira et al., 2021; Galani et al., 2021; Junqueira 
et al., 2021; Rodrigues et al., 2021; Zheng et al., 2021). In 
keeping with these characteristics, pre-treatment with type I 
IFN is reported to significantly suppress SARS-CoV-2 rep-
lication and blockade of the IL-1 receptor is an effective stra-
tegy for COVID-19 patients with severe respiratory condi-
tions (Cauchois et al., 2020; Felgenhauer et al., 2020; Loku-
gamage et al., 2020; Mantlo et al., 2020; Rebendenne et al., 
2021). However, type I and III and inflammasome responses 
to SARS-CoV-2 infection are more complex than initially 
anticipated. SARS-CoV-2 utilizes viral proteins to evade the 
above immune mechanisms while simultaneously activating 
these responses to promote viral dissemination and immuno-
pathogenesis. As other pathogens, SARS-CoV-2 pathogenesis 
is affected by a triad of factors: virus, host and environment. 
Type I and III and inflammasome responses to SARS-CoV-2 
may differ depending on various factors including the infec-
tious dose and differences in the genetic background of virus 
and host cells and at cellular and systemic host levels. Further 
studies considering these multiple factors are necessary to 
understand the mechanisms underlying viral-pathogenesis 
and develop effective therapeutic interventions for COVID-19.

Acknowledgements

This research was supported by the Basic Science Research 
Program through the National Research Foundation of Korea 
(NRF) funded by the Ministry of Education, Science and 
Technology (NRF-2020R1A2C1007479). 

Conflict of Interest

The authors have no conflict of interest to report.

References

Arunachalam, P.S., Wimmers, F., Mok, C.K.P., Perera, R.A., Scott, 
M., Hagan, T., Sigal, N., Feng, Y., Bristow, L., and Tsang, O.T.Y. 
2020. Systems biological assessment of immunity to mild versus 
severe COVID-19 infection in humans. Science 369, 1210–1220.

Bastard, P., Rosen, L.B., Zhang, Q., Michailidis, E., Hoffmann, H.H., 
Zhang, Y., Dorgham, K., Philippot, Q., Rosain, J., and Béziat, V. 
2020. Autoantibodies against type I IFNs in patients with life- 
threatening COVID-19. Science 370, eabd4585.

Brisse, M. and Ly, H. 2019. Comparative structure and function 
analysis of the RIG-I-like receptors: RIG-I and MDA5. Front. 
Immunol. 10, 1586.

Campbell, G.R., To, R.K., Hanna, J., and Spector, S.A. 2021. SARS- 
CoV-2, SARS-CoV-1, and HIV-1 derived ssRNA sequences acti-
vate the NLRP3 inflammasome in human macrophages through 
a non-classical pathway. iScience 24, 102295.

Cao, Z., Xia, H., Rajsbaum, R., Xia, X., Wang, H., and Shi, P.Y. 2021. 
Ubiquitination of SARS-CoV-2 ORF7a promotes antagonism 
of interferon response. Cell. Mol. Immunol. 18, 746–748.

Carroll, E.C., Jin, L., Mori, A., Muñoz-Wolf, N., Oleszycka, E., Moran, 
H.B., Mansouri, S., McEntee, C.P., Lambe, E., Agger, E.M., et al. 
2016. The vaccine adjuvant chitosan promotes cellular immunity 
via DNA sensor cGAS-STING-dependent induction of type I 
interferons. Immunity 44, 597–608.

Cauchois, R., Koubi, M., Delarbre, D., Manet, C., Carvelli, J., Blasco, 
V.B., Jean, R., Fouche, L., Bornet, C., Pauly, V., et al. 2020. Early 
IL-1 receptor blockade in severe inflammatory respiratory failure 
complicating COVID-19. Proc. Natl. Acad. Sci. USA 117, 18951– 
18953.

Chen, K., Xiao, F., Hu, D., Ge, W., Tian, M., Wang, W., Pan, P., Wu, 
K., and Wu, J. 2021. SARS-CoV-2 nucleocapsid protein interacts 
with RIG-I and represses RIG-mediated IFN-β production. 
Viruses 13, 47.

Chiu, Y.H., MacMillan, J.B., and Chen, Z.J. 2009. RNA polymerase 
III detects cytosolic DNA and induces type I interferons through 
the RIG-I pathway. Cell 138, 576–591.

Chmiest, D., Sharma, N., Zanin, N., De Lesegno, C.V., Shafaq-Zadah, 
M., Sibut, V., Dingli, F., Hupé, P., Wilmes, S., Piehler, J., et al. 2016. 
Spatiotemporal control of interferon-induced JAK/STAT signal-
ling and gene transcription by the retromer complex. Nat. Com-
mun. 7, 13476.

Dai, J., Huang, Y.J., He, X., Zhao, M., Wang, X., Liu, Z.S., Xue, W., 
Cai, H., Zhan, X.Y., Huang, S.Y., et al. 2019. Acetylation blocks 
cGAS activity and inhibits self-DNA-induced autoimmunity. Cell 
176, 1447–1460.

Dutta, M., Robertson, S.J., Okumura, A., Scott, D.P., Chang, J., Weiss, 
J.M., Sturdevant, G.L., Feldmann, F., Haddock, E., Chiramel, A.I., 
et al. 2017. A systems approach reveals MAVS signaling in my-
eloid cells as critical for resistance to Ebola virus in murine models 
of infection. Cell Rep. 18, 816–829.

Felgenhauer, U., Schoen, A., Gad, H.H., Hartmann, R., Schaubmar, 
A.R., Failing, K., Drosten, C., and Weber, F. 2020. Inhibition of 
SARS-CoV-2 by type I and type III interferons. J. Biol. Chem. 
295, 13958–13964.

Fernandes, J.D., Hinrichs, A.S., Clawson, H., Gonzalez, J.N., Lee, 
B.T., Nassar, L.R., Raney, B.J., Rosenbloom, K.R., Nerli, S., Rao, 
A.A., et al. 2020. The UCSC SARS-CoV-2 genome browser. Nat. 

Table 2. Summary of SARS-CoV-2 proteins regulating the NLRP3 inflammasome 
ORF Mechanism of action References

NSP1 Inhibits caspase-1 activity Kim et al. (2021)
NSP13 Inhibits caspase-1 activity Kim et al. (2021)

N Interacts with NLRP3 and activates the NLRP3 inflammasome
Interacts with GSDMD and inhibits GSDMD cleavage 

Pan et al. (2021)
Ma et al. (2021)



306 Kim and Song

Genet. 52, 991–998.
Ferreira, A.C., Soares, V.C., de Azevedo-Quintanilha, I.G., Dias, 

S.D.S.G., Fintelman-Rodrigues, N., Sacramento, C.Q., Mattos, 
M., de Freitas, C.S., Temerozo, J.R., Teixeira, L., et al. 2021. SARS- 
CoV-2 engages inflammasome and pyroptosis in human primary 
monocytes. Cell Death Discov. 7, 43.

Fu, Y.Z., Wang, S.Y., Zheng, Z.Q., Huang, Y., Li, W.W., Xu, Z.S., and 
Wang, Y.Y. 2021. SARS-CoV-2 membrane glycoprotein M anta-
gonizes the MAVS-mediated innate antiviral response. Cell. Mol. 
Immunol. 18, 613–620.

Fung, S.Y., Siu, K.L., Lin, H., Yeung, M.L., and Jin, D.Y. 2021. SARS- 
CoV-2 main protease suppresses type I interferon production by 
preventing nuclear translocation of phosphorylated IRF3. Int. 
J. Biol. Sci. 17, 1547–1554.

Galani, I.E., Rovina, N., Lampropoulou, V., Triantafyllia, V., Maniou-
daki, M., Pavlos, E., Koukaki, E., Fragkou, P.C., Panou, V., Rapti, 
V., et al. 2021. Untuned antiviral immunity in COVID-19 revealed 
by temporal type I/III interferon patterns and flu comparison. Nat. 
Immunol. 22, 32–40.

Gatti, P., Ilamathi, H.S., Todkar, K., and Germain, M. 2020. Mito-
chondria targeted viral replication and survival strategies–pro-
spective on SARS-CoV-2. Front. Pharmacol. 11, 578599.

Guo, H.C., Jin, Y., Zhi, X.Y., Yan, D., and Sun, S.Q. 2015. NLRP3 in-
flammasome activation by viroporins of animal viruses. Viruses 
7, 3380–3391.

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, 
N., Péré, H., Charbit, B., Bondet, V., Chenevier-Gobeaux, C., et al. 
2020. Impaired type I interferon activity and inflammatory re-
sponses in severe COVID-19 patients. Science 369, 718–724.

Hsu, J.C.C., Laurent-Rolle, M., Pawlak, J.B., Wilen, C.B., and Cress-
well, P. 2021. Translational shutdown and evasion of the innate 
immune response by SARS-CoV-2 NSP14 protein. Proc. Natl. 
Acad. Sci. USA 118, e2101161118.

Huang, C., Lokugamage, K.G., Rozovics, J.M., Narayanan, K., Semler, 
B.L., and Makino, S. 2011. SARS coronavirus nsp1 protein induces 
template-dependent endonucleolytic cleavage of mRNAs: viral 
mRNAs are resistant to nsp1-induced RNA cleavage. PLoS Pathog. 
7, e1002433.

Huston, N.C., Wan, H., Strine, M.S., Tavares, R.D.C.A., Wilen, C.B., 
and Pyle, A.M. 2021. Comprehensive in vivo secondary structure 
of the SARS-CoV-2 genome reveals novel regulatory motifs and 
mechanisms. Mol. Cell 81, 584–598.

Jiang, H., Zhang, H., Meng, Q., Xie, J., Li, Y., Chen, H., Zheng, Y., 
Wang, X., Qi, H., Zhang, J., et al. 2020. SARS-CoV-2 Orf9b sup-
presses type I interferon responses by targeting TOM70. Cell. 
Mol. Immunol. 17, 998–1000.

Junqueira, C., Crespo, A., Ranjbar, S., Ingber, J., Parry, B., David, S., 
de Lacerda, L.B., Lewandrowski, M., Clark, S.A., Ho, F., et al. 2021. 
SARS-CoV-2 infects blood monocytes to activate NLRP3 and 
AIM2 inflammasomes, pyroptosis and cytokine release. medRxiv 
doi: https://doi.org/10.1101/2021.03.06.21252796.

Kamitani, W., Narayanan, K., Huang, C., Lokugamage, K., Ikegami, 
T., Ito, N., Kubo, H., and Makino, S. 2006. Severe acute respiratory 
syndrome coronavirus nsp1 protein suppresses host gene expre-
ssion by promoting host mRNA degradation. Proc. Natl. Acad. 
Sci. USA 103, 12885–12890.

Kim, N.E., Kim, D.K., and Song, Y.J. 2021. SARS-CoV-2 nonstruc-
tural proteins 1 and 13 suppress caspase-1 and the NLRP3 inflam-
masome activation. Microorganisms 9, 494.

Klemm, T., Ebert, G., Calleja, D.J., Allison, C.C., Richardson, L.W., 
Bernardini, J.P., Lu, B.G., Kuchel, N.W., Grohmann, C., Shibata, 
Y., et al. 2020. Mechanism and inhibition of the papain‐like pro-
tease, PLpro, of SARS‐CoV‐2. EMBO J. 39, e106275.

Konno, Y., Kimura, I., Uriu, K., Fukushi, M., Irie, T., Koyanagi, Y., 
Sauter, D., Gifford, R.J., Nakagawa, S., and Sato, K. 2020. SARS- 
CoV-2 ORF3b is a potent interferon antagonist whose activity 
is increased by a naturally occurring elongation variant. Cell Rep. 

32, 108185.
Kumar, A., Ishida, R., Strilets, T., Cole, J., Lopez-Orozco, J., Fayad, 

N., Felix-Lopez, A., Elaish, M., Evseev, D., Magor, K.E., et al. 2021. 
SARS-CoV-2 non-structural protein 1 inhibits the interferon re-
sponse by causing depletion of key host signaling factors. J. Virol. 
95, e00266-21.

Lei, X., Dong, X., Ma, R., Wang, W., Xiao, X., Tian, Z., Wang, C., 
Wang, Y., Li, L., and Ren, L. 2020. Activation and evasion of 
type I interferon responses by SARS-CoV-2. Nat. Commun. 11, 
3810.

Liu, G., Lee, J.H., Parker, Z.M., Acharya, D., Chiang, J.J., van Gent, 
M., Riedl, W., Davis-Gardner, M.E., Wies, E., Chiang, C., et al. 
2021a. ISG15-dependent activation of the sensor MDA5 is an-
tagonized by the SARS-CoV-2 papain-like protease to evade host 
innate immunity. Nat. Microbiol. 6, 467–478.

Liu, Y., Liang, Q.Z., Yang, Y.L., Chen, R., Wang, B., and Huang, Y.W. 
2021b. A comparative analysis of coronavirus nucleocapsid (N) 
proteins reveals the SADS-CoV N protein antagonizes IFN-β 
production by inducing ubiquitination of RIG-I. Front. Immunol. 
12, 688758.

Liu, W., Reyes, H.M., Yang, J.F., Li, Y., Stewart, K.M., Basil, M.C., Lin, 
S.M., Katzen, J., Morrisey, E.E., Weiss, S.R., et al. 2021c. Activa-
tion of STING signaling pathway effectively blocks human coro-
navirus infection. J. Virol. 95, e00490-21.

Lokugamage, K.G., Hage, A., de Vries, M., Valero-Jimenez, A.M., 
Schindewolf, C., Dittmann, M., Rajsbaum, R., and Menachery, 
V.D. 2020. Type I interferon susceptibility distinguishes SARS- 
CoV-2 from SARS-CoV. J Virol. 94, e01410-20.

Ma, J., Zhu, F., Zhao, M., Shao, F., Yu, D., Ma, J., Zhang, X., Li, W., 
Qian, Y., Zhang, Y., et al. 2021. SARS‐CoV‐2 nucleocapsid sup-
presses host pyroptosis by blocking Gasdermin D cleavage. EMBO 
J. 40, e108249.

Majoros, A., Platanitis, E., Kernbauer-Hölzl, E., Rosebrock, F., Müller, 
M., and Decker, T. 2017. Canonical and non-canonical aspects of 
JAK-STAT signaling: lessons from interferons for cytokine res-
ponses. Front. Immunol. 8, 29.

Mantlo, E., Bukreyeva, N., Maruyama, J., Paessler, S., and Huang, 
C. 2020. Antiviral activities of type I interferons to SARS-CoV-2 
infection. Antiviral Res. 179, 104811.

Martin-Sancho, L., Lewinski, M.K., Pache, L., Stoneham, C.A., Yin, 
X., Becker, M.E., Pratt, D., Churas, C., Rosenthal, S.B., Liu, S., et 
al. 2021. Functional landscape of SARS-CoV-2 cellular restriction. 
Mol. Cell 81, 2656–2668.

Meylan, E. and Tschopp, J. 2006. Toll-like receptors and RNA heli-
cases: two parallel ways to trigger antiviral responses. Mol. Cell 
22, 561–569.

Miorin, L., Kehrer, T., Sanchez-Aparicio, M.T., Zhang, K., Cohen, 
P., Patel, R.S., Cupic, A., Makio, T., Mei, M., Moreno, E., et al. 
2020. SARS-CoV-2 Orf6 hijacks Nup98 to block STAT nuclear 
import and antagonize interferon signaling. Proc. Natl. Acad. Sci. 
USA 117, 28344–28354.

Nakhaei, P., Genin, P., Civas, A., and Hiscott, J. 2009. RIG-I-like re-
ceptors: sensing and responding to RNA virus infection. Semin. 
Immunol. 21, 215–222.

Narayanan, K., Huang, C., Lokugamage, K., Kamitani, W., Ikegami, 
T., Tseng, C.T., and Makino, S. 2008. Severe acute respiratory syn-
drome coronavirus nsp1 suppresses host gene expression, includ-
ing that of type I interferon, in infected cells. J. Virol. 82, 4471– 
4479.

Oh, S.J. and Shin, O.S. 2021. SARS-CoV-2 nucleocapsid protein tar-
gets RIG-I-like receptor pathways to inhibit the induction of in-
terferon response. Cells 10, 530.

Pairo-Castineira, E., Clohisey, S., Klaric, L., Bretherick, A.D., Rawlik, 
K., Pasko, D., Walker, S., Parkinson, N., Fourman, M.H., Russell, 
C.D., et al. 2021. Genetic mechanisms of critical illness in COVID- 
19. Nature 591, 92–98.

Pan, P., Shen, M., Yu, Z., Ge, W., Chen, K., Tian, M., Xiao, F., Wang, 



Regulation of innate immune signaling pathways by SARS-CoV-2 307

Z., Wang, J., and Jia, Y. 2021. SARS-CoV-2 N protein promotes 
NLRP3 inflammasome activation to induce hyperinflammation. 
Nat. Commun. 12, 4664.

Pandey, P., Prasad, K., Prakash, A., and Kumar, V. 2020. Insights 
into the biased activity of dextromethorphan and haloperidol 
towards SARS-CoV-2 NSP6: in silico binding mechanistic an-
alysis. J. Mol. Med. 98, 1659–1673.

Peng, Q., Peng, R., Yuan, B., Zhao, J., Wang, M., Wang, X., Wang, Q., 
Sun, Y., Fan, Z., Qi, J., et al. 2020. Structural and biochemical 
characterization of the nsp12-nsp7-nsp8 core polymerase com-
plex from SARS-CoV-2. Cell Rep. 31, 107774.

Prabakaran, T., Bodda, C., Krapp, C., Zhang, B.C., Christensen, M.H., 
Sun, C., Reinert, L., Cai, Y., Jensen, S.B., Skouboe, M.K., et al. 
2018. Attenuation of cGAS‐STING signaling is mediated by a 
p62/SQSTM1‐dependent autophagy pathway activated by TBK1. 
EMBO J. 37, e97858.

Próchnicki, T. and Latz, E. 2017. Inflammasomes on the crossroads 
of innate immune recognition and metabolic control. Cell Metab. 
26, 71–93.

Rebendenne, A., Chaves Valadão, A.L., Tauziet, M., Maarifi, G., 
Bonaventure, B., McKellar, J., Planès, R., Nisole, S., Arnaud- 
Arnould, M., and Moncorgé, O. 2021. SARS-CoV-2 triggers an 
MDA-5-dependent interferon response which is unable to con-
trol replication in lung epithelial cells. J. Virol. 95, e02415-20.

Rodrigues, T.S., de Sá, K.S., Ishimoto, A.Y., Becerra, A., Oliveira, S., 
Almeida, L., Gonçalves, A.V., Perucello, D.B., Andrade, W.A., 
Castro, R., et al. 2021. Inflammasomes are activated in response to 
SARS-CoV-2 infection and are associated with COVID-19 se-
verity in patients. J. Exp. Med. 218, e20201707.

Rui, Y., Su, J., Shen, S., Hu, Y., Huang, D., Zheng, W., Lou, M., Shi, 
Y., Wang, M., Chen, S., et al. 2021. Unique and complementary 
suppression of cGAS-STING and RNA sensing-triggered innate 
immune responses by SARS-CoV-2 proteins. Sig. Transduct. 
Target. Ther. 6, 123.

Schoggins, J.W. 2019. Interferon-stimulated genes: what do they 
all do? Annu. Rev. Virol. 6, 567–584.

Shin, D., Mukherjee, R., Grewe, D., Bojkova, D., Baek, K., Bhatta-
charya, A., Schulz, L., Widera, M., Mehdipour, A.R., Tascher, G., 
et al. 2020. Papain-like protease regulates SARS-CoV-2 viral 
spread and innate immunity. Nature 587, 657–662.

Stone, A.E.L., Green, R., Wilkins, C., Hemann, E.A., and Gale, M.Jr. 
2019. RIG-I-like receptors direct inflammatory macrophage po-
larization against West Nile virus infection. Nat. Commun. 10, 
3649.

Sui, L., Zhao, Y., Wang, W., Wu, P., Wang, Z., Yu, Y., Hou, Z., Tan, 
G., and Liu, Q. 2021. SARS-CoV-2 membrane protein inhibits 
type I interferon production through ubiquitin-mediated deg-
radation of TBK1. Front. Immunol. 12, 662989.

Sun, B., Sundström, K.B., Chew, J.J., Bist, P., Gan, E.S., Tan, H.C., 
Goh, K.C., Chawla, T., Tang, C.K., and Ooi, E.E. 2017. Dengue 
virus activates cGAS through the release of mitochondrial DNA. 
Sci. Rep. 7, 3594.

V’kovski, P., Kratzel, A., Steiner, S., Stalder, H., and Thiel, V. 2021. 
Coronavirus biology and replication: implications for SARS- 
CoV-2. Nat. Rev. Microbiol. 19, 155–170.

Vora, S.M., Lieberman, J., and Wu, H. 2021. Inflammasome acti-
vation at the crux of severe COVID-19. Nat. Rev. Immunol. 21, 
694–703.

Wang, W., Zhou, Z., Xiao, X., Tian, Z., Dong, X., Wang, C., Li, L., 
Ren, L., Lei, X., and Xiang, Z. 2021. SARS-CoV-2 nsp12 attenuates 
type I interferon production by inhibiting IRF3 nuclear translo-
cation. Cell. Mol. Immunol. 18, 945–953.

Wathelet, M.G., Orr, M., Frieman, M.B., and Baric, R.S. 2007. Severe 
acute respiratory syndrome coronavirus evades antiviral signaling: 
role of nsp1 and rational design of an attenuated strain. J. Virol. 
81, 11620–11633.

Wilk, A.J., Rustagi, A., Zhao, N.Q., Roque, J., Martínez-Colón, G.J., 
McKechnie, J.L., Ivison, G.T., Ranganath, T., Vergara, R., Hollis, 
T., et al. 2020. A single-cell atlas of the peripheral immune res-
ponse in patients with severe COVID-19. Nat. Med. 26, 1070– 
1076.

Wu, J., Shi, Y., Pan, X., Wu, S., Hou, R., Zhang, Y., Zhong, T., Tang, 
H., Du, W., Wang, L., et al. 2021. SARS-CoV-2 ORF9b inhibits 
RIG-I-MAVS antiviral signaling by interrupting K63-linked ubi-
quitination of NEMO. Cell Rep. 34, 108761.

Xia, H., Cao, Z., Xie, X., Zhang, X., Chen, J.Y.C., Wang, H., Mena-
chery, V.D., Rajsbaum, R., and Shi, P.Y. 2020. Evasion of type I 
interferon by SARS-CoV-2. Cell Rep. 33, 108234.

Yamada, T., Sato, S., Sotoyama, Y., Orba, Y., Sawa, H., Yamauchi, H., 
Sasaki, M., and Takaoka, A. 2021. RIG-I triggers a signaling- 
abortive anti-SARS-CoV-2 defense in human lung cells. Nat. 
Immunol. 22, 820–828.

Yan, L., Ge, J., Zheng, L., Zhang, Y., Gao, Y., Wang, T., Huang, Y., 
Yang, Y., Gao, S., Li, M., et al. 2021. Cryo-EM structure of an ex-
tended SARS-CoV-2 replication and transcription complex re-
veals an intermediate state in cap synthesis. Cell 184, 184–193.

Yang, Y., Wang, H., Kouadir, M., Song, H., and Shi, F. 2019. Recent 
advances in the mechanisms of NLRP3 inflammasome activation 
and its inhibitors. Cell Death Dis. 10, 128.

Yuen, C.K., Lam, J.Y., Wong, W.M., Mak, L.F., Wang, X., Chu, H., 
Cai, J.P., Jin, D.Y., To, K.K.W., Chan, J.F.W., et al. 2020. SARS- 
CoV-2 nsp13, nsp14, nsp15 and orf6 function as potent inter-
feron antagonists. Emerg. Microbes Infect. 9, 1418–1428.

Zhang, Q., Bastard, P., Liu, Z., Le Pen, J., Moncada-Velez, M., Chen, 
J., Ogishi, M., Sabli, I.K.D., Hodeib, S., Korol, C., et al. 2020. 
Inborn errors of type I IFN immunity in patients with life-threat-
ening COVID-19. Science 370, eabd4570.

Zhang, W., Wang, G., Xu, Z.G., Tu, H., Hu, F., Dai, J., Chang, Y., Chen, 
Y., Lu, Y., Zeng, H., et al. 2019. Lactate is a natural suppressor of 
RLR signaling by targeting MAVS. Cell 178, 176–189.

Zheng, J., Wang, Y., Li, K., Meyerholz, D.K., Allamargot, C., and 
Perlman, S. 2021. Severe acute respiratory syndrome coronavirus 
2–induced immune activation and death of monocyte-derived hu-
man macrophages and dendritic cells. J. Infect. Dis. 223, 785–795.

Zheng, Y., Zhuang, M.W., Han, L., Zhang, J., Nan, M.L., Zhan, P., 
Kang, D., Liu, X., Gao, C., and Wang, P.H. 2020. Severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) membrane (M) 
protein inhibits type I and III interferon production by target-
ing RIG-I/MDA-5 signaling. Sig. Transduct. Target. Ther. 5, 299.

Zhou, Z., Ren, L., Zhang, L., Zhong, J., Xiao, Y., Jia, Z., Guo, L., Yang, 
J., Wang, C., Jiang, S., et al. 2020. Heightened innate immune re-
sponses in the respiratory tract of COVID-19 patients. Cell Host 
Microbe 27, 883–890.

Zierhut, C., Yamaguchi, N., Paredes, M., Luo, J.D., Carroll, T., and 
Funabiki, H. 2019. The cytoplasmic DNA sensor cGAS pro-
motes mitotic cell death. Cell 178, 302–315.


