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Abstract: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a member of the
Coronaviridae family, which is responsible for the COVID-19 pandemic followed by unprecedented
global societal and economic disruptive impact. The innate immune system is the body’s first line
of defense against invading pathogens and is induced by a variety of cellular receptors that sense
viral components. However, various strategies are exploited by SARS-CoV-2 to disrupt the antiviral
innate immune responses. Innate immune dysfunction is characterized by the weak generation of
type I interferons (IFNs) and the hypersecretion of pro-inflammatory cytokines, leading to mortality
and organ injury in patients with COVID-19. This review summarizes the existing understanding of
the mutual effects between SARS-CoV-2 and the type I IFN (IFN-«/ 3) responses, emphasizing the
relationship between host innate immune signaling and viral proteases with an insight on tackling
potential therapeutic targets.
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1. Introduction

At the end of 2019, a pneumonia outbreak associated with a novel coronavirus (CoV)
was reported [1]. The clinical manifestations of patients included fever, cough, pyrexia,
acute respiratory distress, lymphopenia, and so on [2]. This emerging infectious disease
was caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [3], and
the World Health Organization (WHO) subsequently announced the name “Coronavirus
Disease 2019”7 (COVID-19) for the novel pneumonia [4]. COVID-19 has the characteristics
of high infectivity, fast transmission, long incubation period, and high concealment [5],
which has made it rapidly spread all over the world [6]. As of 12 October 2021, SARS-
CoV-2 infection has resulted in more than 238 million confirmed cases and more than
4,856,000 deaths [7]. This unexpected pandemic caused by SARS-CoV-2 has dealt a major
blow to healthcare and economic systems across the world.

The immune system of the body protects us against various pathogens to keep
healthy [8]. As we all know, the immune system consists of two parts called the innate
(non-specific) and the adaptive (specific) immune system. The innate immune system is the
body’s first line of defense against invading pathogens, and it can be activated by the iden-
tification of harmful factors. Harmful factors can be recognized through germline-encoded
pattern recognition receptors (PRRs), and PRRs detect pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns (DAMPs). The activated PRRs
will quickly induce the host’s various defense programs to stop harmful invaders such
as viruses. However, SARS-CoV-2 has diverse strategies to suppress the response to the
innate immune system.

The disorder of the innate immune responses often leads to the occurrence of various
diseases [9]. The dysfunction of innate immune responses, characterized by the weak
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generation of type I interferons (IFNs) and the hypersecretion of pro-inflammatory cy-
tokines, results in the mortality and organ injury in patients with COVID-19. The cellular
signaling induced by SARS-CoV-2 can not only offer useful information for uncovering
mechanisms underlying the complicated outcomes of COVID-19 but also assist in devising
treatment strategies for SARS-CoV-2 infection. Our review mainly focused on the existing
understanding of the mutual effects between SARS-CoV-2 and the type I IFN response,
emphasizing the relationship between host innate immune signaling and viral proteases
with an insight on tackling potential therapeutic targets.

2. SARS-CoV-2 Genome, Protein and Its Host Receptors

SARS-CoV-2 was firstly isolated from the bronchoalveolar lavage fluid (BALF) that
was collected from the COVID-19 patients of Jinyintan Hospital in Wuhan on 30 December
2019 [10]. SARS-CoV-2, like SARS-CoV and the Middle East respiratory syndrome CoV
(MERS-CoV), belongs to the beta-CoVs (3-CoVs) and is considered primarily a bat-derived
CoV [11]. SARS-CoV-2, a spherical or pleomorphic coated particle, consists of single-
stranded RNA (ssRNA) associated with a nucleoprotein (N) in a capsid composed of matrix
protein [12]. Similar to other 3-CoVs, SARS-CoV-2 genome includes two untranslated
regions (UTRs) and a big open reading frame (ORF) [13]. The SARS-CoV-2 genome is
arranged in the 5'-3’ order as replicase (ORF1a/b)-Spike (S)-Envelope (E)-Membrane (M)-
Nucleocapsid [14]. The SARS-CoV-2 genome contains about 30,000 nucleotides, encoding
about 10,000 amino acids, and the G + C content is 38% [15]. The 5’-end ORFla/b accounts
for approximately two-thirds of the genome of SARS-CoV-2 and are translated to the large
replicase polyprotein la (ppla) and pplab [16]. These polyproteins are processed into
16 non-structural proteins (nsps, nsp1 to nsp16) by papain-like protease (PLpro), main-
protease (Mpro) or 3C cleavage-like protease (3CLpro). The nsps combine to form the
replication—transcription complex (RTC) that is made up of various enzymes, including
RNA-dependent RNA polymerase (RdRp) and helicase (Hel). The RTC is involved in
SARS-CoV-2 transcription and replication [17]. Near the 3/-terminus, one-third of the
genome involves four structural proteins (S, N, E, M) and some accessory proteins such
as ORF3a, ORF3b, ORF6 and so on [18,19]. The N protein wraps the genome of the virus,
along with three other proteins to form the viral envelope [20]. The S protein is made up of
two functional subunits, S1 and S2 [21].

SARS-CoV-2 mainly uses the transmembrane serine protease 2 (TMPRSS2) for S
protein to prime and then binds with SARS-CoV receptor angiotensin-converting enzyme
2 (ACE2) to enter the host cell [22], although there are many other reported receptors, such
as CD147 and neuropilin-1 (NRP1) [23,24]. The combination of S protein and ACE2 receptor
could result in a conformational change of S protein, which next leads to the cleaving of 51
and S2, thereby making the viral envelope protein enter through the endosomal pathway
and fuse with the host cell membrane and release viral RNA [25]. After releasing viral
RNA into the cytoplasm, the genomic RNA uses Hel and RdRp to start replicating and
translating into structural proteins to assemble mature virions for release, leading to an
immune response to SARS-CoV-2 infection [26] (see Figure 1).
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Figure 1. The SARS-CoV-2 lifecycle. (a-d), SARS-CoV-2 enters through membrane fusion and
uncoating. The SARS-CoV-2 S protein combines with the ACE2 and TMPRSS2 to release RNA (b),
and the genome RNA is translated into viral proteins (c). (d-g), these proteins will produce a viral
replicase transcriptase complex to produce additional RNA (d). Subgenomic RNA transcription leads
to the production of structural proteins and accessory proteins, which are translocated to endoplasmic
reticulum (ER) membranes and go through the ER-Golgi intermediate compartment (ERGIC) to
assemble a virus to produce new SARS-CoV-2 (e) and then will be released by exocytosis (f,g).
ssRNA: single-stranded RNA; ACE2: angiotensin-converting enzyme 2; TMPRSS2: transmembrane
serine protease 2; ORFlab: open reading frame lab; ER: endoplasmic reticulum; ERGIC: ER-Golgi
intermediate compartment.

3. Innate Immune Responses to SARS-CoV-2 Infection

The innate immune cells could initiate innate immune responses to virus infection
after sensing virus-related molecular patterns via their PRRs. The initial host immune
responses involve the activation of the type I and III IFN responses, followed by the
release of pro-inflammatory cytokines and chemokines, thereby providing antiviral defense
against viral infection [27]. Type I and type III IFNs bind to their receptors (IFNAR are
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IFNLR) and then activate interferon-stimulated genes (ISGs) [28]. Hundreds of ISGs are
produced to exert antiviral effects by preventing viruses from entering, replicating and
budding. By recruiting immune cells to the infected site and activating the adaptive
immune response, the production of pro-inflammatory cytokines contributes to form the
overall immune response. More and more evidences have shown that severe COVID-
19 patients have a dysregulated immune response, leading to the development of viral
hyperinflammation [29]. The elevated serum cytokines, especially interleukin-1 (IL-1), IL-6
and other pro-inflammatory cytokines, indicate that Toll-like receptors (TLRs)-mediated
viral PAMPs could play a vital role in the pathogenesis of CoVs at the early stage [30]. The
TLRs that can recognize the SARS-CoV-2 PAMPs may be present in dendritic cells (DCs)
and alveolar macrophages [31].

Although multiple host cells produce a variety of cytokines and chemokines during
virus infection, type I IFNs are the main cytokines involved in the antiviral response
and are initiated through the recognitions of viral PAMPs by host PRRs such as TLRs,
RIG-I-like receptors (RLRs) and NOD-like receptors (NLRs) [32-34]. TLRs and RLRs
sense the viral genome and superficial proteins, which are found in tissue resident and
migratory DCs, triggering inflammatory and chemokine responses. After SARS-CoV-2
infection, the retinoic-acid inducible gene I (RIG-I) or melanoma differentiation-associated
gene 5 (MDADJ) senses the genomic RNA stem-loop and/or double-stranded RNA (dsRNA)
generated during viral replication, which leads to a conformational shift to expose the
caspase activation recruitment domain (CARD) of RIG-I or MDAS. The exposure of CARD
associates with the mitochondrial antiviral signaling protein (MAVS) and then convenes
various downstream signaling components to mitochondria, containing an inhibitor of k-B
kinase € (IKKe) and TANK-binding kinase 1 (TBK1) [35]. The activation of these kinases
results in IFN regulatory factor (IRF) phosphorylation, resulting in nuclear translocation,
and then stimulates the production of type I IFNs [36].

Type I IFNs combine with IFNAR1/2 complexes on the cell surface, triggering the
phosphorylation of preassociated Janus-activated kinase 1 (JAK1) and tyrosine kinase 2
(TYK2), which in turn phosphorylate the receptors at specific intracellular tyrosine residues.
This leads to the recruitment and phosphorylation of signal transducer and activator of
transcription 1 (STAT1) and STAT?2 proteins [37]. The IRF9 interacts with phosphorylated
STAT1 and STAT2 heterodimer to produce the IFN-stimulated gene factor 3 (ISGF3) com-
plex. This complex binds to the IFN-stimulated response elements (ISREs) and activates
their transcription to initiate the transcription of ISGs [38]. ISGs and other downstream con-
stituents controlled by type I IFNs (including pro-inflammatory cytokines) could directly
inhibit virus replication and recruit and activate various immune cells [39] (see Figure 2).

3.1. RLRs

RIG-I belongs to cytosolic RNA helicase family and can detect viral dsRNA [40]. Once
activated, it triggers downstream pathways to produce type I IFNs and proinflammatory
cytokines [41]. When co-transfected with plasmids expressing M protein and RIG-I or
MDA-5 in HEK293T cells, type I and III IFNs were suppressed by SARS-CoV-2 M protein
through reducing RIG-I/MDA-5 expression, which then weakened antiviral immunity
and improved the replication of the virus [42]. In another study, it was shown that the
overexpression of the SARS-CoV-2 N protein in HEK293T cells reduced both IFN-f3 and
ISRE-dependent IFN signaling mediated by RIG-I activation in a dose-dependent man-
ner using a luciferase reporter assay [43]. SARS-CoV-2 ORF9b targets the nuclear factor
kB (NF-kB) essential modulator (NEMO or IKKy) and stops K63-linked polyubiquitina-
tion to inhibit the classic IkB kinase « (IKKw)/{3/v-NF-«B signaling transduction and
subsequently IFN production in HEK293T cells [44]. Nsp1 is capable of suppressing the
induction of RIG-I and ISG15 upon IFN-f3 stimulation on the protein level but not the
mRNA level [45]. In summary, these evidences suggest that inhibiting RIG-I activation
by the above targets provides a strategy for innate immune evasion by SARS-CoV-2 (see
Table 1).
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Figure 2. The predictive model describing the innate immune responses to SARS-CoV-2. There is
a simplified figure of the type I IFNs responses after sensing SARS-CoV-2. It has been suggested
SARS-CoV-2 escape type I IFNs signaling pathway and ISGs by targeting type I IFNs signaling.
Viral proteins with type I IFNs inhibitory activities are highlighted in red. RIG-I: retinoic-acid
inducible gene I; MDAb5: melanoma differentiation-associated gene 5; MAVS: mitochondrial antiviral
signaling protein; nsp1l: non-structural protein; TOM70: translocases of outer membrane 70; NLRP3:
NLR family pyrin domain-containing 3; ASC: apoptosis-associated speck-like protein containing a
CARD; pro-IL-18: pro-interleukin (IL)-18; TLR3: Toll-like receptors 3; TRIF: TIR domain-containing
adaptor inducing interferon-f3; TRAF3: tumour necrosis factor receptor-associated factor 3; TBK1:
TANK-binding kinase 1; IKKe: inhibitor of k-B kinase ¢; IkBs: inhibitor kB; NF-kB: nuclear factor
kB; IRF3: IFN regulatory factor 3; MyD88: myeloid differentiation primary response 88; IRAK3:
interleukin-1-receptor-associated kinase 3; IFNAR1: IFN receptor type I; JAK1: Janus-activated
kinase 1; TYK2: tyrosine kinase 2; STAT1: signal transducer and activator of transcription 1; ISGs:
interferon-stimulated genes.
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Table 1. Summary of targets of SARS-CoV-2 proteins or pathways.

Host Proteins or Pathways

Viral Proteins Cellular Model References
Targeted
(a) the phosphorylation of STAT1 (a) HEK293T, Vero, BHK-21 and Huh-7
(b) NF-«B cells(b) HeLa, A549 and 16HBE140 cells

(a) RIG-I/IFN-B; MDA5 /IFN-B;
MAVS/IFN-p (b) IRF3/type I IFNs

(a) Human 293T, 293, Calu-3, HeLa and
Vero cells (b) HEK293T, Vero, BHK-21,

ORF3a response; the nuclear translocation Huh-7 cells
ORF6 of STAT1 (a) HEK293T, Vero, BHK-21, Huh-7 cells
ORF7a (a) the phosphorylation of STAT2 (b) HeLa, A549 and 16HBE14o0 cells [42,44 46-51]
ORF7b (b) NF-«B HEK?293T, Vero, BHK-21, Huh-7 cells o
ORF9% the phosphorylation of STAT1 and HEK293T cells
M STAT2 (a) HEK293, HEK293T, HelLa, Vero cells
(a) RIG-I-MAVS (b) TOM70 (b) HEK293, HeLLa and HEK?293T cells
(a) RIG-I/MDA-5 (b)MAVS (c) IRF3,  (c) HEK293T cells (d) HEK293T, Vero,
TBK1 (d) the phosphorylation of BHK-21, Huh-7 cells (e) HeLa, A549
STAT1 (e) NF-«xB and 16HBE14o cells
S TLR4/TRIF/IFN-( ACE2-positive type I alveolar cells in [52]
the lungs
(a) RIG-T (b) NLRP3(c)IRF3 (a) A549, HeLa, and HEK293T cells (b)
. HEK?293T, HeLa, and A549 cells (c)Vero
N (d)NF-«B (e)the phosphorylation of E6. HEK293T Hela A549 Huh? [43,53-56]
STAT1 and STAT2. ' o oesa, A0 T
cells(d)HEK?293T cells
(a) HEK293T cells (b) HEK293T cells (c)
(a) RIG-I/ IFN-@ (b) NLRP3 (c) IRF3 A549, Vero E6, HEK 293T, Huh? cells (d)
nspl (d) the phosphorylation of STAT1 HEK?293T, Vero, BHK-21, Huh-7 cells
nsp3 (a) MDAS5 (b) IRF3 (a) HEK293T, HEK?293, HeLa, MEF, [45,46,57—62]
nsp3c NLRP3 NHLF, Vero, A549-hACE2, BHK-21 e
nsp5 IRF3 cells (b) A549 and HelLa cells
A549 cells
HEK?293, HeLa and A549 cells
nsp6 (a) IRF3; the phosphorylation of (a) HEK293T, Vero, BHK-21, Huh-7 cells
nspl2 STAT1 and STAT?2 (b) TBK1 (b) HEK293T, Vero, BHK-21, Huh-7 cells [46,63]
IRF3 HEK293T, HeLa, and Vero cells
(a) NLRP3(b) the phosphorylation 13(1?1? §1K 21_?3T cells (b) HEK293T, Vero,
-21, Huh-7 cells (c) HEK293T cells
nspl3 of STAT1 and STAT2 (¢) IRF3 (d) ™ 4y (£ 903T, Vero, BHK-21, Huh-7 [46,57,64]
nspl4 TBK1
IRF3 cells
HEK?293T cells
nsp15 IRF3 HEK293T cells [64]

MDAS5 is a member of the RLR family; its structure is very similar to RIG-I and can

sense intracellular dsRNA [65]. MDAS contains two CARDs near its N terminus and a
DExD/H-box helicase domain. After MDADJ5 binds to the viral ligand in the C-terminal
domain, MDAS5 promotes conformational changes that allows CARD to bind to MAVS,
finally leading to producing type I IFNs and pro-inflammatory cytokines through the
activation and nuclear translocation of IRF3 and NF-«kB [66]. The PLpro (the protease
domain of nsp3) of SARS-CoV-2 was confirmed to interact with MDAS and antagonize
ISG15-dependent MDADS activation through direct de-ISGylation [59]. As a result, inhibiting
MDADJS activation provides a new strategy for SARS-CoV-2 to evade the host’s antiviral
innate immunity (see Table 1).

3.2. MAVS

MAVS is a pivotal adapter in cellular antiviral innate immunity [40]. The MAVS CARD
binds to similar CARDs present in RIG-I and MDADJ5, which induces MAVS activation [67].
SARS-CoV-2 M protein directly targets MAVS to inhibit the innate immune response [50].
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ORFé6 also affects IFN production. When transfecting HEK293T cells with a plasmid
expressing ORF6, RIG-I, MDA5, MAVs and an IFN- reporter plasmid, the overexpression
of ORF6 inhibited RIG-I, MDAS5 and IFN promoter activation induced by MAVS [48].
Further studies are required to reveal the exact mechanisms of IFN and MAVS signaling
suppression during SARS-CoV-2 infection (see Table 1).

3.3. TLRs

TLRs are involved in the developing and activating of innate immunity, containing
11 transmembrane receptor proteins which can recognize PAMPs. TLR4 is involved in the
response, which is manipulated by oxidized phospholipids (OxPLs) induced by SARS-
CoV-2 infection. TLR4 activation leads to the production of type I IFNs and inflammatory
cytokines [e.g., IL-6 and tumor necrosis factor-oc (TNF-«)] through myeloid differentiation
primary response 88 (MyD88) and TIR domain-containing adaptor inducing interferon-
B (TRIF) [68]. TLR3 and TLR7/TLRS8 sense viral RNA in the endosome and activate
IRF3/IRF7 to produce type I IFNs through MyD88/TRIF signaling [69]. It has been found
that the SARS-CoV-2 S protein is capable of interacting with and activating TLR4 in THP-1
cells [70]. Hence, improving excessive TLR4-mediated innate signaling may be beneficial
to the treatment of COVID-19. In addition, Naltrexone, an approved opioid antagonist, is
being repurposed for COVID-19 as TLR4 antagonist (see Table 1).

3.4. NLRP3

The activation of NLRP3 (NLR family pyrin domain-containing 3) is involved in the
antiviral immune response and inflammatory reaction [71]. The NLRP3 inflammasome
promotes inflammation by cleaving and activating key inflammatory molecules including
active caspase-1 (Casp1p20), IL-1p and IL-18 [72]. The rapid transmission of SARS-CoV-2 is
due to the inability of type I IFN responses to eliminate its infection, and this inability relates
to SARS-CoV-2 virulence factors that influence rapid infectivity. It has been suggested
that the SARS-CoV-2 unique domain (SUD) of nsp3 is involved in the virulence and
pathogenesis by activating the signaling responses of the NLRP3 inflammasome, which are
mainly responsible for the expression of CXCL10 and the secretion of IL-1f and trigger
the infiltration of macrophages/monocytes in lung tissues [61]. Another study revealed
that nspl and nsp13 inhibit NLRP3 inflammasome activation in THP-1 and HEK293T
cells [40,57]. As reported [53], SARS-CoV-2 N protein directly connects with NLRP3 to
assemble and activate NLRP3 inflammasome, which then leads to inflammatory cytokine
production and lung injury in mice. Together, inhibiting NLRP3 inflammasome could
bring down the “cytokine storm” and lung injury during SARS-CoV-2 infection, indicating
NLRP3 inflammasome could be a target for COVID-19 treatment (see Table 1).

3.5. IRF

It is essential to express IRF-mediated type I IFNs and IFN-induced genes in responses
to viral infection [73]. A co-immunoprecipitation experiment showed that ORF6 interacted
with karyopherin « 2 (KPNA2) to block IRF3 nuclear translocation and subsequently
inhibited IFN-f3 production [46]. In HEK293T cells, the N protein significantly inhibited
the phosphorylated IRF3 induced by Sendai virus (SeV) infection or poly (I:C) (a dsRNA
mimic) but did not inhibit the production of IRF3 [54]; however, there was a study that
showed that SARS-CoV-2 nsp12 could not antagonize IFN-3 [74]. Thus, more studies are
needed to further clarify the IFN signaling mechanisms and IRF signaling inhibition during
SARS-CoV-2 infection. SARS-CoV-2 M binds with TBK1 and then degrades TBK1 by the
ubiquitin pathway, which finally inhibits IRF3 phosphorylation and suppresses type I IFNs
production [51]. Nsp6 and nsp13 bind to TBK1, and then suppress the phosphorylation
of IRF3 and TBK1 in HEK293T cells [46]. Interestingly, in another study, it was found
that nsp13, nsp14 and nsp15 could inhibit IRF3 nuclear localization [64]. Many studies
indicated that nsp1 prevents IFN induction in part by blocking IRF3 phosphorylation [58].
The protease domain of SARS-CoV-2 nsp3 (PLpro, the papain-like protease) also attenuates
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type I IFNs responses by cleaving IRF3 [60]. Another study revealed a new mechanism
by which nsp5 antagonizes IFN production through retaining phosphorylating IRF3 in
the cytoplasm [62]. It is not clear what the functions of IRF5 and IRF7 are and how they
are activated through ubiquitinating or phosphorylating during SARS-CoV-2 infection.
In addition, it is not known whether IRF5 and IRF7 participate in the regulation of the
transcription of excessive proinflammatory cytokines in response to SARS-CoV-2 infection.
In any case, this evidence suggests that inhibiting IRF activation may be an effective
mechanism for SARS-CoV-2 immune evasion (see Table 1).

3.6. JAK/STAT Signaling

The engagement of type I IFNs and type Il IFNs (IFN-y) with their specific receptors
results in autophosphorylating and activating JAK/ STAT pathways, which in turn regu-
lates type I IFNs transcription [75]. SARS-CoV-2 N protein attenuated type I IFNs signaling
accompanied by the decrease in p-STAT1 and p-STAT2 in HEK293T cells transfected by N
protein [56]. Another study revealed that nsp1, 6, 13, ORF3a, 7b and M suppressed STAT1
phosphorylation while nsp6, 13, ORF7a and 7b inhibited STAT2 phosphorylation. ORF6
could also block STAT1 nuclear translocation [46]. More studies are needed to reveal the
exact mechanism of type I IFNs inhibition during SARS-CoV-2 infection (see Table 1).

3.7. NF-xB

NF-«B is a family of transcription factors involved in host immunity and inflam-
mation, which plays a crucial role in the host’s defense against viral infection [76]. The
main mechanism for the activation of the NF-«B pathway is the phosphorylation of IkBa
activated by the IKK complex, which consists of two catalytic subunits (IKK« and IKKf3)
and a non-catalytic subunit NEMO/IKKy. IKK can be induced by cytokines, microbial
components and infectious factors, etc. [47]. The activated NF-«B pathway induces the
abnormal expression of proinflammatory factors, which may be the reason for COVID-19
inflammation. The damaged human DNA at later stages of COVID-19 could overactivate
STING (stimulator of IFN genes), leading to producing IFN-{3 by activating interferon
regulator factor 3 (IRF 3) [77]. It has been proposed that the SARS-CoV-2 N protein under-
goes liquid-liquid phase separation (LLPS) by binding to viral RNA and forms functional
membrane-less organelles to recruit TAK1 and IKK complex, the key kinases of NF-«B
signaling, thereby promoting NF-«kB activation [55]. Using a reporter assay, it was found
that SARS-CoV-2 ORF3a, 7a, M and N could activate NF-xB and promote p65 nuclear local-
ization [47]. Together, NF-«kB inhibitors may be effective antiviral drugs against COVID-19
(see Table 1).

3.8. TOM70

Translocases of outer membrane 70 (TOM70), acting as a surface receptor of the
translocase of the outer membrane complex, is the gateway for mitochondrial protein
import [78], and it is an important component in the signal cascade that results in innate
immune activation [79]. ORF9b, a SARS-CoV-2’s particular accessory protein, participates
in immune evasion through targeting mitochondria, where it correlates with the multi-
functional adapter TOM70. A previous study revealed that SARS-CoV-2 ORF9b localized
on mitochondria and reduced the activation of type I IFNs in HEK293T cells transfected
with HA-TOM70xt)\ alone or along with ORF9b-Flag [49]. There may be two possible
explanations for how ORF9b suppresses type I IFNs responses by interacting with TOM70.
One, the chaperone heat shock protein (Hsp) 90 associates with TOM70 and plays a key role
in the TOM70-mediated type I IFNs activation, and ORF9b may compete with HSP90 [80].
Two, TOM70 may be critical to mitochondrial energy metabolism, and ORF9b may induce
the production of lactic acid that was proven to inhibit type I IFNs responses through inter-
acting with TOM70 [81]. Based on the above evidence, targeting ORF9b-TOM?70 interaction
may be a novel therapeutic tool for COVID-19 (see Table 1).
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3.9. TBK1

TBK1 belongs to the IKK-kinase family of kinases of the innate immunity signaling
pathways [82], and it is important for IFN-3 production and congenital antiviral immu-
nity [83]. It had been reported that the SARS-CoV-2 M protein could inhibit TBK1-induced
IEN-B-driven luciferase reporter plasmid (IFN-3-Luc) in a dose-dependent manner. The
phosphorylated IRF3 caused by TBK1 was reduced in cells transfected with SARS-CoV-2
M, which provided evidence for the inhibitory effect of M on TBK1-induced innate immu-
nity [51]. Furthermore, nsp6-, nsp13- and TBK1-binding suppressed phosphorylated IRF3
and TBK1, respectively, thereby reduced IFN-3 production [46]. These studies suggest that
TBK1 is a potential target for developing effective treatment strategies (see Table 1).

4. Conclusions and Perspectives

SARS-CoV-2 is affecting the health and safety of the global community at present,
and the pandemic of its disease COVID-19 is considered the worst global health crisis
since the Spanish flu of 1918. In such difficult circumstances, rapid mobilization by health
authorities and the medical community, as well as the strength of the research community,
is required to find the best diagnostic methods, prevention and treatment.

COVID-19 features as reduced innate antiviral defenses and exuberant inflammatory
cytokine production [84]. One major component of the pathogenesis of COVID-19 is the
dysregulation of innate immune responses, and here we found that SARS-CoV-2 seems
well-adapted to avoid and suppress the type I IFNs response through the interplay between
viral proteins (such as M and N) and host innate receptors or regulators (e.g., RIG-I and
MDADJ). Such effective strategies help SARS-CoV-2 to replicate and transmit in infected
individuals without meeting with the host defense. IFN-« /{3 therapy is expected to
enhance the antiviral response of COVID-19 infections at the early stage and, if possible,
at the site of infection. In fact, a clinical trial showed that IFN-{ therapy appeared to be
critical to improving patient outcomes with a joint therapy of IFN-§3, lopinavir-ritonavir
and ribavirin [85]. Even so, the excessive release of pro-inflammatory cytokines observed
in the late period of COVID-19 infection may affect the efficiency of IFN-«/3 treatment
after the onset of symptoms. The adverse reactions of improper, excessive or untimely
type I IEN responses in viral infections have indeed attracted people’s attention [86].
Therefore, it is necessary to weigh the benefits, risks and the best time window for IFN
administration [87,88].

The current study aims to better understand the molecular and cellular signaling
mechanisms underlying SARS-CoV-2 infection and host—virus interactions. Finding the
answers to these questions is not only crucial for a better understanding of basic knowledge
of SARS-CoV-2 but is also helpful for developing antiviral therapeutics against the COVID-
19 pandemic.

Author Contributions: Conceptualization, Y.J.; Methodology, Y.Z. and Y.J.; Software, Y.J. and S.C.;
Validation, W.Z. and G.D.; Formal Analysis, S.C., Y.Z. and W.J.; Investigation, W.J. and Y.Z.; Re-
sources, W.J. and Y.J.; Data Curation, W.J. and Y.Z.; Writing—Original Draft Preparation, Y.Z. and Y.J.;
Writing—Review & Editing, W.]., Y.J. and G.D.; Visualization, W.]. and W.Z.; Supervision, Y.J.; Project
Administration, Y.J. and S.C.; Funding Acquisition, Y.J. and S.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (NO.82002147
and NO.82073618), the China Postdoctoral Science Foundation (NO.2019M662543) and the Key Scien-
tific Research Project of Henan Institution of Higher Education (NO.20A330004 and NO.21A310026).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article, which can be found in the cited
publications.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2021, 13, 2060 10 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Xiong, Y.; Liu, Y,; Cao, L.; Wang, D.; Guo, M.; Jiang, A.; Guo, D.; Hu, W,; Yang, J.; Tang, Z.; et al. Transcriptomic characteristics
of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in COVID-19 patients. Emerg. Microbes Infect. 2020, 9,
761-770. [CrossRef]

Gralinski, L.E.; Menachery, V.D. Return of the Coronavirus: 2019-nCoV. Viruses 2020, 12, 135. [CrossRef] [PubMed]

Helmy, Y.A.; Fawzy, M.; Elaswad, A.; Sobieh, A.; Kenney, S.P.; Shehata, A.A. The COVID-19 Pandemic: A Comprehensive Review
of Taxonomy, Genetics, Epidemiology, Diagnosis, Treatment, and Control. J. Clin. Med. 2020, 9, 1225. [CrossRef]
Eurosurveillance Editorial Team. Note from the editors: World Health Organization declares novel coronavirus (2019-nCoV)
sixth public health emergency of international concern. Eurosurveillance 2020, 25, 200131e.

Huang, X.; Wei, F.; Hu, L.; Wen, L.; Chen, K. Epidemiology and Clinical Characteristics of COVID-19. Arch. Iran. Med. 2020, 23,
268-271. [CrossRef] [PubMed]

Fisher, D.; Heymann, D. Q&A: The novel coronavirus outbreak causing COVID-19. BMC Med. 2020, 18, 57.

Johns Hopkins University. COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at Johns Hopkins
University (JHU). 2020. Available online: https://gisanddata.maps.arcgis.com/apps/opsdashboard /index.html#/bda7594740
£d40299423467b48e%ecf6 (accessed on 12 October 2021).

Parkin, J.; Cohen, B. An overview of the immune system. Lancet 2001, 357, 1777-1789. [CrossRef]

Kasuga, Y.; Zhu, B.; Jang, K.-J.; Yoo, J.-S. Innate immune sensing of coronavirus and viral evasion strategies. Exp. Mol. Med. 2021,
53, 723-736. [CrossRef]

Zhu, N.; Zhang, D.; Wang, W,; Li, X;; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W,; Lu, R; et al. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. ]. Med. 2020, 382, 727-733. [CrossRef]

Zhou, P; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y,; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef]

Li, Q.; Guan, X.; Wu, P,; Wang, X.; Zhou, L.; Tong, Y.; Ren, R.; Leung, K.S.M.; Lau, E.H.Y.; Wong, ].Y.; et al. Early Transmission
Dynamics in Wuhan, China, of Novel Coronavirus-Infected Pneumonia. N. Engl. |. Med. 2020, 382, 1199-1207. [CrossRef]
[PubMed]

Brant, A.C.; Tian, W.; Majerciak, V.; Yang, W.; Zheng, Z.M. SARS-CoV-2: From its discovery to genome structure, transcription,
and replication. Cell Biosci. 2021, 11, 136. [CrossRef] [PubMed]

Zhang, E; Gan, R.; Zhen, Z.; Hu, X,; Li, X.; Zhou, F; Liu, Y.; Chen, C,; Xie, S.; Zhang, B.; et al. Adaptive immune responses to
SARS-CoV-2 infection in severe versus mild individuals. Signal. Transduct. Target. Ther. 2020, 5, 156. [CrossRef] [PubMed]
Chan, J.E-W.; Kok, K.-H.; Zhu, Z.; Chu, H.; To, KK.-W.; Yuan, S.; Yuen, K.-Y. Genomic characterization of the 2019 novel
human-pathogenic coronavirus isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg. Microbes Infect.
2020, 9, 221-236. [CrossRef] [PubMed]

Hu, B.; Guo, H.; Zhou, P; Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol 2021, 19, 141-154.
[CrossRef]

Arya, R,; Kumari, S.; Pandey, B.; Mistry, H.; Bihani, S.C.; Das, A.; Prashar, V.; Gupta, G.D.; Panicker, L.; Kumar, M. Structural
insights into SARS-CoV-2 proteins. J. Mol. Biol. 2021, 433, 166725. [CrossRef]

Wu, A.; Peng, Y,; Huang, B.; Ding, X.; Wang, X.; Niu, P.; Meng, J.; Zhu, Z.; Zhang, Z.; Wang, J.; et al. Genome Composition and
Divergence of the Novel Coronavirus (2019-nCoV) Originating in China. Cell Host Microbe 2020, 27, 325-328. [CrossRef]
Gordon, D.E; Jang, G.M.; Bouhaddou, M.; Xu, J.; Obernier, K.; White, KM.; O’'Meara, M.].; Rezelj, V.V,; Guo, ].Z.; Swaney,
D.L.; et al. A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature 2020, 583, 459-468. [CrossRef]
Mousavizadeh, L.; Ghasemi, S. Genotype and phenotype of COVID-19: Their roles in pathogenesis. |. Microbiol. Immunol. Infect.
Wei Mianyugan Ran Za Zhi 2021, 54, 159-163. [CrossRef]

Wang, M.-Y.; Zhao, R,; Gao, L.-J.; Gao, X.-F.; Wang, D.-P,; Cao, J.-M. SARS-CoV-2: Structure, Biology, and Structure-Based
Therapeutics Development. Front. Cell Infect. Microbiol. 2020, 10, 587269. [CrossRef]

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271-280.e278. [CrossRef]

Daly, J.L.; Simonetti, B.; Klein, K.; Chen, K.E.; Williamson, M.K.; Antén-Plagaro, C.; Shoemark, D.K.; Simén-Gracia, L.; Bauer, M.;
Hollandji, R.; et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection. Science 2020, 370, 861-865. [CrossRef]
Cantuti-Castelvetri, L.; Ojha, R.; Pedro, L.D.; Djannatian, M.; Franz, J.; Kuivanen, S.; van der Meer, F; Kallio, K.; Kaya, T,;
Anastasina, M.; et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science 2020, 370, 856-860. [CrossRef]

Lan, ].; Ge, ].; Yu,],; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215-220. [CrossRef] [PubMed]

Twomey, ].D.; Luo, S.; Dean, A.Q.; Bozza, W.P,; Nalli, A.; Zhang, B. COVID-19 update: The race to therapeutic development. Drug
Resist. Updates Rev. Comment. Antimicrob. Anticancer Chemother. 2020, 53, 100733. [CrossRef] [PubMed]

Carty, M.; Guy, C.; Bowie, A.G. Detection of Viral Infections by Innate Immunity. Biochem. Pharmacol. 2021, 183, 114316. [CrossRef]
Schoggins, J.W. Interferon-Stimulated Genes: What Do They All Do? Annu. Rev. Virol. 2019, 6, 567-584. [CrossRef] [PubMed]
Lagunas-Rangel, F.A. Neutrophil-to-lymphocyte ratio and lymphocyte-to-C-reactive protein ratio in patients with severe coron-
avirus disease 2019 (COVID-19): A meta-analysis. J. Med. Virol. 2020, 92, 1733-1734. [CrossRef] [PubMed]


http://doi.org/10.1080/22221751.2020.1747363
http://doi.org/10.3390/v12020135
http://www.ncbi.nlm.nih.gov/pubmed/31991541
http://doi.org/10.3390/jcm9041225
http://doi.org/10.34172/aim.2020.09
http://www.ncbi.nlm.nih.gov/pubmed/32271601
https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467b48e9ecf6
https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467b48e9ecf6
http://doi.org/10.1016/S0140-6736(00)04904-7
http://doi.org/10.1038/s12276-021-00602-1
http://doi.org/10.1056/NEJMoa2001017
http://doi.org/10.1038/s41586-020-2012-7
http://doi.org/10.1056/NEJMoa2001316
http://www.ncbi.nlm.nih.gov/pubmed/31995857
http://doi.org/10.1186/s13578-021-00643-z
http://www.ncbi.nlm.nih.gov/pubmed/34281608
http://doi.org/10.1038/s41392-020-00263-y
http://www.ncbi.nlm.nih.gov/pubmed/32796814
http://doi.org/10.1080/22221751.2020.1719902
http://www.ncbi.nlm.nih.gov/pubmed/31987001
http://doi.org/10.1038/s41579-020-00459-7
http://doi.org/10.1016/j.jmb.2020.11.024
http://doi.org/10.1016/j.chom.2020.02.001
http://doi.org/10.1038/s41586-020-2286-9
http://doi.org/10.1016/j.jmii.2020.03.022
http://doi.org/10.3389/fcimb.2020.587269
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1126/science.abd3072
http://doi.org/10.1126/science.abd2985
http://doi.org/10.1038/s41586-020-2180-5
http://www.ncbi.nlm.nih.gov/pubmed/32225176
http://doi.org/10.1016/j.drup.2020.100733
http://www.ncbi.nlm.nih.gov/pubmed/33161277
http://doi.org/10.1016/j.bcp.2020.114316
http://doi.org/10.1146/annurev-virology-092818-015756
http://www.ncbi.nlm.nih.gov/pubmed/31283436
http://doi.org/10.1002/jmv.25819
http://www.ncbi.nlm.nih.gov/pubmed/32242950

Viruses 2021, 13, 2060 11 of 13

30.

31.

32.
33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

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

Ong, E.Z.; Chan, YEZ.; Leong, W.Y.; Lee, N.M.Y,; Kalimuddin, S.; HajaMohideen, S.M.; Chan, K.S.; Tan, A.T.; Bertoletti, A.; Ooi,
E.E; et al. A Dynamic Immune Response Shapes COVID-19 Progression. Cell Host Microbe 2020, 27, 879-882.e872. [CrossRef]
Kumar, H.; Kawai, T.; Akira, S. Pathogen recognition by the innate immune system. Int. Rev. Immunol. 2011, 30, 16-34. [CrossRef]
Streicher, F.; Jouvenet, N. Stimulation of Innate Immunity by Host and Viral RNAs. Trends Immunol. 2019, 40, 1134-1148.
[CrossRef] [PubMed]

Acharya, D.; Liu, G.; Gack, M.U. Dysregulation of type I interferon responses in COVID-19. Nat. Rev. Immunol. 2020, 20, 397-398.
[CrossRef] [PubMed]

Liu, S.; Cai, X.; Wu, J.; Cong, Q.; Chen, X,; Li, T.; Du, F; Ren, J.; Wu, Y.T.; Grishin, N.V,; et al. Phosphorylation of innate immune
adaptor proteins MAVS, STING, and TRIF induces IRF3 activation. Science 2015, 347, aaa2630. [CrossRef]

Fitzgerald, K.A.; McWhirter, S.M.; Faia, K.L.; Rowe, D.C.; Latz, E.; Golenbock, D.T.; Coyle, A.].; Liao, S.M.; Maniatis, T. IKKepsilon
and TBK1 are essential components of the IRF3 signaling pathway. Nat. Immunol. 2003, 4, 491-496. [CrossRef]

Schneider, W.M.; Chevillotte, M.D.; Rice, C.M. Interferon-stimulated genes: A complex web of host defenses. Annu. Rev. Immunol.
2014, 32, 513-545. [CrossRef] [PubMed]

Samuel, C.E. Antiviral actions of interferons. Clin. Microbiol. Rev. 2001, 14, 778-809. [CrossRef] [PubMed]

Makris, S.; Paulsen, M.; Johansson, C. Type I Interferons as Regulators of Lung Inflammation. Front. Immunol. 2017, 8, 259.
[CrossRef]

Jin, Y.; Zhang, R.; Wu, W.; Duan, G. Innate Immunity Evasion by Enteroviruses Linked to Epidemic Hand-Foot-Mouth Disease.
Front. Microbiol. 2018, 9, 2422. [CrossRef]

Iurescia, S.; Fioretti, D.; Rinaldi, M. The Innate Immune Signalling Pathways: Turning RIG-I Sensor Activation against Cancer.
Cancers 2020, 12, 3158. [CrossRef]

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

Oh, SJ.; Shin, O.S. SARS-CoV-2 Nucleocapsid Protein Targets RIG-I-Like Receptor Pathways to Inhibit the Induction of Interferon
Response. Cells 2021, 10, 530. [CrossRef]

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

Thoms, M.; Buschauer, R.; Ameismeier, M.; Koepke, L.; Denk, T.; Hirschenberger, M.; Kratzat, H.; Hayn, M.; Mackens-Kiani, T.;
Cheng, J.; et al. Structural basis for translational shutdown and immune evasion by the Nsp1 protein of SARS-CoV-2. Science
2020, 369, 1249. [CrossRef]

Xia, H.; Cao, Z.; Xie, X.; Zhang, X.; Chen, J.Y.-C.; Wang, H.; Menachery, V.D.; Rajsbaum, R.; Shi, P.-Y. Evasion of Type I Interferon
by SARS-CoV-2. Cell Rep. 2020, 33, 108234. [CrossRef] [PubMed]

Su, C.-M.; Wang, L.; Yoo, D. Activation of NF-«kB and induction of proinflammatory cytokine expressions mediated by ORF7a
protein of SARS-CoV-2. Sci. Rep. 2021, 11, 13464. [CrossRef] [PubMed]

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

Jiang, H.-W.; Zhang, H.-N.; Meng, Q.-F; Xie, J.; Li, Y.; Chen, H.; Zheng, Y.-X.; Wang, X.-N.; Qi, H.; Zhang, J.; et al. SARS-CoV-2
Orf9b suppresses type I interferon responses by targeting TOM?70. Cell Mol. Immunol. 2020, 17, 998-1000. [CrossRef]

Fu, Y.Z.; Wang, S.Y.; Zheng, Z.Q.; Yi, H,; Li, WW.,; Xu, Z.S.; Wang, Y.-Y. SARS-CoV-2 membrane glycoprotein M antagonizes the
MAVS-mediated innate antiviral response. Cell Mol. Immunol. 2021, 18, 613-620. [CrossRef]

Sui, L.; Zhao, Y.; Wang, W.; Wu, P; Wang, Z.; Yu, Y,; Hou, Z.; Tan, G.; Liu, Q. SARS-CoV-2 Membrane Protein Inhibits Type I
Interferon Production Through Ubiquitin-Mediated Degradation of TBK1. Front. Immunol. 2021, 12, 662989. [CrossRef]
Aboudounya, M.M.; Heads, R.J. COVID-19 and Toll-Like Receptor 4 (TLR4): SARS-CoV-2 May Bind and Activate TLR4 to
Increase ACE2 Expression, Facilitating Entry and Causing Hyperinflammation. Mediat. Inflamm. 2021, 2021, 8874339. [CrossRef]
Pan, P; Shen, M.; Yu, Z.; Ge, W.; Chen, K.; Tian, M.; Xiao, F; Wang, Z.; Wang, ].; Jia, Y.; et al. SARS-CoV-2 N protein promotes
NLRP3 inflammasome activation to induce hyperinflammation. Nat. Commun. 2021, 12, 4664. [CrossRef] [PubMed]

Chen, K ; Xiao, F,; Hu, D.; Ge, W.; Tian, M.; Wang, W.; Pan, P.; Wu, K.; Wu, J. SARS-CoV-2 Nucleocapsid Protein Interacts with
RIG-T and Represses RIG-Mediated IFN-f3 Production. Viruses 2020, 13, 47. [CrossRef] [PubMed]

Wu, Y,; Ma, L; Cai, S.; Zhuang, Z.; Zhao, Z,; Jin, S.; Xie, W.; Zhou, L.; Zhang, L.; Zhao, J.; et al. RNA-induced liquid phase
separation of SARS-CoV-2 nucleocapsid protein facilitates NF-«B hyper-activation and inflammation. Signal. Transduct. Target.
Ther. 2021, 6, 167. [CrossRef] [PubMed]

Mu, J.; Fang, Y,; Yang, Q.; Shu, T.; Wang, A.; Huang, M.; Jin, L.; Deng, E; Qiu, Y.; Zhou, X. SARS-CoV-2 N protein antagonizes
type I interferon signaling by suppressing phosphorylation and nuclear translocation of STAT1 and STAT?2. Cell Discov. 2020, 6, 65.
[CrossRef] [PubMed]

Kim, N.-E.; Kim, D.-K,; Song, Y.-]. SARS-CoV-2 Nonstructural Proteins 1 and 13 Suppress Caspase-1 and the NLRP3 Inflammasome
Activation. Microorganisms 2021, 9, 494. [CrossRef]


http://doi.org/10.1126/science.abd4570
http://doi.org/10.1016/j.chom.2020.03.021
http://doi.org/10.3109/08830185.2010.529976
http://doi.org/10.1016/j.it.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31735513
http://doi.org/10.1038/s41577-020-0346-x
http://www.ncbi.nlm.nih.gov/pubmed/32457522
http://doi.org/10.1126/science.aaa2630
http://doi.org/10.1038/ni921
http://doi.org/10.1146/annurev-immunol-032713-120231
http://www.ncbi.nlm.nih.gov/pubmed/24555472
http://doi.org/10.1128/CMR.14.4.778-809.2001
http://www.ncbi.nlm.nih.gov/pubmed/11585785
http://doi.org/10.3389/fimmu.2017.00259
http://doi.org/10.3389/fmicb.2018.02422
http://doi.org/10.3390/cancers12113158
http://doi.org/10.1038/s41392-020-00438-7
http://doi.org/10.3390/cells10030530
http://doi.org/10.1016/j.celrep.2021.108761
http://www.ncbi.nlm.nih.gov/pubmed/33567255
http://doi.org/10.1126/science.abc8665
http://doi.org/10.1016/j.celrep.2020.108234
http://www.ncbi.nlm.nih.gov/pubmed/32979938
http://doi.org/10.1038/s41598-021-92941-2
http://www.ncbi.nlm.nih.gov/pubmed/34188167
http://doi.org/10.1038/s41467-020-17665-9
http://doi.org/10.1038/s41423-020-0514-8
http://doi.org/10.1038/s41423-020-00571-x
http://doi.org/10.3389/fimmu.2021.662989
http://doi.org/10.1155/2021/8874339
http://doi.org/10.1038/s41467-021-25015-6
http://www.ncbi.nlm.nih.gov/pubmed/34341353
http://doi.org/10.3390/v13010047
http://www.ncbi.nlm.nih.gov/pubmed/33396605
http://doi.org/10.1038/s41392-021-00575-7
http://www.ncbi.nlm.nih.gov/pubmed/33895773
http://doi.org/10.1038/s41421-020-00208-3
http://www.ncbi.nlm.nih.gov/pubmed/34521819
http://doi.org/10.3390/microorganisms9030494

Viruses 2021, 13, 2060 12 of 13

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kumar, A ; Ishida, R,; Strilets, T.; Cole, ]J.; Lopez-Orozco, ].; Fayad, N.; Felix-Lopez, A.; Elaish, M.; Evseev, D.; Magor Katharine, E.
SARS-CoV-2 Nonstructural Protein 1 Inhibits the Interferon Response by Causing Depletion of Key Host Signaling Factors. |.
Virol. 2021, 95, €00221-e00266. [CrossRef]

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

Shin, D.; Mukherjee, R.; Grewe, D.; Bojkova, D.; Baek, K.; Bhattacharya, A.; Schulz, L.; Widera, M.; Mehdipour, A.R.; Tascher,
G.; et al. Papain-like protease regulates SARS-CoV-2 viral spread and innate immunity. Nature 2020, 587, 657—662. [CrossRef]
Chang, Y.S.; Ko, B.H.; Ju, J.C.; Chang, H.H.; Huang, S.H.; Lin, CW. SARS Unique Domain (SUD) of Severe Acute Respiratory
Syndrome Coronavirus Induces NLRP3 Inflammasome-Dependent CXCL10-Mediated Pulmonary Inflammation. Int. J. Mol. Sci
2020, 21, 3179. [CrossRef]

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

Wang, W.; Zhou, Z; Xiao, X,; Tian, Z.; Dong, X.; Wang, C.; Li, L.; Ren, L.; Lei, X,; Xiang, Z.; et al. SARS-CoV-2 nsp12 attenuates
type I interferon production by inhibiting IRF3 nuclear translocation. Cell Mol. Immunol 2021, 18, 945-953. [CrossRef]

Yuen, C.-K,; Lam, J.-Y.; Wong, W.-M.; Mak, L.-E; Wang, X.; Chu, H.; Cai, J.-P; Jin, D.-Y.; To, KK.-W.; Chan, J.E-W.,; et al.
SARS-CoV-2 nsp13, nsp14, nsp15 and orf6 function as potent interferon antagonists. Emerg. Microbes Infect. 2020, 9, 1418-1428.
[CrossRef] [PubMed]

Yoneyama, M.; Kikuchi, M.; Natsukawa, T.; Shinobu, N.; Imaizumi, T.; Miyagishi, M.; Taira, K.; Akira, S.; Fujita, T. The RNA
helicase RIG-I has an essential function in double-stranded RNA-induced innate antiviral responses. Nat. Immunol. 2004, 5,
730-737. [CrossRef] [PubMed]

Lee, S.; Channappanavar, R.; Kanneganti, T.-D. Coronaviruses: Innate Inmunity, Inflammasome Activation, Inflammatory Cell
Death, and Cytokines. Trends Immunol. 2020, 41, 1083-1099. [CrossRef] [PubMed]

Ren, Z; Ding, T.; Zuo, Z.; Xu, Z.; Deng, ].; Wei, Z. Regulation of MAVS Expression and Signaling Function in the Antiviral Innate
Immune Response. Front. Immunol. 2020, 11, 1030. [CrossRef]

Birra, D.; Benucci, M.; Landolfi, L.; Merchionda, A.; Loi, G.; Amato, P; Licata, G.; Quartuccio, L.; Triggiani, M.; Moscato, P.
COVID 19: A clue from innate immunity. Immunol. Res. 2020, 68, 161-168. [CrossRef]

Tan, X;; Sun, L.; Chen, J.; Chen, Z.]. Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids. Annu.
Rev. Microbiol. 2018, 72, 447-478. [CrossRef]

Choudhury, A.; Mukherijee, S. In silico studies on the comparative characterization of the interactions of SARS-CoV-2 spike
glycoprotein with ACE-2 receptor homologs and human TLRs. J. Med. Virol. 2020, 92, 2105-2113. [CrossRef]

Zhao, C.; Zhao, W. NLRP3 Inflammasome-A Key Player in Antiviral Responses. Front. Immunol. 2020, 11, 211. [CrossRef]
Rodrigues, T.S.; de S4, K.S.G.; Ishimoto, A.Y.; Becerra, A.; Oliveira, S.; Almeida, L.; Gongalves, A.V.; Perucello, D.B.; Andrade,
W.A_; Castro, R; et al. Inflammasomes are activated in response to SARS-CoV-2 infection and are associated with COVID-19
severity in patients. J. Exp. Med. 2021, 218, €20201707. [CrossRef] [PubMed]

Janeway, C.A., Jr.; Medzhitov, R. Innate immune recognition. Annu. Rev. Immunol. 2002, 20, 197-216. [CrossRef] [PubMed]

Li, A;; Zhao, K.; Zhang, B.; Hua, R.; Fang, Y.; Jiang, W.; Zhang, ].; Hui, L.; Zheng, Y,; Li, Y,; et al. SARS-CoV-2 NSP12 protein is not
an IFN-p antagonist. J. Virol. 2021, 95, €00747-21. [CrossRef] [PubMed]

Darnell, J.E.; Kerr, LM.; Stark, G.R. Jak-STAT pathways and transcriptional activation in response to IFNs and other extracellular
signaling proteins. Science 1994, 264, 1415. [CrossRef]

Rahman, M.M.; McFadden, G. Modulation of NF-kBsignalling by microbial pathogens. Nat. Rev. Microbiol. 2011, 9, 291-306.
[CrossRef] [PubMed]

Hariharan, A.; Hakeem, A.R.; Radhakrishnan, S.; Reddy, M.S.; Rela, M. The Role and Therapeutic Potential of NF-kappa-B
Pathway in Severe COVID-19 Patients. Inflammopharmacology 2021, 29, 91-100. [CrossRef] [PubMed]

Gao, X.; Zhu, K,; Qin, B.; Olieric, V.; Wang, M.; Cui, S. Crystal structure of SARS-CoV-2 Orf9b in complex with human TOM70
suggests unusual virus-host interactions. Nat. Commun. 2021, 12, 2843. [CrossRef]

Kreimendahl, S.; Rassow, J. The Mitochondrial Outer Membrane Protein Tom70-Mediator in Protein Traffic, Membrane Contact
Sites and Innate Immunity. Int. J. Mol. Sci. 2020, 21, 7262. [CrossRef]

Liu, X.-Y.; Wei, B.; Shi, H.-X,; Shan, Y.-F; Wang, C. Tom70 mediates activation of interferon regulatory factor 3 on mitochondria.
Cell Res. 2010, 20, 994-1011. [CrossRef]

Zhang, W.; Wang, G.; Xu, Z.G.; Tu, H.,; Hu, E; Dai, J.; Chang, Y.; Chen, Y; Lu, Y;; Zeng, H.; et al. Lactate Is a Natural Suppressor of
RLR Signaling by Targeting MAVS. Cell 2019, 178, 176-189.e115. [CrossRef]

Oakes, J.A.; Davies, M.C.; Collins, M.O. TBK1: A new player in ALS linking autophagy and neuroinflammation. Mol. Brain
2017, 10, 5. [CrossRef] [PubMed]

Song, G.; Liu, B; Li, Z.; Wu, H.; Wang, P.; Zhao, K,; Jiang, G.; Zhang, L.; Gao, C. E3 ubiquitin ligase RNF128 promotes innate
antiviral immunity through K63-linked ubiquitination of TBK1. Nat. Immunol. 2016, 17, 1342-1351. [CrossRef]

Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.C.; Uhl, S.; Hoagland, D.; Mgller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs, D.;
et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036-1045.1039. [CrossRef]
[PubMed]


http://doi.org/10.1128/JVI.00266-21
http://doi.org/10.1038/s41564-021-00884-1
http://doi.org/10.1038/s41586-020-2601-5
http://doi.org/10.3390/ijms21093179
http://doi.org/10.7150/ijbs.59943
http://doi.org/10.1038/s41423-020-00619-y
http://doi.org/10.1080/22221751.2020.1780953
http://www.ncbi.nlm.nih.gov/pubmed/32529952
http://doi.org/10.1038/ni1087
http://www.ncbi.nlm.nih.gov/pubmed/15208624
http://doi.org/10.1016/j.it.2020.10.005
http://www.ncbi.nlm.nih.gov/pubmed/33153908
http://doi.org/10.3389/fimmu.2020.01030
http://doi.org/10.1007/s12026-020-09137-5
http://doi.org/10.1146/annurev-micro-102215-095605
http://doi.org/10.1002/jmv.25987
http://doi.org/10.3389/fimmu.2020.00211
http://doi.org/10.1084/jem.20201707
http://www.ncbi.nlm.nih.gov/pubmed/33231615
http://doi.org/10.1146/annurev.immunol.20.083001.084359
http://www.ncbi.nlm.nih.gov/pubmed/11861602
http://doi.org/10.1128/JVI.00747-21
http://www.ncbi.nlm.nih.gov/pubmed/34133897
http://doi.org/10.1126/science.8197455
http://doi.org/10.1038/nrmicro2539
http://www.ncbi.nlm.nih.gov/pubmed/21383764
http://doi.org/10.1007/s10787-020-00773-9
http://www.ncbi.nlm.nih.gov/pubmed/33159646
http://doi.org/10.1038/s41467-021-23118-8
http://doi.org/10.3390/ijms21197262
http://doi.org/10.1038/cr.2010.103
http://doi.org/10.1016/j.cell.2019.05.003
http://doi.org/10.1186/s13041-017-0287-x
http://www.ncbi.nlm.nih.gov/pubmed/28148298
http://doi.org/10.1038/ni.3588
http://doi.org/10.1016/j.cell.2020.04.026
http://www.ncbi.nlm.nih.gov/pubmed/32416070

Viruses 2021, 13, 2060 13 of 13

85.

86.

87.

88.

Hung, L.F; Lung, K.C; Tso, E.Y,; Liu, R.; Chung, TW.; Chu, M.Y.; Ng, Y.Y; Lo, J.; Chan, J.; Tam, A.R; et al. Triple combination
of interferon beta-1b, lopinavir-ritonavir, and ribavirin in the treatment of patients admitted to hospital with COVID-19: An
open-label, randomised, phase 2 trial. Lancet 2020, 395, 1695-1704. [CrossRef]

Davidson, S.; Maini, M.K.; Wack, A. Disease-promoting effects of type I interferons in viral, bacterial, and coinfections. J. Interferon
Cytokine Res. Off. ]. Int. Soc. Interferon Cytokine Res. 2015, 35, 252-264. [CrossRef] [PubMed]

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

Zhou, Z.; Ren, L.; Zhang, L.; Zhong, ].; Xiao, Y.; Jia, Z.; Guo, L.; Yang, J.; Wang, C.; Jiang, S.; et al. Heightened Innate Immune
Responses in the Respiratory Tract of COVID-19 Patients. Cell Host Microbe 2020, 27, 883-890.e882. [CrossRef]


http://doi.org/10.1016/S0140-6736(20)31042-4
http://doi.org/10.1089/jir.2014.0227
http://www.ncbi.nlm.nih.gov/pubmed/25714109
http://doi.org/10.1126/science.abc6027
http://www.ncbi.nlm.nih.gov/pubmed/32661059
http://doi.org/10.1016/j.chom.2020.04.017

	Introduction 
	SARS-CoV-2 Genome, Protein and Its Host Receptors 
	Innate Immune Responses to SARS-CoV-2 Infection 
	RLRs 
	MAVS 
	TLRs 
	NLRP3 
	IRF 
	JAK/STAT Signaling 
	NF-B 
	TOM70 
	TBK1 

	Conclusions and Perspectives 
	References

