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Abstract

Recognizing aberrant cytoplasmic double‐stranded DNA and stimulating innate

immunity is essential for the host's defense against viruses and tumors. Cyclic

GMP–AMP (cGAMP) synthase (cGAS) is a cytosolic DNA sensor that synthesizes the

second messenger 2′3′‐cGAMP and subsequently activates stimulator of interferon

genes (STING)‐mediated activation of TANK‐binding kinase 1 (TBK1)/interferon

regulatory factor 3 (IRF3) and the production of type I interferon (IFN‐I). Both the

cGAS–STING‐mediated IFN‐I antiviral defense and the countermeasures developed

by diverse viruses have been extensively studied. However, recent studies have

revealed a convergent evolutionary feature of severe acute respiratory syndrome

coronavirus 2 and human immunodeficiency virus (HIV) viral proteins in terms of the

selective regulation of cGAS–STING‐mediated nuclear factor‐κB (NF‐κB) signaling

without any effect on cGAS–STING‐mediated TBK1/IRF3 activation and IFN

production. The potential beneficial effect of this cGAS–STING‐mediated, NF‐κB‐

dependent antiviral effect, and the possible detrimental effect of IFN‐I in the

pathogenesis of coronavirus disease 2019 and HIV infection deserve more attention

and future investigation.
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1 | INTRODUCTION

Innate immunity is the host's main barrier for restricting viral

replication. Recognition of pathogen‐associated molecular patterns

(PAMPs) via a vast array of pattern recognition receptors (PRRs) that

stimulate innate immune responses is essential for the host's ability

to combat viral infection.1 Virus‐sensing PRRs that are well studied

include Toll‐like receptors,2 RIG‐I‐like receptors,3 the nucleotide

oligomerization domain‐like receptors,4 C‐type lectin receptors,5 and

cytosolic DNA sensors (cyclic GMP–AMP (cGAMP) synthase [cGAS],6

IFI16,7 DDX41,8 LRRFIP1,9 and AIM210–13). These sensors are widely

expressed in various cellular compartments and constitute a

continuous surveillance system against viral infection. Following the

recognition and binding of PAMPs, these PRRs activate associated

signaling pathways and evoke innate immune responses.14 Innate

immune activation manifests as a robust induction of IRF‐dependent

expression of interferons (IFNs) and a nuclear factor‐κB (NF‐κB)‐

dependent expression of proinflammatory cytokines or chemokines,

which are critical for the host's ability to identify and withstand

“nonself” pathogens.15,16

Cytosolic double‐stranded DNA (dsDNA) is a potent activator of

innate immunity. As part of this activation, the cytosolic DNA‐sensing
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pathway known as cGAS–stimulator of interferon genes

(cGAS–STING) signaling has been shown to recognize a broad

spectrum of viruses, including DNA viruses, RNA viruses, and

retroviruses.17–19 STING (also known as MITA, ERIS, MPYS, or

TMEM173), an important adaptor in the cell, mediates multiple

signaling pathways and plays an important role in antiviral innate

immunity.20–23

The activator of STING, 2′3′‐cGAMP, is produced by the

cGAS, which recognizes DNA fragments in the cytoplasm.6,24,25

STING can also be activated by the bacterial cyclic dinucleotides

(CDNs), c‐di‐AMP, and c‐di‐GMP.26,27 In addition to being directly

produced in the cytoplasm, CDNs can also enter into the

cytoplasm through the viral carriage,28,29 cell–cell gap junctions,30

and cell membrane transporters (solute carrier family 19 member 1

[SLC19A1], leucine‐rich repeat containing 8 [LRRC8], and pur-

inergic receptor P2X 7 [P2X7R]).31–35 Once cGAMP and

CDNs bind to STING, STING undergoes a conformational switch,

leaves the endoplasmic reticulum (ER) with the assistance of

Rhomboid 5 homolog 2 (iRhom2),36 STING ER exit protein

(STEEP),37 translocon‐associated protein beta (TRAPβ),21 trans-

membrane p24 trafficking protein 2 (TMED2),38 Yip1 domain

family member 5 (YIPF5),39 and other proteins, and moves to the

Golgi apparatus through coated protein complex (COPII)‐coated

vesicles. Golgi‐localized glycosaminoglycans interact with STING

to initiate its oligomerization in the Golgi,40 where STING recruits

TANK‐binding kinase 1 (TBK1) and IκB kinase (IKK) to trigger

interferon regulatory factor 3 (IRF3) and NF‐κB activation,

respectively (Figure 1). In addition, it has been reported that a

novel transcript isoform of STING without transmembrane

domains, designated STING‐β, sequesters cGAMP and impairs

signal transduction.41 cGAS–STING‐mediated IRF3 and NF‐κB

signaling then triggers the stimulation of type I interferon (IFN‐I),

interferon‐stimulated genes, and proinflammatory cytokines that

orchestrate countermeasures against viral infection.42

For many years, IRF3‐triggered IFN‐I production has been

considered the major antiviral immunity‐related effect of

cGAS–STING signaling. However, recent studies have demonstrated

that STING mutants deficient in IRF3–IFN‐I activation can protect

the host against viral infection, suggesting that IFN‐I‐independent

activities of cGAS–STING also elicit potent antiviral immunity.43,44 As

we mentioned above, in addition to IRF3, cGAS–STING activation

simultaneously stimulates NF‐кB cascades, which activate the

transcription and expression of a variety of antiviral factors, induce

dendritic cell (DC) maturation, and promote antigen presentation,

indicating a prominent role for this NF‐κB‐dependent activity during

viral pathogenesis.45–47

F IGURE 1 Overview of cGAS–STING signaling activation during pathogen infection. CDN, cyclic dinucleotide; cGAS, cyclic GMP–AMP
(cGAMP) synthase; ER, endoplasmic reticulum; IRF3, interferon regulatory factor 3; iRhom2, rhomboid 5 homolog 2; mtDNA, mitochondrial
DNA; NF‐κB, nuclear factor‐κB; STEEP, STING ER exit protein; STING, stimulator of interferon genes; TMED2, transmembrane p24 trafficking
protein 2; TRAPβ, translocon‐associated protein beta; YIPF5, Yip1 domain family member 5.
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Of note, cGAS–STING signaling in the host can sense and

respond to infection with a multitude of viruses, inducing a robust

antiviral immunity. It has been widely reported that cGAS, a

cytoplasmic DNA sensor, detects dsDNA derived from DNA viruses

such as herpes simplex virus 1 (HSV‐1) and human papillomavirus

(HPV),24,48 as well as reverse‐transcribed DNA from retroviruses

such as human immunodeficiency virus (HIV).49,50 Also, HIV

commonly replicates in the gut, which houses a vast microbiota that

produces CDNs to activate STING signaling.51,52 What is intriguing to

us is that many studies have established that severe acute respiratory

syndrome coronavirus 2 (SARS‐CoV‐2), the positive‐sense RNA virus

responsible for the coronavirus disease 2019 (COVID‐19) pandemic,

is also recognized by cGAS–STING signaling via mitochondrial DNA

(mtDNA) leakage and cytoplasmic chromatin DNA induced during

syncytia formation.53–55 Since cGAS–STING‐mediated IFN‐I‐ and

NF‐κB‐dependent immunity both threaten viral survival, viruses have

evolved multiple immune evasion strategies. Understanding the

immune evasion tricks used by a virus is frequently important for

understanding the pathogenesis of that virus. Recently, we have

discovered an interesting convergent evolutionary process that is

responsible for selective antagonism to cGAS–STING–NF‐κB signal-

ing in diverse viruses, including SARS‐CoV‐2, HIV, and HPV.

2 | SARS‐COV‐2‐TRIGGERED cGAS–STING
ACTIVATION AND VIRAL EVASION

As we mentioned above, SARS‐CoV‐2 infection can activate the

cGAS–STING pathway in two different ways. Viral infection triggers

mitochondrial stress, which causes mitochondrial dysfunction as well

as the shuttling of mtDNA from the host's mitochondria directly to

the cytoplasm of its cells. Mass spectrometry (MS) analysis of the

SARS‐CoV‐2‐infected lung‐on‐chip model has revealed an enrich-

ment of mitochondrial proteins in virally infected cells.53 Moreover,

after SARS‐CoV‐2 infection, the mitochondrial surface becomes

swollen, and the cristae appear to be disrupted, indicating that SARS‐

CoV‐2 infection disturbs mitochondrial homeostasis and induces

mtDNA release.53

In addition to mtDNA leakage, syncytia formation is another

major cause of cGAS–STING activation during SARS‐CoV‐2

infection.56,57 Syncytia, large multinucleated cells produced by

cell–cell fusion, are commonly seen in viral infection.58 In the

syncytia, cytoskeletal elements such as actin filaments (F‐actin)

appear diminished and collapsed during cell fusion, resulting in the

disruption of the actin cytoskeleton and a cascading reduction in

the levels of nuclear envelope lamin A and C proteins.54 These

proteins are important for maintaining laminar integrity and

nuclear morphology.59 The lamin A/C deficiency leads to genomic

instability, DNA damage, and nuclear blebbing, which generate

cytoplasmic chromatin leakage and micronuclei formation.60–62

Subsequently, this chromosomal DNA and micronuclei in the

cytoplasm are recognized by cGAS and activate cGAS–STING‐

mediated innate immunity.

Thus, cGAS–STING activation challenges the survival of SARS‐

CoV‐2. Now, through extensive screening of agonists targeting PRR‐

sensing pathways, it has been found that the STING activators,

CDNs, and a diamidobenzimidazole compound, diABZI‐4, strongly

antagonize viral infection in vitro.63,64 Also, Liu et al.65 have identified

a novel STING agonist, CF501, that shows an excellent adjuvant

effect with COVID‐19 vaccines. Given that cGAS–STING triggers

potent antiviral immunity, it is not surprising that SARS‐CoV‐2 has

begun to evolve countermeasures to evade immune surveillance.

However, recent fundamental studies have revealed that SARS‐CoV‐

2 infection triggers a prolonged cGAS–STING‐mediated IFN‐I

immune response that leads to immunopathology,53 indicating that

SARS‐CoV‐2 is defective in suppressing IFN‐I and is selectively

antagonizing IFN‐I‐independent antiviral immunity.

The genome of SARS‐CoV‐2 is approximately 30 kb in size,

containing 14 open‐reading frames (ORFs) and encoding 29 viral

proteins.66 Rui and colleagues67 have screened the structural

proteins, accessory proteins, and the main viral protease of SARS‐

CoV‐2 and have identified ORF3a and 3CLpro as potent inhibitors of

the cGAS–STING pathway (Figure 2). Interestingly, viral ORF3a and

3CLpro specifically inhibit cGAS–STING‐mediated NF‐κB signaling

but not IRF3 signaling. Mechanically, ORF3a binds to the C‐terminus

F IGURE 2 Schematic of multiple viral proteins involved in the
convergent antagonism of cGAS–STING–NF‐κB signaling. SARS‐
CoV‐2 ORF3a interacts with STING and inhibits the degradation of
IκBα to suppress p65 nuclear translocation. SARS‐CoV‐2 3CLpro
inhibits K63‐linked ubiquitination of STING to inhibit NF‐κB
signaling. HIV/SIV Vpx, Vpr, and HPV E7 selectively suppress NF‐κB
signaling and p65 nuclear translocation. HIV‐1 Vpu binds to STING
and specifically antagonizes STING‐IKKβ signalosome assembly.
SARS‐CoV‐2 ORF10 obstructs STING trafficking and impedes NF‐κB
activation. cGAS, cyclic GMP–AMP (cGAMP) synthase; dsDNA,
double‐stranded DNA; HIV, human immunodeficiency virus; HPV,
human papillomavirus; IκBα, NF‐κB inhibitor alpha; IKK, IκB kinase;
IRF3, interferon regulatory factor 3; NF‐κB, nuclear factor‐κB;
STING, stimulator of interferon genes; SARS‐CoV‐2, severe acute
respiratory syndrome coronavirus 2; TBK1, TANK‐binding kinase 1.
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and N‐terminus of STING in a unique manner and prevents the

degradation of NF‐κB inhibitor alpha (IκBα), stabilizing the p65/p50

heterodimer. The stabilization of IκBα blocks the nuclear accumula-

tion of p65 and ultimately suppression NF‐κB signaling.68 Moreover,

ORF3a is present in the genomes of the pathogenic coronaviruses

SARS and SARS‐CoV‐2 but is missing from the less‐pathogenic

β‐coronaviruses HKU1 and OC43. ORF3a from SARS‐CoV shares a

homologous sequence and similar inhibitory ability with SARS‐CoV‐2.

The evolution of ORF3a strengthens the immune evasion capacity of

viruses and may explain the pathogenicity discrepancy among the

various coronaviruses.

ORF3a has a Cys‐rich region that has the potential to bind

zinc, and a lipid‐soluble zinc metal chelator, N, N, N′, N′‐tetrakis

(2‐pyridylmethyl)‐ethylenediamine, has been shown to block ORF3a

function, making this inhibition a promising pharmacological inter-

vention against SARS‐CoV‐2. In addition to ORF3a, 3CLpro com-

plementarily suppresses STING‐mediated NF‐κB activation by

disrupting the K63‐linked ubiquitin modification of STING, which is

pivotal for assembling the STING functional complex and down-

stream cascades.69 Meanwhile, SARS‐CoV‐2 ORF9b and ORF10 are

also reported to suppress cGAS–STING signaling. Han et al.70 have

demonstrated that ORF10 restrains cGAS–STING‐induced IRF3/IFN‐

I signaling by interacting with STING to attenuate the STING–TBK1

assembly and impair STING oligomerization. Given that ORF10 also

prevents the ER‐to‐Golgi trafficking of STING, it is likely that ORF10

also inhibits cGAS–STING‐mediated NF‐κB signaling since the NF‐κB

activation also relies on STING trafficking.71 However, it has been

established that ORF9b impedes the phosphorylation and nuclear

translocation of IRF3,72 rather than NF‐κB signaling,67 to suppress

cGAS–STING‐induced IFN‐I. Taken together, these findings indicate

that the cGAS–STING pathway recognizes SARS‐CoV‐2 infection and

induces robust and broad antiviral immunity to thwart viral

replication, but this virus also encodes at least three viral proteins

that oppose NF‐κB signaling, increasing the ability of viruses to evade

the host's defense against it.

3 | HIV‐MEDIATED cGAS–STING
ACTIVATION AND VIRAL SUPPRESSION

HIV infection‐mediated activation of cGAS–STING is a controversial

and complex topic. Several studies have deemed HIV‐1 a poor

inducer of innate immunity. Cingöz and Goff73 have demonstrated

that infection with an HIV‐1 strain lacking the env, nef, and vpr genes

is barely able to activate measurable innate immune responses. Three

prime repair exonuclease 1 (TREX1), a cytosolic exonuclease,74 is

reported to account for this poor immune activation. TREX1 binds to

cytosolic HIV DNA and digests excess HIV DNA, which can be

recognized by cGAS and activate antiviral innate immunity. However,

in Trex1−/− human CD4+ T cells and macrophages, cytosolic HIV

DNA accumulates and stimulates cGAS–STING signaling.75 Remark-

ably, HIV‐1 is incapable of infecting DCs and inducing innate immune

responses in them, a situation that increases the pathogenicity of

HIV‐1. When HIV‐1 is complemented by the effect of Vpx, which

overcomes sterile alpha motif and HD domain‐containing protein‐1

(SAMHD1) restriction,76,77 DCs are effectively infected with HIV‐1

and immune activation is augmented.78 Meanwhile, Lahaye et al.78

have found that the HIV‐1 capsid cloaks the viral DNA, preventing

innate immune sensing and activation. When the HIV‐1 capsid is

mutated to a sequence analogous to that of HIV‐2, the cytosolic viral

complementary DNA becomes exposed and then can be sensed by

cGAS. Another reason that can explain the silencing of immunity in

the case of HIV‐1 is the fact that this triggering of cGAS–STING

activation of viruses may depend on the viral load. Khan et al.79 have

reported that only a productive HIV‐1 infection can evoke

cGAS–STING‐mediated innate immunity.

Nevertheless, several studies have asserted that infection with

HIV‐1 triggers cGAS–STING activation.49,80 Since in this case the

abundance of the cytoplasmic HIV DNA is below the detection limit,

and an intact core physically hides the viral DNA from cGAS,81 the

host has developed alternate strategies to broaden its immune

surveillance. Lahaye et al.50 have demonstrated that the non‐POU

domain‐containing octamer‐binding protein (NONO) detects the

nuclear viral core and promotes the recognition of HIV dsDNA by

cGAS, thereby eliciting an antiviral immune response. Polyglutamine

binding protein 1 (PQBP1) is another extensively confirmed

coactivator of the recognition of HIV DNA by cGAS. Yoh et al.82

have shown that PQBP1 directly binds to immunogenic reverse‐

transcribed HIV‐1 DNA and interacts with cGAS, initiating down-

stream cascades. Furthermore, Yoh et al.83 have discovered a two‐

step authentication immune‐activation system in the host to fight

retroviral infection: After HIV‐1 infection occurs, PQBP1 recognizes

the HIV‐1 capsid before replication begins. PQBP1 then wraps

around and decorates the viral core, serving as an alarm signal to

summon cGAS. Then once the viral core disassembly and DNA

synthesis are initiated, cGAS activates potent antiviral immunity. In

addition to direct activation of cGAS–STING in virally infected cells,

HIV‐1's commonly commensal relationship with bacteria and DNA

viruses can also lead to a stimulation of STING activation.51,52,84

Thus, it is necessary for HIV to evade cGAS–STING‐mediated

antiviral activity for survival.

By means of various assay systems, Su et al.85 have demon-

strated that HIV‐2/SIV Vpx can specifically limit cGAS–STING‐

triggered NF‐κB activity, but not that of IRF3, to evade cGAS–STING

activation (Figure 2). In particular, the functional domain in STING

that is critical only for NF‐κB activation is indispensable for Vpx

binding. As one of the core pathways of the host's innate immune

response, NF‐кB signaling can activate the transcription and

expression of a variety of antiviral factors, including a variety of

interleukins and proinflammatory cytokines, and induce DC matura-

tion to promote antigen presentation.86 The maturation of DCs is

fundamental to the host defense against viral infection, and it steers

pathogen‐specific adaptive immune responses.87 It has been shown

that Vpx clearly suppresses the cGAS–STING‐triggered maturation of

DCs as part of its defense mechanisms to escape immune

surveillance. In addition, Vpr has been found to possess a synergistic
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ability to act with Vpx to inhibit cGAS–STING‐triggered NF‐κB

signaling. Another study has demonstrated that Vpr inhibits NF‐κB by

interfering with the degradation of IκBα.88

Although Vpx is an accessory protein that is found in HIV‐2/

SIV but is missing from the HIV‐1 genome, it is unclear which viral

protein encoded by HIV‐1 is the source of the evolutionary

convergence in selective STING inhibition. Most of the structural

and nonstructural proteins in the HIV‐1 and HIV‐2 genomes are the

same; only Vpu is specifically encoded by HIV‐1. Several studies have

indicated that Vpu is a potent suppressor of NF‐κB‐mediated antiviral

immunity. Via comparative gene set enrichment and cytokine array

analyses in infected CD4+ T cells, infection with vpu‐deficient HIV‐1

strains has been shown to induce stronger NF‐κB‐triggered immune

responses than those of wild‐type viruses, suggesting that Vpu

suppresses the expression of NF‐κB‐targeted restriction factors.89

Furthermore, Bour et al.90 have discovered that the expression of

Vpu in HIV‐infected T cells suppresses tumor necrosis factor‐α‐

induced degradation of IκBα by recruiting the E3 ubiquitin ligase

complex, β‐transducin repeat‐containing E3 ubiquitin‐protein ligase

(β‐TrCP). In addition, Sauter et al.91 have proposed an interesting

concept that different viral proteins show distinct regulation of NF‐

κB signaling. NF‐κB not only plays an important role in antiviral

immunity but also assists viruses in the efficient transcription of their

genes.92 There are NF‐κB‐binding sites in the long terminal repeats

(LTRs) of HIV‐1. The binding of NF‐κB p50/p65 heterodimers

increases the accessibility of the LTRs to cellular RNA polymerase

II.93 Thus, HIV‐1 utilizes the early protein Nef to boost NF‐ĸB

activation and the late protein Vpu to inhibit it.91 Collectively,

numerous studies have clearly demonstrated immunosuppression of

Vpu and indicated that Vpu may selectively inhibit cGAS–STING‐

mediated NF‐κB signaling, but the mechanism of this inhibition is still

unclear. In‐depth research has revealed that Vpu is a STING

antagonist that selectively suppresses NF‐κB signaling but not IRF3

(Figure 2). Mechanically, Vpu interacts with STING to disrupt STING's

recruitment of IκB kinase‐β, the critical component of NF‐κB

signaling, and obstruct the nuclear translocation of p65. HIV‐1

viruses containing a Vpu mutant defective in STING inhibition have

an improved replicative and infective ability. Thus, suppression of

cGAS–STING‐mediated NF‐κB activation is pivotal for viral survival

and spread, and interfering with this immune evasion strategy is a

promising strategy for anti‐HIV therapy.

4 | OTHER VIRAL INHIBITION OF
cGAS–STING–NF‐κB SIGNALING

A range of DNA viruses is among the most common activators of

cGAS–STING signaling, including members of the Herpesviridae,

Hepadnaviridae, Papillomaviridae, and Adenoviridae. DNA viruses must

encode dedicated viral proteins to thwart the host defense.94,95

HPV is a ubiquitous DNA tumor virus, and Lau et al.96 have

demonstrated that the HPV oncoprotein E7 is an antagonist of the

cGAS–STING pathway. E7 interacts with STING to suppress IFN‐β

production, and the E7 LXCXE motif that is involved in binding to Rb

is also necessary for counteracting cGAS–STING activation. Further

studies have demonstrated that the HPV E7‐mediated IFN‐β

inhibition is the result of suppression of the NF‐κB element rather

than that of IRF3 (Figure 2) (unpublished data). The finding that E7

convergently antagonizes NF‐κB signaling further substantiates the

commonality of selective regulation of cGAS–STING signaling by

RNA viruses, DNA viruses, and retroviruses.

5 | NF‐κB DEPENDENT ANTIVIRAL
FUNCTION INDUCED BY THE cGAS–STING
PATHWAY

Ever since the discovery of STING in 200821 and cGAS in 2013,6

cGAS–STING pathway‐mediated IRF3 activation and subsequent

IFN‐I production have been widely considered to be the major

contributors to antiviral activity.97,98 However, IFN‐I production can

also contribute to impaired host immunity and viral persistence.

Many studies have shown that the blockade of chronic IFN‐I signaling

controls persistent lymphocytic choriomeningitis virus infection and

reduces HIV‐1 reservoirs by enhancing immune recovery.99–101

Meanwhile, the aberrant and persistent activation of IFN‐I has also

been detected in critically ill COVID‐19 patients; excessive IFN‐I

disturbs and exhausts the immune system and is associated with poor

clinical outcomes in these patients.53,102,103 Recently, an IFN‐I‐

independent antiviral function of STING has come to the attention of

scientists. Wu, Yamashiro, and colleagues have generated a STING

mutant mouse model that features precise ablation of IFN‐I

activation while preserving the IFN‐I‐independent activity of the

STING molecule. Interestingly, a STING mutant mouse model lacking

STING‐mediated IFN‐I responses shows a restriction of HSV‐1

infection that is comparable to that of mice with wild‐type STING,

indicating that the IFN‐I‐independent responses possess potent

antiviral activity.43,44 As we have described above, in addition to

stimulating IRF3–IFN‐I signaling, STING activation also augments NF‐

κB transcriptional activity. NF‐κB activation is a hallmark of many

viral infections, and it coordinates innate and adaptive immunity to

accomplish the overall goal of resisting viral replication.104,105 Thus,

STING‐mediated NF‐κB signaling is a strong candidate for IFN‐I‐

independent antiviral activity. To escape this immune surveillance,

viruses must make use of the evasive tricks we have described to

facilitate infection and replication.

6 | CONCLUSION

Numerous studies in recent years have shed light on the range and

importance of cGAS–STING‐mediated innate immunity in combating

viruses. The cGAS–STING‐mediated IFN‐I antiviral defense and the

counter‐response by diverse viruses have been extensively studied in

infectious diseases.94 Nevertheless, recent studies have certified the

existence of an NF‐κB‐dependent antiviral mechanism.43 Our review
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summarizes and discusses the NF‐κB‐dependent antiviral activity

mediated by cGAS–STING signaling. To counteract immune surveil-

lance, various viruses have developed evolutionarily convergent

strategies to escape the cGAS–STING‐triggered NF‐κB pathway

(Figure 2). This convergent evolutionary inhibition by multiple viruses

demonstrates the importance of the cGAS–STING–NF‐κB system for

controlling viral infection. In addition, there are redundant and

complementary STING antagonists that have evolved in SARS‐CoV‐

2,67 further indicating the significance of cGAS–STING–NF‐κB

signaling in the host defense against virus infection.

However, the current research still has some limitations. There

are key questions and notions that are still not discussed in the

literature (Box 1). Antagonistic mechanisms still need to be further

elucidated, and this information may prove invaluable in helping us to

block viral immune evasion strategies. The question of whether other

types of viruses also encode viral proteins that specifically antagonize

cGAS–STING–NF‐κB signaling should also be thoroughly investi-

gated. Given that various viruses selectively antagonize cGAS–STING

downstream signaling, we hypothesize that cGAS–STING‐mediated

IRF3–IFN‐I signaling may be relatively beneficial for viral survival,

whereas NF‐κB signaling is detrimental to viruses in the context of

viral pathogenesis. It is true that chronic immune activation and

sustained IFN‐I induction are associated with the generation of viral

reservoirs during latency in HIV infection.106,107 In chronic infection,

persistently low levels of IFN‐I also contribute to the loss of CD4+ T

cells and immune exhaustion.101,108 Meanwhile, it is widely recog-

nized that aberrant activation of IFN‐I is commonly detected in

critical COVID‐19 patients; this aberrant activation leads to immune

dysfunction and predicts a poor clinical outcome.53,102,103 Given that

delayed, sustained IFN‐I activation is beneficial to viral survival, and

various viruses have evolved a selective suppression ability, we

propose that NF‐κB promotes the transcription and expression of

one or more robust but currently unknown antiviral factor(s) that

threaten the survival of multiple viruses. Therefore, identifying and

characterizing the antiviral factor(s) transcribed by NF‐κB is a worthy

goal as part of the effort to develop “pan‐antiviral” drugs.
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