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Abstract: Pattern recognition receptors (PRRs) recognize danger signals such as PAMPs/MAMPs and
DAMPs to initiate a protective immune response. TLRs, NLRs, CLRs, and RLRs are well-characterized
PRRs of the host immune system. cGLRs have been recently identified as PRRs. In humans, the
c¢GAS/STING signaling pathway is a part of cGLRs. cGAS recognizes cytosolic dSSDNA as a PAMP
or DAMP to initiate the STING-dependent immune response comprising type 1 IFN release, NF-«B
activation, autophagy, and cellular senescence. The present article discusses the emergence of cGLRs
as critical PRRs and how they regulate immune responses. We examined the role of cGAS/STING
signaling, a well-studied cGLR system, in the activation of the immune system. The following sections
discuss the role of cGAS/STING dysregulation in disease and how immune cross-talk with other
PRRs maintains immune homeostasis. This understanding will lead to the design of better vaccines

and immunotherapeutics for various diseases, including infections, autoimmunity, and cancers.
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1. Introduction

Pattern recognition receptors (PRRs) play critical roles in embryonic development, im-
mune homeostasis, neurodevelopment, and neurodegeneration. PRRs are highly conserved
germline-encoded proteins that recognize microbe/pathogen-associated molecular patterns
(MAMPs or PAMPs) and death/damage-associated molecular patterns (DAMPs) [1-3];
thus, they regulate innate and adaptive immunity [1,4,5] and contribute to the patho-
genesis of many diseases ranging from infections to cancers [5-11]. Traditionally, PRR
family members have included toll-like receptors (TLRs), C-type lectin receptors (CLRs),
nucleotide-oligomerization domain (NOD)-like receptors (NLRs), absent in melanoma-2-
like receptors (ALRs), retinoic acid-inducible gene (RIG)-1-like receptors (RLRs), C-type
lectin receptors (CLRs), and different scavenger receptors (SRs) [2,9,12-17]. Cytosolic
guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)-like
receptors (cGLRs) have been recently recognized as new PRRs that potentially interact
with other PRRs to regulate immune homeostasis. The current article is focused on cGLRs
and their role in the regulation of immune homeostasis via the cGAS/STING signaling
pathway and their interactions with other PRRs. The article concludes with the addition of
c¢GLRs in the PRR family and (cGAS/STING signaling) ideas of how to leverage them to
revolutionize the field of vaccinology and immunotherapeutics for cancer and infectious
diseases via cross-talking with other PRR family members.

2. Emergence of cGLRs (Harboring cGAS and STING) as a Novel Family of PRRs

cGLRs have emerged or evolved as critical PRRs providing defense through different
mechanisms in prokaryotes and eukaryotes, including humans. Table 1 shows different
¢GLRs and their known ligands. The first enzyme responsible for synthesizing cyclic guano-
sine monophosphate (GMP)-adenosine monophosphate (AMP) (cGAMP) or cyclicdinu-
cleotides (CDNs), dinucleotide cyclase (DncV), or cGAS-DncV-like nucleotidyltransferase
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(CD-NTase), evolved in bacteria and has been reported in Vibrio cholerae. CD-NTases gener-
ating CDN, like animal cGASs, are very diverse proteins numbering over 6000 to date [18].
In addition to producing CDNSs, bacterial CD-NTases can also produce cyclic trinucleotides
(CTNs) and linear oligonucleotides [19,20]. Although DncV lacks primary sequence homol-
ogy to h-cGAS (synthesizes 2'3'-cGAMP), it synthesizes conventional 3'3'-cGAMP involved
in bacterial chemotaxis [21,22]. Bacteria encode thousands of cGAS/DncV-like NTases
(CD-NTases) to control their highly divergent anti-phage defense system. Furthermore,
DncV NTases, cGAS homologs, and 2’-5'-oligoadenylate synthase 1 (OAS1, having aspartic
acid (Asp) in place of E225) have five highly conserved active sites [22]. The CD-NTases
of the cyclic oligonucleotide-based antiphage signaling system (CBASS, analogous to the
c¢GAS/STING signaling pathway of metazoans) that are activated by the binding of a folded
fragment of RNA share distant homology with the cGAS [23-27]. Furthermore, CBASS-
activating bacteriophage RNA (cabRNA), via binding to the surface of positively charged
CdnEO3 cyclase (a bacterial cGAS), promotes cGAMP synthesis to activate the CBASS-
mediated immune response [28].Thus, the CBASS in the bacteria producing cGAMP serves
as a defense system against bacteriophages [29]. The bacterial cGAS or CBASS comprises a
four-gene operon that encodes bacterial cGAS, which is associated with phospholipase, two
enzymes with the eukaryotic-like domains E1 and E2, and a Janus kinase-binding protein
(JAB) domain, which provides resistance against several bacteriophages. cGAMP produc-
tion activates phospholipases to disintegrate membranes and bacterial cell death before the
completion of the bacteriophage life cycle or the production of mature bacteriophage [29].

Table 1. Different cGLRs (including mammalian cGAS), their ligands, cleaved products (cyclic dinu-
cleotides, and CDNs such as 2'3’-cGAMP and/or 3'3'-cGAMP) activating STING and downstream
signaling molecules throughout the animal kingdom from metazoans to mammals. Kindly see the
article text and referenced articles for details.

Species ¢GLR Ligand/Product STING IKKe TBK1 NF-«<B  IRF3 IRF7

; dsDNA/2'3'-
Homo sapiens/Human cGAS GAMP + + + + + +
Mus musculus /Laboratory dsDNA /2/3'-
mouse cGAS GAMP + + + + + +

. dsDNA/2'3'-
Gallus gallus/Red junglefowl cGAS GAMP + + + + - +
Xenopus tropicalis/Western dsDNA/2/3'- + (without
clawed frog CGAS cGAMP CTT domain) * * * * *
+,2 STING
Branchiostoma floridae /Florida 2 cGAS dsDNA/2'3'- candidates . N . ) )
lancelet homologs cGAMP (STING-1 and
STING-2,
Cytosolic
Danio rerio/ Zebrafish 2 cGAS dsDNA/2/3'- + + + + + +
cGAMP

Strongylocentrotus
purpuratus/Pacific purple sea ? ? - + + + - -
urchin
Ceanorhabidits ) ) } + ) ) ) )
elegans /Roundworm

Dm-cGLR1 dsRNA/3'2'-

ZZ?;th;l;lter /Common fruit fl and cGAMP and + _ + N ) ]
08 ommonfruitily 5 GLR2 23/ -cGAMP

Tribolium castaneium/Red flour dsRNA/2/3'-

beetle Te-cGLR CGAMP + _ + + ) )
. o . dsRNA/2/3'-

Microplitis demolitor / Wasp Md-cGLR GAMP + - + + - -
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Table 1. Cont.
Species ¢GLR Ligand/Product STING IKKe TBK1 NF-«<B  IRF3 IRF7
Frankliniella ot
occidentalis/ Western flower Fo-cGLR dCS;RAI\hI/ﬁ)/Z 3- + ? + + - -
thrip ¢
Nicrophorus 1ot
vespilloides/Common sexton ~ Noves-cGLR délil\l\l/ﬁ)/ 23- + ? + + - -
beetle ©
Aethina tumida/Small hive dsRNA /2/3/- ”
beetle At-cGLR cGAMP * * * B i}
Asbolus verrucosus/Blue death dsRNA /2/3/- »
feigning beetle Av-cGLR cGAMP * * * ) )
. . Unknown/2'3’-
Trichogramma pretiosum/Wasp ~— Tp-cGLR GAMP + - + + - -
iz
Chlamydophila felis / Cat flea Cf-cGLR E(?}A(,rl\l/cl’lgv n/2'3 ? ? + + ? ?
Pocilloporidae Unknown/2'3'- »
damicornis /Cauliflower coral Pd-cGLR cGAMP * ) * * B ’
, . -, but -, but
S’Zizgsm’” gigas/Pacific Cg-cGLR1 dsDNA/2'3'-cUA  + + + + have have
y cgIRF1  cgIRF8
L -, but -, but
Cmi“f”“’ virginica/Bastern -, g1 R1 dsDNA/2'3'-cUA  + + + + have have
oyste cgIRF1 cgIRF8
Cv-cGLR2 Unknown/Unknown
Sp-cGLR1 dsRNA/3'3-cUA
Stylophora pistillata/Stony ) Unknown/2'3/- ) » » »
coral Sp-cGLR2 GAMP + ? + ? ?
Sp-cGLR3 dsRNA/3/3'-cAA
Amphimedon » » ; ) N + } )
queenslandica/Sponge ’ ’
Exaiptasia pallida /Glass Unknown/2'3'-
anemone Ep-cGLR cGAMP * . * * . .
Monosiga dsDNA/3'3’-
brevicollis / Choanoflagellate Mb-cGAS cGAMP + B B B B B
Nematostella vectensis /Starlet ~ Nv-cGASor  dsDNA/3'3/- N ) N N ) )
Sea anemone nvA7SFB5.1 cGAMP
+, 3 STING
Lo ot candidates
Hyldm magnzpapzllatu /Hydra Ho-cGLR délil\l\l/ﬁ) /2'3'- (STING-1, + ) + ) }
vugans ¢ STING-2, and
STING-3)

+ = present; - = absent; ? = not known/unsure; cUA, cyclic UMP-AMP; cAA, cyclic diAMP.

Phylogenetic studies have indicated that animal cGAS, or chromosome 6 open reading
frame 150 (C60rf150), and STING date back to the origin of choanoflagellate (nearest free-
living unicellular and colonial flagellates related to metazoans) called Monosiga brevicollis [22].
However, cGAS and STING proteins have substantially different origins, as STINGs arose via
convergent domain shuffling in bacteria and eukaryotes, while cGAS homologs or eukaryotic
CD-NTases arose due to multiple horizontal gene transfer (HGT) events from bacteria to
eukaryotes [18]. Notably, cGAS homologs of invertebrates may not always recognize ds-
DNA as a PAMP/MAMP and DAMP. Thus, within metazoans, homologs of both cGAS and
STING are present as early as in cnidarians including Nematostella vectensis and Hydra magni-
papillata [22]. cGAS and STING are present in all Drosophila species, many non-Drosophila
arthropods, and almost all chordates except torafugu Takifugu rubripes. Interestingly, cGAS
and STING are absent in the flatworm Schistosoma mansoni and nematodes such as Caenorhab-
ditis elegans [22,24]. Furthermore, they are present in H. magnipapillata (Hydra), Tribolium.
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Castaneum (Red Flour Beetle), Drosophila virilis, Drosophila persimilis, Drosophila pseudoobscura,
cephalochordate Brachiostoma floridae (Florida lancelet), and Danio rerio (zebrafish), each of
which has two ¢cGAS homologs. Also, H. magnipapillata contains three STING candidates
(STING-1, STING-2, and STING-3), while B. floridae harbors two STING candidates (STING-1
and STING-2) (Table 1) [22].

cGAS/STING/TBK1 axis-dependent type 1 IFN generation exists in mammals (hu-
mans and mice), fish (D. rerio and Oryzias latipes), insects, (Drosophila spp., wasps), molluscs,
(oysters), and cnidarians (sea anemone, Hydra, corals) (Table 1) [24]. The cGAS or C6orf150
or male abnormal 21 (Mab21) domain-containing protein 1 recognizes self- and pathogen-
derived cytosolic DNA to activate the innate immune response (Figure 1) [30]. Human
¢GAS (h-cGAS) comprises an unstructured and poorly conserved N terminus (amino acid
(AA) residues 1-160) and a highly conserved C terminus (160-513). The C terminus consists
of a conserved nucleotidyltransferase (NTase) core domain (160-330) and a Mab21 domain
(213-513) that contains a zinc (Zn%*)-ribbon structural domain (390—-405) [22]. This Zn?*
ribbon domain is conserved among all vertebrate cGAS members and cGLRs, excluding
three homologs in Pan paniscus (bonobo), Canis familiaris (dog), and Taeniopygia guttata
(zebra finch) [22].

Mab21 was first recognized as the fate-determining gene for the morphogenesis of the
sensory rays, a male-specific sense organ located in the tail and involved in copulation in
the C. elegans [31]. The invertebrate Litopenaeus vannamei (Whiteleg Shrimp or King Prawn)
Mab21 (LvMab21cp) has a similar expression profile to LvSTING and LvIRF and serves as
a human analog of the vertebrate cGAS, which recognizes viruses and generates antiviral
immune responses [32]. Mouse cGAS (m-cGAS) also contains the Mab21 domain; however,
eukaryotic homologs of m-cGAS are more similar to m-cGAS than mouse Mab21-like
proteins [22]. Notably, h-cGAS structurally and enzymatically resembles human OAS1,
a template-independent nucleotidyl transferase that activates antiviral innate immunity
upon recognizing cytosolic short dsRNA (>18 bp) [33-35]. Notably, OAS-like proteins also
have an evolutionary prokaryotic or bacterial origin through the development of antiviral
defense and are independently acquired by eukaryotes [18]. Furthermore, the Zn?*-ribbon
domain of vertebrate cGAS is absent in OAS1, nematode Mab-21, and mammalian Mab-
21-like proteins [22]. The presence of the elongated N-terminal (167 AAs) in vertebrate
and cephalochordate (B. floridae) cGAS has evolved as an adaptation that is very short in
invertebrates (varying from fewer than 7 AAs to 70) [22].

Both h-cGAS and m-cGAS have two DNA binding sites and form a dimeric complex
with two dsDNAs [36,37]. Of the five AA residues that are critical for 2'3'-cGAMP binding,
only 5434 of h-cGAS is non-conserved in mammals, whereas Y436 is conserved in all
species. The three remaining residues (K362, R376, and S378) are wholly conserved in
cephalochordates and vertebrates but not in arthropods [22]. The details of conserved
and non-conserved AA residues in the dsDNA binding sites of cGAS have been discussed
elsewhere [22]. The four non-conserved AA residues (R236, K254, K327, and R353) in verte-
brates suggest that only double and triple mutations inhibit cGAS’s ability to stimulate type
1 IEN production [22,36]. Thus, the NTase system has evolved as a defense system against
foreign and delocalized genetic material that enters the cytosol from the mitochondria and
nucleus. These findings demonstrate that GLRs are critical family members of PRRs.

More than three thousand cGLRs with complete active sites representing nearly all
major animal phyla have been identified [24]. Furthermore, cGLR sequence analysis has
delineated specific evolutionary patterns in animal immunity and protein features that are
distinct from bacterial CD-NTase anti-phage defense enzymes [24]. Animal cGLRs form
a single family of signaling proteins that share more distantly related homologies with
bacterial CD-NTase anti-phage defense enzymes and animal OAS1-like proteins [18,24].
Furthermore, the interaction between STING and CDNss is universally conserved. How-
ever, some rare bacteriophages avoid potent innate immune responses by preventing
c¢GAS/STING signaling through major capsid gene mutations in the CBASS [38—-40]. Even
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bacteriophages escaping the bacterial cGLR or CBASS generate longer cabRNA that pre-
vents the recognition and activation of CdnEO3.
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Figure 1. Schematic representation of mammalian cGLR (cGAS/STING signaling) activation and
downstream effects. cGAS recognizes cytosolic dsSDNA, which can be foreign (pathogen-derived) or
self- or adjacent-cell-generated (Mt-DNA and micronuclei generated due to genotoxic or oxidative
stress) as a PAMP/DAMP. The enzymatic activity of cGAS cleaves cytosolic dsDNA into CDNs called
c¢GAMP. STING recognizes cGAMP, which induces its transfer to ERGIC and the Golgi apparatus. For
example, in the non-activated stage, it remains in the ER via binding to STIM-1 to retain its position in
the ER membranes. The STING translocation to the Golgi apparatus phosphorylates (denoted by “P”
in figure), TBK1 which induces IRF3 phosphorylation and induction of IRF3-dependent type 1 IFN
genes. Active STING also phosphorylates TRAF6, which induces downstream signaling molecules
(NIK and IkB) to initiate the transcription of NF-kB-dependent pro-inflammatory genes. Cells such
as immune cells also express cGAMP importers, which import cGAMP generated by distant cells
to initiate STING signaling without the involvement of cGAS itself. Notably, cGAS located in the
nucleus is unable to recognize and bind to nuclear DNA to initiate the pro-inflammatory immune
response. Kindly see the text for details.
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STING-mediated CDN recognition also originated in bacteria as a defense mecha-
nism against bacteriophages. Bacterial STING (b-STING) forms protein filaments to drive
oligomerization of Toll /Interleukin 1 receptor (TIR) effector domains and rapid NAD* cleav-
age [23]. STINGs and bacterial-like STING (bl-STINGs, present in microeukaryotes clus-
tered between bacterial and metazoan sequences) share similarities in their domains [18].
Most new eukaryotic bI-STINGs have four N-terminal alpha helices as seen in human
STING (h-STING). Furthermore, bacterial transmembrane domain -STINGs (TM-STINGS)
have two N-terminal alpha helices and are more similar to bacterial Toll/Interleukin
1 receptor (TIR)-STING or TIR-STING, indicating eukaryotes and bacteria independently
converged on a typical TM-STING domain architecture through domain shuffling [18].
Notably, TIR domains of oyster TIR-STING are related to animal TIRs and differ from
the TIR domains of bacterial TIR-STINGs. Eukaryotic TIR-STINGs are rare, supporting
the hypothesis that this protein originated from recent animal convergence or convergent
domain shuffling [18,41]. Therefore, TM-STING and TIR-STING proteins have evolved
due to two independent convergent evolution processes, and bacteria and eukaryotes have
used similar proteins by reusing ancient protein domains.

The Drosophila STING (DmSTING or CG1667) is an ortholog to the vertebrate STING.
DmSTING has evolutionarily conserved antibacterial (Listeria monocytogenes) and antiviral
(positive-strand RNA Drosophila C virus and other DNA viruses) activity that involves
the downstream activation of immune deficiency (IMD) and the Drosophila inhibitory
kinase kinase {3 (dIKK() pathway and the subsequent cleavage of Relish (an NF-«B ho-
molog) to generate antimicrobial peptides (AMPs) without the involvement of its cGAS
ortholog CG7194. CG7194 lacks both the Zn?*-ribbon domain and a positively charged N
terminus which are critical for DNA binding [42—46]. Furthermore, DSTING transferred
to mammalian cells induces an NF-kB-dependent immune response. Hence, Drosophila
cGLRs, especially cGLR1, sense cytosolic dsRNA to generate the 3'2'-cGAMP that DmST-
ING recognizes to initiate the downstream innate immune response through activating
Relish [47,48].

Drosophila ¢GLR2 generates 2'3’-cGAMP and 3/2'-cGAMP through an unknown
target to generate a protective antimicrobial immune response [48]. The loss of DmSTING
in Parkin RBR E3 ubiquitin-protein ligase KO (parkin—/~) flies rescues thorax muscle
defects, climbing ability, and disrupted mitochondrial morphology of their flight muscles,
indicating a critical noncanonical role of DmSTING in cellular and organismal responses to
mitochondria stress [49]. Flies lacking parkin and DmSTING exhibit PTEN-induced kinase
1 (PINK1) activation to suppress cell death. Parkin, PINK1, and mitochondrial fidelity play
critical roles in the pathogenesis of Parkinson’s disease (PD) in humans [50-52]; therefore,
it would be interesting to see if a similar h-STING-Parkin-PINK-1 axis exists in human
patients with PD. Thus, the cGAS/STING signaling-mediated immune defense mechanism
is evolutionarily very ancient, with its origin dating back to prokaryotes/bacteria fighting
against invading viruses. Eukaryotes, including humans, have acquired it via convergent
domain shuffling and multi-HGT to guard against viruses and self-derived cytosolic DNAs.

3. cGAS/STING Signaling Pathway in Cellular and Immune Homeostasis Maintenance

cGAS (a nucleotidyltransferase family member) was initially discovered as an interferon-
stimulated gene (ISG) [53]. cGAS is a membrane (inner plasma membrane leaflet)-bound
cytosolic protein/enzyme that quickly recognizes invading DNA viruses or the DNA released
from an adjacent dying cell, such as cancer cells and DNA contained in the extracellular
vesicles (EVs) entering the cell via endocytosis (Figure 1) [54-56]. However, membrane-bound
cGAS frequently and strongly recognizes pathogen-derived DNA more than host-derived
cytosolic dsDNA [55]. Thus, membrane binding of the cGAS is a strategy to avoid its overacti-
vation against cytosolic dsDNA to prevent the increased incidence of autoinflammatory or
autoimmune diseases. For example, membrane-bound cGAS is more present in phagocytic
cells such as macrophages, dendritic cells (DCs), and neutrophils (which have extremely low
levels of cGAS and STING) than in non-phagocytic cells [30,54,57]. However, neutrophils
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express SRY-box transcription factor 2 (SOX-2) in their cytoplasm to recognize cytosolic micro-
bial DNA in a sequence-specific manner to induce a pro-inflammatory immune response [58].
Endocytosis-mediated foreign DNA uptake promotes spleen tyrosine kinase (SYK) and cGAS
recruitment to the endosome [56]. However, mutant cGAS (with a defective N-terminal
binding site supporting cGAS interaction with the plasma membrane) swims in the cytosol
and recognizes host-derived cytosolic dSDNA (mitochondrial and nuclear DNA released in
the cytosol due to genotoxic nuclear and mitochondrial damage) more easily than invad-
ing pathogen-derived DNA (Figure 1) [30,54,55,59]. cGAS recognizes micronuclei through
chromothripsis-mediated cGAS concentration, activating STING-mediated type 1 IFNs and
NF-kB-dependent cytokines and chemokine release (Figure 1) [60-62].

c¢GAS located in the nucleus does not recognize and cleave nuclear DNA as it is
not naked and bound to histone proteins to form nucleosomes, comprising chromatin
fibers to form chromosomes [63—65]. Under normal conditions, nuclear cGAS extensively
interacts with the acidic patch of the histone H2A-H2B heterodimer through its second
DNA binding site and nucleosomal DNA, which locks cGAS into a monomeric stage
that hinders the cGAS enzymatic activity by burying the cGAS DNA binding site B and
blocking cGAS dimerization, which is critical for cleaving genomic DNA (Figure 1) [66-69].
The mutation inhibiting cGAS-acidic patch interaction abolishes the inhibitory action of
nucleosomes against cGAS enzymatic activity and increases genomic DNA recognition
and cleavage. Furthermore, nuclear cGAS is tightly tethered to intact nuclear chromatin
by a salt-resistant interaction that does not involve domains required for cGAS enzymatic
activity in generating cGAMP [63]. The cGAS tethering surface is evolutionarily conserved,
and a change in single AA massively results in cGAS-mediated cleavage of nuclear DNA.
Notably, nuclear cGAS is critical for recognizing the viral DNA of viruses replicating in the
nucleus [70]. For example, herpes simplex virus-1 (HSV-1) infection induces cGAS release
from the chromatin into the nuclear soluble fraction that senses viral DNA to synthesize
cGAMP and mRNA expression for type 1 IFNs and other ISGs. Thus, nuclear cGAS limits
HSV-1 replication and infection. Along with viral infections, cGAS/STING signaling is
critical for generating a protective immune response against bacterial, parasitic, and fungal
infections to maintain immune homeostasis [40,71].

Cytosolic cGAS recognizes cytosolic dsDNA depending on the base pair (bp) length
independent of the sequence [27,72]. A dsDNA length of 36 bp is ideal for cGAS en-
zymatic activity in generating cyclic dinucleotides (CDNs) called 2’-3’ (most common),
3'-2" (Drosophila melanogaster), and 3’3’ (bacterial) cGAMP that activate a downstream adap-
tor protein called the stimulator of interferon genes (STING) or endoplasmic reticulum
IEN stimulator (ERIS) [72]. cGAS-induced CDN is the only known mammalian CDN that
chemically differs from bacterial CDNs by having one noncanonical 2’-5' phosphodiester
bond, combining guanine (G) and adenine (A), and one canonical 3’-5" phosphodiester
bond, joining A and G [73-76]. Therefore, the cGAS product is sometimes known as
2'3'cGAMP to differentiate it from the bacterial CDN called 3'3'cGAMP [77]. It is important
to note that cGAMP can also be transported through gap junctions and other transporters
(SLC19A1or reduced folate carrier 1 (RFC1) and SLC46A2; cGAMP importers in human
macrophages) to adjacent cells to activate their STING to promote the antiviral immunity
independently of type 1 IFN signaling involvement [78-81]. Thus, cGAMP serves as an
immunotransmitter for adjacent immune cells.

Notably, all STING homologs have a conserved central c-di-GMP-binding domain
(CBD) and dimerization domain (DD) [22]. For example, human STING (hSTING) has four
N-terminal transmembrane domains (TMs), a central CBD with a DD that protrudes in the
cytosol from the ER, and a C-terminal tail (CTT is critical for transducing downstream sig-
nals) [82,83]. CBD + CTT, called the CTD (carboxy-terminal domain), binds to the bacterial
CDNs and 2'3’-cGAMP produced in mammalian cells to initiate the downstream signaling
responsible for generating type 1 IFNs, pro-inflammatory cytokines and chemokines, and
autophagy [75,84-86]. The CTT domain is only present in vertebrate STING, except its ho-
mologs, which are present in amphibians such as Xenopus tropicalis and Xenopus laevis [22].
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Notably, the STING CTT domain is a critical determinant of downstream signaling, such
as the activation of type 1 IFNs and NF-kB-dependent pro-inflammatory response inten-
sity [87]. For example, the difference in the CTT sequence of human and zebrafish STING
is responsible for increased NF-kB activation upon STING activation in zebrafish and in-
creased type 1 IFN generation as opposed to NF-kB-dependent pro-inflammatory molecule
generation in humans [87]. However, the most primitively diverged vertebrate lineage
(Callorhinchus milii, ghost shark) has a human-like CTT and therefore does not show NF-«kB
overactivation upon STING activation [87].

cGAS activation may lead to the STING-dependent canonical signaling pathway in-
ducing type 1 IFN release, NF-«B activation-mediated release of different cytokines (TNF-«,
IL-13, IL-6, and IL-12), and chemokines (CXCL1, CXCL9, and CCL5), MAP kinase, and
STAT6-pathway-dependent upregulation of co-stimulatory molecules (CD40 and CD86)
(Figure 1) [88-91]. For example, constitutive type 1 IFNs produced in low quantities in the
absence of acute infections through tonic signaling and their increased production during
microbial infections and other inflammatory conditions are critical to maintaining im-
mune homeostasis [92-96]. cGAS-dependent noncanonical signaling may involve different
STING-dependent events, such as cellular senescence (involving STING-dependent pro-
duction and release of the senescent-associated secretory phenotype or SASP), autophagy
(independent of TANK-binding kinase 1 or TBK1 activation and type 1 IFN generation),
cellular apoptosis (T cell death), and cellular senescent and fibrosis through a newly identi-
fied axis called cGAS/STING/PKR-like endoplasmic reticulum kinase (PERK)/eukaryotic
translation initiation factor 2alpha (elF2«), which induces a global mRNA translation arrest
and operates independently of the classical ER stress response [97-104]. Apoptosis and
autophagy are critical to maintaining immune homeostasis during disease development
and in sterile and infectious inflammatory conditions [105-107].

Interestingly, RNAs do not directly bind and activate cGAS but promote cGAS con-
densate formation comprising cGAS and dsDNA to enhance the cGAS activity even in the
presence of low levels of cytosolic dsDNA [108]. Thus, cGAS can recognize low levels of cy-
tosolic dsDNA in the presence of cytosolic RNA to generate an optimum pro-inflammatory
immune response to maintain cellular homeostasis. However, in the abundance of cy-
tosolic dsDNA, RNA competes with it in phase-separated granules of cGAS to inhibit its
activity [56,108]. It is crucial to note that cGAS activation is responsible for producing
more type 1 IFNs than any other cytosolic PRR (e.g., TLR7 and TLR9) recognizing cytoso-
lic dsDNA. We have described the details of cGAS/STING signaling and its regulation
elsewhere [30,56,109,110].

During cellular homeostasis, inactive or apo-STING exists as a bilayer with head-to-
head and side-by-side packing via its ligand binding domain (LBD); this assembly holds
two endoplasmic reticulum (ER) membranes together [111,112]. This STING-ER assembly
prevents the STING ER from exiting the ER and inhibits TBK1 recruitment to support the
autoinhibited STING stage. Furthermore, the inactive STING interacts with a calcium (Ca*)
sensor called stromal interaction molecule 1 (STIM-1) that retains its position in the ER
membranes and, upon activation (recognition of 2’-3' cGAMP), moves to the Golgi complex,
where it activates or phosphorylates TBK1 (Figure 1) [113-116]. The active STING appears
as a curved polymer that could deform the ER membrane for its exit and anterograde
transportation [111]. For example, the filamentous structure of the STING/2',3'-cGAMP
complex adopts a bent monolayer assembly mediated by the LBD and transmembrane
domain (TMD) [111,117].

TBK1 alone is dispensable for the STING-induced NF-kB-mediated immune response
in murine and human immune cells [118]. Furthermore, TBK1 is redundant with IKKze to
induce NF-«B upon STING activation but is critically needed for IRF3 activation and type 1
IEN release [118]. The maintenance of cellular redox homeostasis is also critical to keep a
check on the STING activity. For example, glutathione peroxidase 4 (GPX4), maintaining
cellular redox homeostasis, is critical for STING activation [119]. GPX4 deficiency increases
cellular lipid peroxidation (LPO) and inhibits the cGAS/STING activity induced by STING
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carbonylation at C88, inhibiting its trafficking from the endoplasmic reticulum (ER) to
the Golgi complex [119]. Therefore, the ER retention/retrieval sequence RIR is critical
to retaining the STING or ERIS on the ER membrane and its integrity. Furthermore, ER
stress during infectious, inflammatory, and autoimmune diseases increases cytosolic Ca%*
levels, which disrupts STING-STIM-1 bonding, allowing STING to move from the ER
to the ER-Golgi intermediate complex (ERGIC) and Golgi complex [120-123]. STING
ER exit protein (STEEP), or chromosome X open reading frame 56 (CXORF56), is critical
for the STING ER exit as it mediates increased phosphatidylinositol-3-phosphate (PIP3)
production, ER membrane curvature, and COPII-dependent STING ER-to-Golgi trafficking
in response to dsSDNA-dependent STING activation [124].

STEEP deficiency is associated with a defective cGAS/STING signaling pathway.
Therefore, STING translocation from the ER to ERGIC and Golgi apparatus (GA) is critical
in the cGAS/STING signaling-dependent canonical and noncanonical signaling pathways.
The details of STING trafficking are mentioned elsewhere [125]. Notably, STING overac-
tivation is prevented by its quick degradation in the lysosome, as upon its arrival to the
Golgi complex, which is critical for TBK1 activation and downstream signaling, activated
STING is quickly phosphorylated by serine/threonine UNC-51-like kinase (ULK1/ATG1)
that degrades in the Rab7-positive endolysosomes [126,127]. CDNs generated due to the
c¢GAS activity induce ULK1 dissociation from its repressor called adenosine monophos-
phate (AMP)-activated protein kinase (AMPK) [127]. The free ULK1 phosphorylates Golgi
STING to prepare for its degradation in the lysosome. However, activated AMPK promotes
cGAS/STING signaling independently of ULK1 in murine macrophages and embryonic
fibroblasts [128].

The endolysosomal degradation of ubiquitinated STING in murine macrophages
requires endosomal complexes required for the transport (ESCRT) pathway involved in
microautophagy for its recognition [129-132]. ESCRT deficiency or inhibition is associ-
ated with an overactivated cGAS/STING signaling pathway. Furthermore, the constant
tug-of-war between Toll-interacting protein (TOLLIP, which directly interacts with STING
at the ER to stabilize it) and IRElx-lysosome (STING degrader) is critical for maintain-
ing cell and tissue immune homeostasis [133]. TOLLIP deficiency is associated with
reduced resting-state STING protein levels and severely reduced cGAS/STING signaling
to maintain cellular and immune homeostasis. The ER-associated degradation (ERAD, a
cellular process of recruiting and retro-translocating misfolded ER proteins for ubiquitin—
proteasomal degradation in the cytosol) protein complex, called the suppressor of lin-12-like
(SEL1L)-HMG-CoA reductase degradation 1 (HRD1), increases STING levels under home-
ostasis in macrophages to escape from STING-driven inflammation [134,135].

The activated STING phosphorylates TBK1, which moves to the nucleus and activates
different transcription factors, such as IFN-releasing factor 3 (IRF3) and NF-«B, to synthesize
and release type 1 IFNs and NF-«B-dependent pro-inflammatory cytokines and chemokines,
which is critical for antitumor and antiviral immune responses (Figure 1) [136]. However,
the STING translocation to the ERGIC acts as a membrane source for microtubule-associated
protein 1 light chain 3 (MAP1LC3/LC3) lipidation, forming an autophagosome in the WD
repeat domain, phosphoinositide interacting 2 (WIPI2), and autophagy related-5 (ATG5)
independently of ULK and the VPS34/BECLIN kinase complex [100]. STING-mediated au-
tophagy involves its direct interaction with WIPI2, which recruits WIPI2 to STING-positive
vesicles for LC3 lipidation and autophagosome formation [137,138]. During this process,
STING and phosphatidylinositol-3-phosphate (PtdIns3P) competitively bind to the FRRG
motif of WIPI2 for mutual inhibition between STING-induced and PtdIns3P-dependent
autophagy [138,139]. The STING-WIPI2 interaction is critical to removing cytosolic DNA
through autophagy and attenuating cGAS/STING signaling-dependent type 1 IFN release
and other NF-«kB-dependent pro-inflammatory cytokine and chemokine releases [137,138].
Thus, this pathway induces autophagy among infected cells and does not induce type 1
IFNs and NF-«kB-dependent cytokine/chemokine generation and serves as a primitive host
defense mechanism in sea anemone, N. vectensis, upon stimulation with cGAMP [100].
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N. vectensis cGAS synthesizes 3'3'-cGAMP, which is recognized by their STING in
nucleobase-specific contacts, which is absent in human STING (hSTING) [140]. Notably, sea
anemone STING binds to 2/, 3' cGAMP indistinguishably from hSTING, trapping a unique
structural conformation not induced by 3’,3" CDNs. However, with the increase in animal
phyla such as Mollusca, for example, the Pacific oyster (Crassostrea gigas or C. gigas), the
involvement of cGAS/STING signaling-mediated production of primitive interferon-like
protein (IFN-LP) has been observed upon viral infection as a defense mechanism [141-143].
For example, the Cg-cGAS/cg-STING of C. gigas recognizes polyinosinic acid /polycytidylic
acid (poly L:C), a synthetic analog of dsSRNA and dsDNA, to produce Cg-IFN-LP in a Cg-
TBK1- and IRF (Cg-IRF1/8)-dependent manner [143]. CgSTING also recognizes bacterial
CDN:ss to provide an antimicrobial defense by producing cg-IFN-LP- and NF-kB-dependent
pro-inflammatory cytokines in a TBK1/IKKe-dependent manner [144,145].

Furthermore, the IFN-LP released from C. gigas induces apoptosis and phagocytosis
of hemocytes in vivo and kills cancer cells in vitro [146]. C. gigas also expresses an IkB-
related kinase ¢ (IKKe) called CgIKKe-like that critically regulates NF-kB by phosphorylating
the inhibitor of NF-«B (IkB) called CglkBs and in the regulation of IFN gene expression
by phosphorylating IFN regulatory factors (IRFs) such as CgIRF8 and CgIRF1 [147,148].
CglkB4 is critical for the NF-kB-dependent immune response against LPS, peptidoglycan
(PGN), and poly I:C [149]. Interestingly, CgIKKe-like transfection into human cells induces
NF-kB and ISRE activation. Hence, human 2’3" cGAMP achieves universal signaling
by exploiting a deeply conserved STING conformational intermediate to activate TBK1-
mediated IRF3-dependent type 1 IFNs and NF-kB-mediated synthesis and the release
of pro-inflammatory mediators [140]. Therefore, cGAS/STING signaling is a primitive
innate immune defense mechanism that, in lower animals (invertebrates) such as sea
anemones, provides a host defense without inducing type 1 IFN production, which has
evolved with the hierarchy of animal phyla, especially in chordates. However, IFN-like
molecules’ production has emerged as an antiviral defense mechanism in Mollusca phylum.
Thus, cGAS/STING signaling, through several mechanisms (autophagy, apoptosis) and
producing different regulatory molecules, such as type 1 IFNs and NF-kB-dependent
cytokines, regulates cellular and immune homeostasis.

4. Altered cGAS/STING Signaling Dysregulates Inmune Homeostasis and Makes Us
Sick, like Other Known PRRs

The deficiency or aberrant activation of previously well-studied PRRs (TLRs, NLRs,
ALRs, CLRs, and RLRs) is associated with increased susceptibility to different infections,
cancers, immunodeficiency diseases, and autoinflammatory and autoimmune diseases, as
discussed elsewhere [1,5-7,12,13,88,150-154]. Like these different PRRs, the dysregulation
of a critical cGLR in humans called cGAS disturbs immune homeostasis and leads to differ-
ent diseases. For example, an overactive cGAS/STING signaling pathway is associated
with different autoinflammatory and autoimmune diseases, such as ataxia—telangiectasia
(AT), Aicardi-Goutieres syndrome (AGS), and STING-associated vasculopathy with onset
in infancy (SAVI), erosive inflammatory arthritis (EIA), and several other inflammatory
diseases, as discussed in detail elsewhere [79,110,155]. Furthermore, an aberrantly acti-
vated cGAS/STING signaling pathway in the endothelial cells of diabetic retinopathy
(DR) patients and animal models has been observed [156]. STING overexpression in the
endothelial cells of DR patients induces senescence, inflammatory changes, and capillary
degeneration at early stages, causing early progression. Notably, STING knockout (KO)
and STINGGT (loss-of-function mutation) mice were protected from the early onset of DR
symptoms due to a decrease in TBK1, IRF3, and NF-kB phosphorylation, critical media-
tors of cGAS/STING signaling-dependent type 1 IFNs, other pro-inflammatory molecules
(cytokines and chemokines), and senescence generation [156].

On the other hand, decreased cGAS/STING signaling increases susceptibility to vari-
ous viral and bacterial infections due to lowered innate and adaptive immune responses.
Decreased cGAS/STING signaling increases the severity of these infections as several
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pathogens have evolved different mechanisms to evade this system along with other
PRRs [157-159]. In addition, bacteriophages infecting bacteria where the cGAS/STING
system evolved also develop mechanisms to evade their CBASS to establish infection [38].
However, during fungal infections such as Candida albicans, STING translocation to the
phagosome decreases the antifungal immune response [160]. STING translocated to
the phagosome binds to the Src kinase via its N-terminal 18 AA motif to inhibit Syk
kinase activity to suppress the release of antifungal pro-inflammatory cytokines and
chemokines. STING-deficient macrophages exert a better antifungal immune response than
WT macrophages and prevent infection dissemination [160]. Therefore, the cGAS/STING
system is critical for infectious diseases and their progression to life-threatening infections.

Chronic low-grade inflammation is one of several factors predisposing humans to
developing cancers, and chronic low-grade type 1 IFN generation through the activation of
c¢GAS/STING signaling promotes tumorigenesis and its further spread and proliferation, as
discussed in detail elsewhere [56,161]. Furthermore, cGAS/STING signaling dysregulation
in cancer patients” myeloid immune cells (MICs) increases the cancer’s severity [109].
Additionally, cellular STING restricts aerobic glycolysis independently of its role in innate
immunity by targeting hexokinase 2 (HK2) activity [162]. This anti-HK2 activity of STING
restricts tumor aerobic glycolysis and promotes antitumor immunity. For example, in
colorectal cancer (CRC) cells, an increased lactate level decreases STING activity and
associated antitumor immunity. Furthermore, STING serves as a cell-intrinsic metabolic
checkpoint and restricts aerobic glycolysis to promote the antitumor immune response [162].
Thus, cGAS/STING signaling regulates tumorigenesis and cancer cell proliferation and
metastasis depending on the cancer stage and type. This indicates that cGAS/STING
signaling is critical for host defense and maintenance of immune homeostasis; pathogens
and cancer cells have evolved different strategies to evade this [39,163].

Furthermore, chronic inflammation is a critical player in neurodegenerative diseases
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), and multiple sclerosis (MS), as discussed in detail elsewhere [164-166]. Besides
several pro-inflammatory mechanisms governed by different PRRs, cGAS/STING signaling
is also critical for neuroinflammation and its progression to neurodegeneration [167-170].
Human microglia and astrocytes (critical players in neuroinflammation and neurodegen-
eration) also express these (cGAS and STING) proteins of the cGLR family [171]. The
loss of ataxia-telangiectasia-mutated (ATM) protein causes a pleiotropic disease called
ataxia—telangiectasia (AT), and its patients also develop neurodegeneration, specifically
cerebellar Purkinje neurodegeneration, along with cancer and other immune dysfunc-
tions. The neurodegeneration seen in AT patients occurs due to overactive STING in
their microglia in response to increased cytosolic dsDNA due to failure of the DNA repair
mechanism [172,173].

Additionally, aging increases the cytosolic dsDNA released from perturbed mito-
chondria in old or aging microglia, which induces cGAS/STING signaling activation,
triggering reactive microglial transcriptional states, neurodegeneration, and cognitive
decline [174]. Thus, the cGAS/STING signaling pathway is a significant driver of inflam-
maging, or age-related inflammation, in the peripheral organs and the brain that can be
targeted to combat the neurodegeneration and cognitive decline associated with aging
and seen in older people. It is noteworthy that human neurons do not express STING.
Therefore, dsDNA accumulation in neurons cannot induce cGAS/STING-dependent in-
flammatory self-neuronal damage [173,175]. Furthermore, the human/mammalian cGLR
(cGAS)/STING system is critical for normal development (embryonic hematopoiesis and
brain development) [176,177]. Therefore, the cGLR system is a critical mediator of the
inflammatory phenotype once dysregulated under diverse pro-inflammatory conditions
including infections, cancers, inflammaging, and neurodegeneration. For example, condi-
tional STING KO mice (STING is knocked out in nestin (primarily expressed in neuron-
expressing cells) develop an autism-like phenotype [176]. Hence, cGAS/STING signaling
regulates different immune mechanisms to maintain immune homeostasis, and its altered
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activity predisposes the host to different infections and diseases, such as autoimmunity,
aging, and cancers.

5. cGLRs (cGAS/STING Signaling) Cross-Talk with Other PRRs to Maintain Immune
Homeostasis and Regulate Inflammation

5.1. TLR and cGAS/STING Signaling Interaction

TLRs are critical PRRs with a broad ligand (PAMPs and DAMPs) range, as mentioned
elsewhere [5-7]. Therefore, exploring TLRs” impact on cGLRs (cGAS/STING signaling)
and vice versa would be interesting. For example, during Staphylococcus aureus skin
infection, TLR and cGAS/STING signaling pathway activation regulates the expression of
approximately 95% of genes in macrophages within the first four hours of infection [178].
Furthermore, TLR signaling, by promoting IL-13 production and neutrophil recruitment,
helps clear the pathogen (S. aureus). In contrast, the absence of STING signaling is critical
for this; however, STING activation is critical for type 1 IFN production early in the
infection. Interestingly, heat-killed S. aureus stimulates type 1 IFN production through TLR
signaling more strongly than live S. aureus induces this through STING activation [178]. This
immunological discrepancy occurs due to the hypoxia induction in infected macrophages
by live S. aureus that stimulates the expression of most TLR/STING-independent genes
that may impact cGAS/STING signaling. For example, type 1 IFNs produced during
S. pyogenes infection suppress IL-13-mediated inflammation [179]. Furthermore, viral
infections (Influenza A) suppress antibacterial immunity by preventing IL-13 production by
suppressing NF-«B activation [180].

TLR4 activation and other activators of NF-«B, such as IL-1 receptor (IL-1R), TNF-
receptors (TNF-Rs), and growth factor receptors (GFRs; epidermal growth factor, or EGF;
and vascular endothelial growth factor, or VEGF) enhance STING-dependent type 1 IFN
production by promoting microtubule depolymerization to inhibit lysosomal STING degra-
dation (Figure 2) [181]. This increases the time and level of activated STING for the robust
type 1 IFN production for a potent antiviral host defense. Additionally, several gain-
of-function mutations of STING also inhibit its lysosomal trafficking and degradation,
causing ligand-independent STING activation and subsequently autoinflammatory dis-
eases [181]. Thus, TLR-mediated cGAS/STING signaling regulation depends on the type
of TLR activated.

More than three thousand cGLRs with complete active sites representing nearly all
major animal phyla have been identified [24]. Furthermore, cGLR sequence analysis has
delineated specific evolutionary patterns in animal immunity and protein features that are
distinct from bacterial CD-NTase anti-phage defense enzymes [24]. Animal cGLRs form
a single family of signaling proteins that share more distantly related homologies with
bacterial CD-NTase anti-phage defense enzymes and animal OAS1-like proteins [18,24].
Furthermore, the interaction between STING and CDNss is universally conserved. How-
ever, some rare bacteriophages avoid potent innate immune responses by preventing
c¢GAS/STING signaling through major capsid gene mutations in the CBASS [38—40]. Even
bacteriophages escaping the bacterial cGLR or CBASS generate longer cabRNA that pre-
vents the recognition and activation of CdnEO3.

For example, TLRY (localized to the ER membrane of resting immune cells such as
macrophages and DCs, including plasmacytoid DCs or pDCs) shuttles to the endosome
to initiate the NF-kB-dependent cytokine and type 1 IFN-dependent pro-inflammatory im-
mune response against pathogen-derived unmethylated deoxycytidylyl-deoxyguanosine
dinucleotide (CpG) DNA trapped in endosomes, lysosomes, and endolysosomes [182,183].
The trafficking of TLR9 from the ER to the GA involves Unc-93 Homolog B1 (UNC93B1, TLR
signaling regulator), which further regulates TLR9 loading to COPII* vesicles originating from
the ER [184,185]. COPII* vesicles transport TLR9 to the plasma membrane [186]. UNC93B1
deficiency is associated with complete loss of intracellular TLRs (TLR3 (recognizes 40-50 bp
dsRNA, and the strength of binding and signaling increases with the RNA length), TLR?,
TLRS, and TLRY) in immune cells, such as splenic macrophages and DCs [187,188]. On the
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other hand, UNC93B1 negatively regulates the cGAS/STING signaling pathway by blocking
IRE3 nuclear translocation, reducing the stability of STING by facilitating autophagy-lysosome
degradation that can be reversed by lysosome inhibitors, suppressing IFN-f promoter activity
and the transcriptions of IFN-f, ISG54, and ISG56 genes (Figure 2) [189]. Therefore, exploring
the effect of UNC93B1 loss on the cGAS/STING signaling pathway would be interesting
because it is associated with the functional loss of intracellular TLRs, which regulate or affect
the cGAS/STING signaling pathway in immune cells.

:, IL-1 EGF or
TLR4 activator #» fi"\“ VFTGF
such as LPS i. IL-IR UNC93B1
-+ GFRs, such as EGFRs
TLR4 fﬂ and VEGFRs
i W

type 1 IFN
production

Lysosome

[e]
© Blo@ed©
STING, ©

gradation

Microtubule
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Figure 2. TLRs and other NF-«B activators regulate cGLR (cGAS/STING signaling) activation. TLR4,
IL-1R, and GFRs (EGFRs and VEGEFRs), by activating NF-«B, induce microtubule depolymerization
that blocks STING degradation in the lysosome. This further stimulates type 1 IFN production by
increasing the activity of activated STING to produce type 1 IFNs. HMGB1 bound to the DNA blocks
the activity of TRIM30«, a negative STING regulator that further enhances STING-dependent type
1 IFN generation. UNC93B1, a TLR signaling regulator, also inhibits cGAS/STING signaling by
different mechanisms, such as inhibiting IRF3’s translocation to the nucleus and promoting lysosomal
STING degradation. Details are mentioned in the text.
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Additionally, cytosolic high-mobility group box 1 protein (HMGB1) is a low-specificity
DNA-binding protein containing two HMG boxes for DNA binding and a C-terminal acidic
tail that resides in an approximately 60 AA long conserved intrinsically disordered region
(IDR) [190,191]. The binding of HMGB1 to the cytosolic self-DNA aggravates the TLR9-
mediated pro-inflammatory immune signaling pathway due to increased recognition of
cytosolic DNA that may enhance STING-dependent type 1 IEN release to clear pathogenic
infections or exaggerate sterile pro-inflammatory diseases such as autoinflammation and
autoimmunity [30,181]. Deleting the HMGB1 gene in mouse embryonic fibroblasts impairs
TLR3, TLR7, and TLR9 activation and associated IRF-3 and NF-«B activation in the presence
of their cognate ligands (nucleic acids) [192].

Immunogenic nucleic acid binds more strongly to HMGB1 than less immunogenic
nucleic acid. Furthermore, HMGB?2 binds to B-DNA but not RNA, and HMGB3 binds to
both DNA and RNA to activate endosomal TLRs [192]. Thus, TLR9 activation has the
potential to upregulate cGAS/STING signaling by activating NF-«B and IRF3 as well.
Furthermore, HMGBI1 can directly activate cGAS/STING signaling by binding to long
U-turn DNA in the cytosol [193]. HMGBI release during senescence also suppresses E3
ligase tripartite motif protein 30 (TRIM30«, a negative regulator of STING) by binding
to its promoter site, which stabilizes STING to induce STAT6 activation in response to
genotoxic stress for p21 (cyclin-dependent kinase inhibitor 1A) activation in cancer cells
(Figure 2) [194]. Thus, HMGBI alone or activating different TLRs (TLR4, TLR9, TLR3,
and TLRY) can activate cGAS/STING signaling to control the inflammatory immune
response [195]. Further studies are needed to explore the direct interaction between TLR
and cGAS/STING signaling to understand the immune homeostasis and pathogenesis of
inflammatory and infectious diseases.

For example, frameshift variant mutations replacing the acidic tail of HMGB1 with
an arginine-rich base tail, causing nucleolar dysfunction due to its altered subnuclear
localization, have been discovered to be associated with a rare pro-inflammatory condition
called brachyphalangy, polydactyly, and tibial aplasia syndrome (BPTAS), a rare complex
malformation syndrome, requiring an exploration of cGAS/STING signaling along with
other PRRs [191]. HMGBI1 lacking the entire IDR (Del IDR) or the sequence after the
frameshift position (Del FS) does not reside in the nucleolus. It is determined by the
arginine residue within the sequence created by the frameshift mutation. The hydrophobic
patch contributes to nucleolar arrest [191]. Therefore, the accumulation of the HMGB1
frameshift mutant in the cell dysregulates nucleolar function and is responsible for the
cytotoxicity. Hence, it is critical to study the impact of the HMGBI frameshift mutant on the
TLRs, recognizing it as a DAMP, and the impact on DNA binding capacity, altering the TLR9
and cGAS/STING signaling pathways, to understand the developmental, immunological,
and inflammatory defects observed in BPTAS patients. Therefore, TLRs, through different
PAMPs and DAMPs, are critical regulators of cGLRs such as cGAS/STING functioning and
inflammatory and infectious diseases.

5.2. ALR and NLR Interaction with cGAS/STING Signaling

AIM2 activation in the presence of sizeable cytosolic self- or viral dsDNA (80-300 bp)
is associated with the inactivation of the cGAS/STING signaling pathway due to increased
potassium (K*) efflux and blockage of STING and TBK1 interaction by the activated AIM2
inflammasome, as discussed in detail elsewhere (Figure 3) [30,196]. However, AIM2-
mediated inflammasome activation in response to cytosolic dsDNA is dispensable in
human myeloid cells. Instead, cGAS/STING signaling induces a cell death program by
injtiating K* efflux upstream of the nucleotide oligomerization domain-like receptor pro-
tein 3 (NLRP3) inflammasome (Figure 3) [197]. This process involves STING trafficking
to the lysosome, triggering membrane permeabilization to induce lysosomal cell death
(LCD). During HSV-1 infection, STING promotes NLRP3 localization to the ER, facilitating
its deubiquitination and activation to form an inflammasome to release pro-inflammatory
cytokines (Figure 3) [198]. STING's interaction with NLRP3 attenuates K48- and K63-linked
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polyubiquitination of NLRP3 to activate the inflammasome. Furthermore, manganese
(an*)—induced neurotoxicity also involves cGAS/STING/NLRP3 axis-induced inflamma-
tion and induces Tau pathology due to an overactivated cGAS/STING signaling pathway
that further activates the NLRP3 inflammasome [199]. Thus, the cGAS/STING/NLRP3
pathway comprises the default inflammasome response during microbial infections in
human myeloid immune cells (MICs), which can be exploited to target pathology in inflam-
matory diseases (Figure 3).

Functionally different mutations have converged to form the cGAS/STING/NLRP3
axis in myelodysplastic syndrome (MDS, a group of cancers in which blood cells are poorly
formed and do not work typically) to direct ISG production, pyroptosis, and myeloid
lineage skewing [200]. The cytosolic escape of mitochondrial DNA (mt-DNA) also acti-
vates the cGAS/STING/NLRP3 axis to induce pyroptosis of nucleus pulposus (NP) cells
to aggravate inflammation during intervertebral disc (IV) degeneration (Figure 3) [201].
Oxidative stress, by regulating the mitochondrial permeability transition pore (mPTP) for
the cytosolic escape of mitochondrial DNA (mtDNA), plays a critical role in activating
c¢GAS/STING/NLRP3 axis-dependent NP cell pyroptosis during IV degeneration, causing
lower back pain (LCB) [201]. Another study has shown that chitin-derived polysaccharide
adjuvants with a high degree of deacetylation also upregulate the cGAS/STING/NLRP3
axis via increasing mitochondrial reactive oxygen species (ROS) generation (Figure 3) [202].
Hence, chitin-derived polysaccharide adjuvants activate the cGAS/STING/NLPR3 axis
to enhance antigen-specific Th1l responses to increase the vaccine’s antigenicity. Further-
more, increased STING, AIM2, IRF3, NLRP3, Caspase-1, and IL-1§3 levels in the serum
of diabetic nephropathy (DN) patients and their whole-blood immune cells have shown
overexpressed STING and AIM2 mRNAs [203]. This indicates the involvement of STING-
mediated NLRP3 inflammasome activation and pyroptosis in DN patients. Therefore, the
c¢GAS/STING/NLPR3 axis can be targeted in sterile inflammatory conditions such as MDS,
DN, and infections. Future studies are required in this direction as NLRP3 dysfunction
serves as a significant driver of MDS, and cGAS/STING signaling in human myeloid cells
works upstream of NLRP3 via STING-mediated LCD and initiates K* efflux-associated py-
roptosis (Figure 3) [197,204,205]. cGAS inhibition reversed the myeloid lineage bias in MDS
in mice. Furthermore, hydrogen sulfide (H;S, an anti-inflammatory molecule) also inhibits
the cGAS/STING/NLRP3 axis to protect against choline-induced cardiotoxicity [206,207].

NLR family CARD-containing 3 (NLRC3) protein leucine-rich repeats (LRRs) at the
C terminal recognize viral dsDNA (HSV-1) and dsRNA [9]. The recognition of the cy-
tosolic dsDNA by NLRC3 enhances its ATPase activity, unleashing its interaction with
STING and TBK1, leaving them free to recognize cytosolic cGAMP and induce type 1
IEN production [208]. Thus, during cellular homeostasis, the nucleotide-binding domain
(NBD) of NLRC3 interacts with STING and TBK1, which prevents proper STING trafficking
from the ER to peri-nuclearpuncta region (critical for STING activation) [209-211]. Thus,
NLRC3 helps in maintaining cellular homeostasis by keeping a check on cGAS/STING
signaling-dependent type 1 IFN, TNF-«, and IL-6 synthesis and release to prevent autoin-
flammation and autoimmunity in response to the low levels of cytosolic dsDNA. However,
NLRCS3 activation inhibits NLRP3 (NALP3 or cryopyrin) inflammasome by competing
for apoptosis-associated speck-like protein containing a CARD (ASC) adaptor protein for
pro-caspase-1 binding [212]. Thus, NLRC3 activation under diverse inflammatory and
infectious conditions may activate cGAS/STING signaling for releasing type 1 IFNs but
simultaneously block the cGAS/STING/NLRP3 axis in MICs, including macrophages.
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Figure 3. The interaction between ALR, NLR, and ¢GLR (cGAS/STING signaling pathway). AIM-2
(an ALR) activation in response to the cytosolic DNA in non-myeloid cells inhibits cGAS/STING
signaling activation by causing an increased K* efflux that is dispensable in human myeloid cells.
AIM-2 activation induces caspase 1 activation to induce the generation of the pro-inflammatory
cytokines IL-1f and IL-18 and gasdermin-D channel formation for K* efflux. In human myeloid
cells, cGAS/STING activation in response to the cytosolic dsSDNA induces K* efflux upstream of
NLRP3 activation, which involves STING trafficking to the lysosome and LCD. cGAS/STING/NLRP3
signaling axis activation been observed during HSV-1 infection, where STING-dependent type 1
IFNs are not produced, and instead NLRP3-dependent IL-1f3, IL-18, and gasdermin formation occurs,
causing pyroptosis. Chitin-derived polysaccharide adjuvants also activate the cGAS/STING/NLRP3
signaling axis by increasing mitochondrial ROS generation. NLRC3 activation in response to palmitic
acid blocks cGAS/ /STING signaling by activating p38MAP and USP21. NLRX1 residing on the
outer mitochondrial membrane also inhibits cGAS/STING signaling by directly interacting with
STING and blocking TBK1 activation and the downstream type 1 IFN signaling pathway. Details are
mentioned in the text.

Furthermore, NLRC3 activation in T cells and dendritic cells (DCs) also negatively
regulates T cell activation through different mechanisms, including STING- and TBK1-
mediated ones, to prevent autoimmunity and exaggerated inflammation [208,213-216]. For
example, NLRC3 activation in DCs attenuates their antigen presentation function through
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p38 MAPK activation, which also phosphorylates USP21 (ubiquitin-specific peptidase 21, a
nuclear/cytoplasmic shuttling deubiquitinase) at Ser538 to inhibit STING activity by hy-
drolyzing its K27 /63-linked polyubiquitin chain, which limits their ability to activate CD4*T
cells and their polarization to pro-inflammatory Th1 and Th17 cells to prevent against au-
toinflammation and autoimmunity (Figure 3) [216-218]. Hence, NLRC3 activation affects
myeloid and lymphoid (T cells) cells’ immune function to control exaggerated inflammation.
For example, the MICs of people with obesity are desensitized to STING activation as satu-
rated fatty acids inhibit STING activation by activating NLRC3 [219]. Furthermore, people
with obesity having head and neck cancer are unresponsive to STING-stimulation-based
antitumor approaches due to saturated fatty acid (palmitic acid)-mediated NLRC3 activa-
tion in their MICs, blocking STING activation and mediated type 1 IFN release (Figure 3)
and the associated T-cell-mediated antitumor immune response [219,220]. We need further
studies to understand NLRC3 and cGAS/STING or cGLR interaction in different diseases.

NLRX1 (a reside on the outer mitochondrial membrane) negatively regulates cGAS/
STING signaling by binding to STING, which decreases its interaction with TBK1 to generate a
type 1 IFN-dependent immune response during human immunodeficiency virus-1 (HIV-1) in-
fection along with other DNA virus infections, such as HSV-1 and vaccinia virus (Figure 3) [221].
NLRX1 was the first NLR discovered to inhibit type 1 IFN signaling [222-224].

NLRP4, another NLR protein, degrades TBK1 upon activation to alleviate the cGAS/
STING-dependent immune response by recruiting the E3 ubiquitin ligase DTX4 at its
NACHT domain for Lys48 (K48)-linked polyubiquitination at Lys670 of TBK1 [225]. TBK1
degradation blocks IRF3 phosphorylation and its translocation to the nucleus to activate
different ISGs and type 1 IFNs. Therefore, this interdependency in these two PRR systems
(cGLRs and NLRs) further strengthens their evolutionary divergence and need to escape
from pathogens, which causes inflammation and inflammatory diseases upon dysregula-
tion [30]. For example, in terms of their evolutionary aspects, inflammasomes such as ALRs
and NLRs are the youngest (evolved in vertebrates) of both TLRs and ¢cGAS, which might
have evolved to take care of their overactivation to prevent exaggerated inflammation
(autoinflammation and autoimmunity) [30,226,227]. Therefore, along with the NLRP3
inflammasome that forms the cGAS/STING/NLRP3 axis in different inflammatory con-
ditions, NLRs negatively regulating the cGLR (cGAS/STING pathway) system have also
evolved to protect the host, including humans, from autoinflammatory and autoimmune
diseases. It will also be critical to investigate the role of these negative regulatory NLRs
in different cancers where cGAS/STING signaling is dysregulated to contribute to tumor
growth and metastasis.

5.3. RLRs Impact cGLRs or cGAS/STING Signaling

RIG-1, melanoma differentiation-associated protein 5, or MDAS5, and LGP2 are cy-
tosolic PRRs, which recognize viral genetic materials such as ssRNA, dsRNA, and dsDNA,
but no known examples of RLR-mediated recognition of ssDNA are available [13]. For
example, RIG-1 recognizes relatively short dsRNAs (22-500 bp) and ssRNAs, whereas
MDAS5 recognizes larger dsRNAs (500-1000 bp) depending on their length and degree
of complementarity [188]. Activated RLRs (RIG-1 and MDAD), after recognizing their
corresponding ligands, interact through their CARD domains with the CARD domains
(CARD-CARD interaction) of mitochondrial antiviral-signaling protein (MAVS), the major
adaptor protein of the signaling pathway [228]. MAVS anchored in the mitochondria, the
peroxisome, and mitochondrial-associated membranes (MAMs) activates TBK1 and IKKe
to further activate IRF3, IRF7, and NF-kB-dependent type 1 IFNs and pro-inflammatory
cytokines, as discussed in detail elsewhere [13,14,228-230].

NLRP12, expressed mainly in DCs and neutrophils, dampens the RLR-mediated
immune response by interacting with the tripartite motif protein 25 (TRIM25), which blocks
its potential to ubiquitylate and activate RIG-1 during RNA virus infection [231]. NLRP12
is critical for the cytosolic sensor for heme plus PAMP-mediated PANoptosis, inflammation,
and pathology induced by the formation of PANoptosome (a complex comprising NLRP12,
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caspase 12 (CASP12), ASC, and RIPK3 with and without NLRP3) [232]. Thus, NLRP12
is anti-inflammatory only during RNA virus infections activating RIG-1. Furthermore,
stress granules, or SGs (molecular condensates that form in response to various stresses
such as viral dsRNA), are also critical for the controlled activation of RLRs. For example,
in the absence of the SG nucleators Ras-GTPase-activating protein-binding protein 1/2
(G3BP1/2) and ubiquitin Associated Protein 2 Like (UBAP2L), overactivation of RLRs
occurs in the presence of dsRNAs (viral and host-derived), causing excessive immune-
mediated apoptosis [233]. Thus, SGs are cellular shock absorbers, which converge to
maintain cellular homeostasis by dampening toxic/overactive immune responses and
viral replication.

Downstream RLR (RIG-1 and MDA5 via MAVS) signaling involves TBK1/IKKe
activation-induced type 1 IFN production, which raises the question of whether RLR
signaling activation would impact cGLR (cGAS/STING) signaling involving TBK/IKKe
activation-mediated type 1 IFN production or tilt cGAS/STING signaling to work inde-
pendently of type 1 IFN production, e.g., via inducing autophagy, apoptosis, and senes-
cence [56,109]. For example, overactivated RLR signaling in response to increased ROS pro-
duction due to dysfunctional mitochondria accumulation dysregulates autophagy [234,235].
MAVS activation downstream of RLR activation during influenza A virus (IAV) infection
through its M2 protein increases ROS production and decreases autophagy [236]. Hence,
MAVS is critical for maintaining mitochondrial homeostasis via autophagy [237]. Further-
more, increased ROS production also oxidizes cysteine 147 of mouse STING, which is
equivalent to cysteine 148 of human STING, and suppresses type 1 IFN production [238].
For example, oxidized STING is defective in its polymerization. It loses its function, which
is also critical for its noncanonical autophagy function in an ATG5-dependent manner with-
out involving other autophagy regulators, including Beclinl, Atg9a, ULK1, and p62 [101].
However, RIG-1 activation supports autophagy during viral infection by involving MAVS-
tumor necrosis factor receptor-associated factor 6 (TRAF6)-Beclin-1 axis independently of
ROS production, which is not involved in STING-dependent autophagy [239]. Thus, ROS-
induced RLR activation indirectly controls cGAS/STING function and decreases autophagy
under diverse conditions. Autophagy dysregulation is critical as it maintains immune cells’
renewal, differentiation, and homeostasis, as discussed in detail elsewhere [105,240,241].
Further studies are required in this direction.

Furthermore, cytosolic RNAs colocalize with phase-separated condensates of cGAS
and dsDNA to promote cGAS-containing phase separation and increase cGAS activity
in the presence of low cytosolic dsDNA condensate formation [108]. Therefore, it would
be interesting to explore how RLR activation in the presence of cytosolic RNA and DNA
would impact cGAS/STING activity, or vice versa. Once the cytosolic dsDNA increases,
RNA competes with it in phase-separated granules of cGAS to inhibit its activity [56,108].
Also, STING has been identified as an RLR signaling cofactor and essential signaling
adaptor protein which directs an innate immune response against DNA viruses, which
can overlap with the host innate immune response during DNA virus infection or even in
conditions where host-derived cytosolic dsDNA accumulation occurs [14,114,242]. Hence,
it is critical to understand RLR and ¢GLR (cGAS/STING signaling) interaction during
different infections and inflammatory diseases, such as autoinflammation and cancers.

6. Future Perspectives and Conclusions

PRRs are significant drivers of innate immunity associated with the adaptive immune
response and have a role in embryonic development. For example, TLRs were first rec-
ognized as Toll proteins critical for dorsoventral body patterning during D. melanogaster
embryonic development, and later studies showed that they also played a role in clearing
pathogens, such as bacteria and fungi, by controlling the secretion of antimicrobial pep-
tides (AMPs) such as drosomycin [243-245]. Another study in the laboratory of Charles
A. Janeway Junior identified the existence of its homolog in humans, known as TLR4,
which recognizes the Gram-negative bacterial PAMP called lipopolysaccharide (LPS) or
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endotoxin to initiate the protective pro-inflammatory innate immune response to clear the
pathogen at the expense of bystander local inflammatory tissue damage that can become
worse if the infection is uncontrolled or severe such as in cases of sepsis [246]. Thus, TLRs’
discovery filled the long-existing gap of pathogen recognition by immune cells as TLR1-10
in humans and TLR1-13 in mice recognize a wide range of PAMPs, such as LPS, proteins
(flagellin), lipoteichoic acid (LTA), DNA, and RNA. Later studies proved that TLRs also
recognize a wide range of DAMPs and PAMPs/MAMP:s to regulate the immune response
and maintain homeostasis [4,5,7]. Similarly, NLRs also play a critical role in recognizing cy-
tosolic pathogens and DAMPs, which can also be exploited for infectious and inflammatory
diseases, including cancers and autoimmunity [247].

IFNs were first described as antiviral factors or proteins released by cells in response
to viral infections in the 1950s [248,249]. However, the molecular mechanism behind their
(type 1 IFNs) release from all nucleated cells was only understood after the discovery of
STING in the early 2000s (2008 and 2009) [113,114,242,250]. Thus, the discovery of the
cGAS/STING signaling pathway of ¢cGLRs has also solved the mystery of IFN release
during viral infections, specifically DNA viruses and the transfer of antiviral immunity to
adjacent cells before the virus can infect and kill them [26,27,251,252]. For example, along
with type 1 IFNs released to provide antiviral signaling to adjacent cells, the infected and
dying cells will also release cGAMP, which will be taken by adjacent cells through differ-
ent transporter proteins to develop an antiviral immune response to protect themselves.
Furthermore, alum has been used as an adjuvant for over 100 years.

The discovery of cGAS/STING signaling has also solved the mystery of the mech-
anism of action of alum as an adjuvant. For example, alum works through activating
the cGAS/STING signaling system in APCs such as DCs and macrophages by inducing
the release of DNA from dying cells at the injection site along with activating NLRP3
inflammasomes to release IL-13 and IL-18 to induce inflammation and increases Ag uptake
and sustains Ag presentation [253-257]. However, another study indicated that alum-
mediated NLRP3 activation and -dependent IL-1[3 release are dispensable for its adjuvant
effect [258]. Therefore, alum-induced cGAS/STING activation is critical for its high ad-
juvanticity. Hence, the discovery of cGAS/STING signaling, a part of the cGLR system,
solved the mystery of type 1 IFN release and mediated antiviral stage development in
nearby uninfected cells and alum’s adjuvant effect. Furthermore, manganese (Mn?* also
critically regulates cGAS/STING signaling by increasing cGAS sensitivity to dsDNA) salts
exert an adjuvant effect by activating the cGAS/STING signaling pathway in APCs such
as DCs [259,260]. Therefore, the discovery of the cGAS/STING system has permitted the
development of a class of adjuvants and innate immune system regulators to develop
vaccines and immunomodulators for infectious diseases and cancers [56,109,261,262]. Ad-
ditionally, these PRRs do not work in isolation but interact with each other directly and
indirectly through unexplored mechanisms, which need to be studied to understand their
role in maintaining immune homeostasis and preventing autoinflammation, autoimmunity,
infections, and different cancers.

Hence, PRRs have welcomed ¢cGLRs (cGAS/STING signaling pathway) as their family
member. In contrast, other PRRs not only support them directly or activate NF-«B but also
stop them from preventing exaggerated inflammation for safety. Thus, the PRR family
is an excellent example of the saying that united we stand, divided we fall; they work
together to maintain homeostasis, including immune homeostasis and host safety and
longevity. Failure of this controlled PRR family regulation becomes dangerous for the host.
It increases their susceptibility to different immunodeficiency disorders, autoinflammation,
autoimmunity, many cancers, and even increased aging.

Author Contributions: V.K. conceived the idea, wrote the manuscript, and developed the figures and
J.H.S.IV performed the final editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.



Int. J. Mol. Sci. 2024, 25,1828 20 of 29

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

References

1. Li, D.; Wu, M. Pattern recognition receptors in health and diseases. Signal Transduct. Target. Ther. 2021, 6, 291. [CrossRef]

2. Kawai, T,; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like receptors. Nat. Immunol.
2010, 11, 373-384. [CrossRef] [PubMed]

3. Gong, T, Liu, L.; Jiang, W.; Zhou, R. DAMP-sensing receptors in sterile inflammation and inflammatory diseases. Nat. Rev.
Immunol. 2020, 20, 95-112. [CrossRef] [PubMed]

4. Kumar, V. Toll-Like Receptors in Adaptive Immunity. Handb. Exp. Pharmacol. 2022, 276, 95-131. [CrossRef] [PubMed]

5. Kumar, V.; Barrett, J.E. Toll-Like Receptors (TLRs) in Health and Disease: An Overview. Handb. Exp. Pharmacol. 2022, 276, 1-21.
[CrossRef] [PubMed]

6.  Kumar, V. Toll-like receptors in the pathogenesis of neuroinflammation. J. Neuroimmunol. 2019, 332, 16-30. [CrossRef]

7. Kumar, V. Toll-like receptors in immunity and inflammatory diseases: Past, present, and future. Int. Immunopharmacol. 2018,
59, 391-412. [CrossRef]

8. Sharma, N.; Saxena, S.; Agrawal, I.; Singh, S.; Srinivasan, V.; Arvind, S.; Epari, S.; Paul, S.; Jha, S. Differential Expression Profile of
NLRs and AIM2 in Glioma and Implications for NLRP12 in Glioblastoma. Sci. Rep. 2019, 9, 8480. [CrossRef] [PubMed]

9.  Chou, W.-C;; Jha, S.; Linhoff, M.W,; Ting, J.P.Y. The NLR gene family: From discovery to present day. Nat. Rev. Immunol. 2023,
23, 635-654. [CrossRef]

10. Duxbury, Z.; Wu, C.-h.; Ding, P. A Comparative Overview of the Intracellular Guardians of Plants and Animals: NLRs in Innate
Immunity and Beyond. Annu. Rev. Plant Biol. 2021, 72, 155-184. [CrossRef]

11.  Van Gorp, H.; Kuchmiy, A.; Van Hauwermeiren, F.; Lamkanfi, M. NOD-like receptors interfacing the immune and reproductive
systems. FEBS |. 2014, 281, 4568—4582. [CrossRef]

12.  Brown, G.D.; Willment, J.A.; Whitehead, L. C-type lectins in immunity and homeostasis. Nat. Rev. Immunol. 2018, 18, 374-389.
[CrossRef]

13.  Rehwinkel, ].; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537-551.
[CrossRef]

14. Loo, Y.M.; Gale, M., Jr. Immune signaling by RIG-I-like receptors. Immunity 2011, 34, 680-692. [CrossRef]

15. Davis, B.K.; Wen, H.; Ting, ].P. The inflammasome NLRs in immunity, inflammation, and associated diseases. Annu. Rev. Immunol.
2011, 29, 707-735. [CrossRef] [PubMed]

16. Kumar, V. Inflammation research sails through the sea of immunology to reach immunometabolism. Int. Immunopharmacol. 2019,
73,128-145. [CrossRef] [PubMed]

17. Canton, J.; Neculai, D.; Grinstein, S. Scavenger receptors in homeostasis and immunity. Nat. Rev. Immunol. 2013, 13, 621-634.
[CrossRef] [PubMed]

18. Culbertson, E.M.; Levin, T.C. Eukaryotic CD-NTase, STING, and viperin proteins evolved via domain shuffling, horizontal
transfer, and ancient inheritance from prokaryotes. PLoS Biol. 2023, 21, e3002436. [CrossRef] [PubMed]

19.  Whiteley, A.T.; Eaglesham, J.B.; de Oliveira Mann, C.C.; Morehouse, B.R.; Lowey, B.; Nieminen, E.A.; Danilchanka, O.; King, D.S.;
Lee, A.S.Y.; Mekalanos, ].].; et al. Bacterial cGAS-like enzymes synthesize diverse nucleotide signals. Nature 2019, 567, 194-199.
[CrossRef] [PubMed]

20. Govande, A.A.; Duncan-Lowey, B.; Eaglesham, J.B.; Whiteley, A.T.; Kranzusch, P.J. Molecular basis of CD-NTase nucleotide
selection in CBASS anti-phage defense. Cell Rep. 2021, 35, 109206. [CrossRef] [PubMed]

21. Davies, B.W.; Bogard, R.W.; Young, T.S.; Mekalanos, ].J. Coordinated regulation of accessory genetic elements produces cyclic
di-nucleotides for V. cholerae virulence. Cell 2012, 149, 358-370. [CrossRef]

22. Wu, X,; Wu, EH.; Wang, X.; Wang, L.; Siedow, ].N.; Zhang, W.; Pei, Z.M. Molecular evolutionary and structural analysis of the
cytosolic DNA sensor cGAS and STING. Nucleic Acids Res. 2014, 42, 8243-8257. [CrossRef]

23. Morehouse, B.R.; Govande, A.A.; Millman, A.; Keszei, A FEA.; Lowey, B.; Ofir, G.; Shao, S.; Sorek, R.; Kranzusch, P.J. STING cyclic
dinucleotide sensing originated in bacteria. Nature 2020, 586, 429-433. [CrossRef]

24. 1i,Y,; Slavik, K.M.; Toyoda, H.C.; Morehouse, B.R.; de Oliveira Mann, C.C.; Elek, A.; Levy, S.; Wang, Z.; Mears, K.S.; Liu, J.; et al.
c¢GLRs are a diverse family of pattern recognition receptors in innate immunity. Cell 2023, 186, 3261-3276.e20. [CrossRef]

25. Millman, A.; Melamed, S.; Amitai, G.; Sorek, R. Diversity and classification of cyclic-oligonucleotide-based anti-phage signalling
systems. Nat. Microbiol. 2020, 5, 1608-1615. [CrossRef] [PubMed]

26. Burdette, D.L.; Monroe, K.M.; Sotelo-Troha, K.; Iwig, ].S.; Eckert, B.; Hyodo, M.; Hayakawa, Y.; Vance, R.E. STING is a direct
innate immune sensor of cyclic di-GMP. Nature 2011, 478, 515-518. [CrossRef] [PubMed]

27. Sun, L;Wu,]; Du, E; Chen, X.; Chen, Z.]. Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type I interferon
pathway. Science 2013, 339, 786-791. [CrossRef] [PubMed]

28. Banh, D.V,; Roberts, C.G.; Morales-Amador, A.; Berryhill, B.A.; Chaudhry, W.; Levin, B.R.; Brady, S.F; Marraffini, L.A. Bacterial
cGAS senses a viral RNA to initiate immunity. Nature 2023, 623, 1001-1008. [CrossRef] [PubMed]

29. Cohen, D.; Melamed, S.; Millman, A.; Shulman, G.; Oppenheimer-Shaanan, Y.; Kacen, A.; Doron, S.; Amitai, G.; Sorek, R. Cyclic

GMP-AMP signalling protects bacteria against viral infection. Nature 2019, 574, 691-695. [CrossRef] [PubMed]


https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1038/ni.1863
https://www.ncbi.nlm.nih.gov/pubmed/20404851
https://doi.org/10.1038/s41577-019-0215-7
https://www.ncbi.nlm.nih.gov/pubmed/31558839
https://doi.org/10.1007/164_2021_543
https://www.ncbi.nlm.nih.gov/pubmed/34510306
https://doi.org/10.1007/164_2021_568
https://www.ncbi.nlm.nih.gov/pubmed/35091824
https://doi.org/10.1016/j.jneuroim.2019.03.012
https://doi.org/10.1016/j.intimp.2018.03.002
https://doi.org/10.1038/s41598-019-44854-4
https://www.ncbi.nlm.nih.gov/pubmed/31186453
https://doi.org/10.1038/s41577-023-00849-x
https://doi.org/10.1146/annurev-arplant-080620-104948
https://doi.org/10.1111/febs.13014
https://doi.org/10.1038/s41577-018-0004-8
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1016/j.immuni.2011.05.003
https://doi.org/10.1146/annurev-immunol-031210-101405
https://www.ncbi.nlm.nih.gov/pubmed/21219188
https://doi.org/10.1016/j.intimp.2019.05.002
https://www.ncbi.nlm.nih.gov/pubmed/31096130
https://doi.org/10.1038/nri3515
https://www.ncbi.nlm.nih.gov/pubmed/23928573
https://doi.org/10.1371/journal.pbio.3002436
https://www.ncbi.nlm.nih.gov/pubmed/38064485
https://doi.org/10.1038/s41586-019-0953-5
https://www.ncbi.nlm.nih.gov/pubmed/30787435
https://doi.org/10.1016/j.celrep.2021.109206
https://www.ncbi.nlm.nih.gov/pubmed/34077735
https://doi.org/10.1016/j.cell.2012.01.053
https://doi.org/10.1093/nar/gku569
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.1016/j.cell.2023.05.038
https://doi.org/10.1038/s41564-020-0777-y
https://www.ncbi.nlm.nih.gov/pubmed/32839535
https://doi.org/10.1038/nature10429
https://www.ncbi.nlm.nih.gov/pubmed/21947006
https://doi.org/10.1126/science.1232458
https://www.ncbi.nlm.nih.gov/pubmed/23258413
https://doi.org/10.1038/s41586-023-06743-9
https://www.ncbi.nlm.nih.gov/pubmed/37968393
https://doi.org/10.1038/s41586-019-1605-5
https://www.ncbi.nlm.nih.gov/pubmed/31533127

Int. J. Mol. Sci. 2024, 25,1828 21 0f 29

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.

Kumar, V. The Trinity of cGAS, TLR9, and ALRs Guardians of the Cellular Galaxy against Host-Derived Self-DNA. Front. Immunol.
2021, 11, 624597. [CrossRef] [PubMed]

Chow, K.L.; Hall, D.H.; Emmons, S.W. The mab-21 gene of Caenorhabditis elegans encodes a novel protein required for choice of
alternate cell fates. Development 1995, 121, 3615-3626. [CrossRef] [PubMed]

Li, S; Yang, F; Wang, F; Lv, X,; Li, F. An invertebrate gene encoding a Mab21-containing protein involves in antiviral response
through regulating the STING pathway. Dev. Comp. Immunol. 2021, 121, 104101. [CrossRef] [PubMed]

Hornung, V,; Hartmann, R.; Ablasser, A.; Hopfner, K.-P. OAS proteins and cGAS: Unifying concepts in sensing and responding to
cytosolic nucleic acids. Nat. Rev. Immunol. 2014, 14, 521-528. [CrossRef] [PubMed]

Wang, Y.; Holleufer, A.; Gad, H.H.; Hartmann, R. Length dependent activation of OAS proteins by dsRNA. Cytokine 2020,
126, 154867. [CrossRef] [PubMed]

Kristiansen, H.; Gad, H.H.; Eskildsen-Larsen, S.; Despres, P.; Hartmann, R. The oligoadenylate synthetase family: An ancient
protein family with multiple antiviral activities. J. Interferon Cytokine Res. 2011, 31, 41-47. [CrossRef]

Zhang, X.; Wu, J.; Du, F; Xu, H.; Sun, L.; Chen, Z.; Brautigam, C.A.; Zhang, X.; Chen, Z.]. The Cytosolic DNA Sensor cGAS Forms
an Oligomeric Complex with DNA and Undergoes Switch-like Conformational Changes in the Activation Loop. Cell Rep. 2014,
6,421-430. [CrossRef]

Li, X.; Shu, C.; Yi, G.; Chaton, C.T.; Shelton, C.L.; Diao, J.; Zuo, X.; Kao, C.C.; Herr, A.B; Li, P. Cyclic GMP-AMP Synthase Is
Activated by Double-Stranded DNA-Induced Oligomerization. Immunity 2013, 39, 1019-1031. [CrossRef]

Huiting, E.; Cao, X.; Ren, J.; Athukoralage, ].S.; Luo, Z;; Silas, S.; An, N.; Carion, H.; Zhou, Y.; Fraser, ].S.; et al. Bacteriophages
inhibit and evade cGAS-like immune function in bacteria. Cell 2023, 186, 864-876.e21. [CrossRef]

Eaglesham, ].B.; Kranzusch, PJ. Conserved strategies for pathogen evasion of cGAS-STING immunity. Curr. Opin. Immunol. 2020,
66, 27-34. [CrossRef]

Ahn, J.; Barber, G.N. STING signaling and host defense against microbial infection. Exp. Mol. Med. 2019, 51, 1-10. [CrossRef]
Burroughs, A.M.; Aravind, L. Identification of Uncharacterized Components of Prokaryotic Immune Systems and Their Diverse
Eukaryotic Reformulations. J. Bacteriol. 2020, 202, e00365-20. [CrossRef]

Martin, M.; Hiroyasu, A.; Guzman, R.M.; Roberts, S.A.; Goodman, A.G. Analysis of Drosophila STING Reveals an Evolutionarily
Conserved Antimicrobial Function. Cell Rep. 2018, 23, 3537-3550.€6. [CrossRef]

Zakovic, S.; Levashina, E.A. Insects Go on a STING Operation to Tackle Intracellular Invaders. Immunity 2018, 49, 195-197.
[CrossRef]

Goto, A.; Okado, K.; Martins, N.; Cai, H.; Barbier, V.; Lamiable, O.; Troxler, L.; Santiago, E.; Kuhn, L.; Paik, D.; et al. The Kinase
IKKB Regulates a STING- and NF-«kB-Dependent Antiviral Response Pathway in Drosophila. Immunity 2018, 49, 225-234.e4.
[CrossRef] [PubMed]

Dostert, C.; Jouanguy, E.; Irving, P; Troxler, L.; Galiana-Arnoux, D.; Hetru, C.; Hoffmann, J.A ; Imler, J.-L. The Jak-STAT signaling
pathway is required but not sufficient for the antiviral response of drosophila. Nat. Immunol. 2005, 6, 946-953. [CrossRef]
Lamiable, O.; Kellenberger, C.; Kemp, C.; Troxler, L.; Pelte, N.; Boutros, M.; Marques, ].T.; Daeffler, L.; Hoffmann, J.A.; Roussel,
A.; et al. Cytokine Diedel and a viral homologue suppress the IMD pathway in Drosophila. Proc. Natl. Acad. Sci. USA 2016,
113, 698-703. [CrossRef] [PubMed]

Slavik, K.M.; Morehouse, B.R.; Ragucci, A.E.; Zhou, W.; Ai, X.; Chen, Y,; Li, L.; Wei, Z.; Bahre, H.; Konig, M.; et al. cGAS-like
receptors sense RNA and control 3'2'-cGAMP signalling in Drosophila. Nature 2021, 597, 109-113. [CrossRef]

Holleufer, A.; Winther, K.G.; Gad, HH.; Ai, X;; Chen, Y.; Li, L.; Wei, Z.; Deng, H.; Liu, J.; Frederiksen, N.A.; et al. Two cGAS-like
receptors induce antiviral immunity in Drosophila. Nature 2021, 597, 114-118. [CrossRef] [PubMed]

Moehlman, A.T.; Kanfer, G.; Youle, R.J. Loss of STING in parkin mutant flies suppresses muscle defects and mitochondria damage.
PLoS Genet. 2023, 19, €1010828. [CrossRef]

O’Callaghan, B.; Hardy, J.; Plun-Favreau, H. PINK1: From Parkinson’s disease to mitophagy and back again. PLOS Biol. 2023, 21,
€3002196. [CrossRef]

Pickrell, A.M.; Youle, R.J. The roles of PINK1, parkin, and mitochondrial fidelity in Parkinson’s disease. Neuron 2015, 85, 257-273.
[CrossRef]

Quinn, PM.].; Moreira, P1.; Ambroésio, A.F,; Alves, C.H. PINK1/PARKIN signalling in neurodegeneration and neuroinflammation.
Acta Neuropathol. Commun. 2020, 8, 189. [CrossRef]

Schoggins, ].W.; Wilson, S.J.; Panis, M.; Murphy, M.Y.; Jones, C.T.; Bieniasz, P,; Rice, C.M. A diverse range of gene products are
effectors of the type I interferon antiviral response. Nature 2011, 472, 481-485. [CrossRef]

Barnett, K.C.; Coronas-Serna, ].M.; Zhou, W.; Ernandes, M.].; Cao, A.; Kranzusch, PJ.; Kagan, J.C. Phosphoinositide Interactions
Position cGAS at the Plasma Membrane to Ensure Efficient Distinction between Self- and Viral DNA. Cell 2019, 176, 1432-1446.e11.
[CrossRef] [PubMed]

Gekara, N.O,; Jiang, H. The innate immune DNA sensor cGAS: A membrane, cytosolic, or nuclear protein? Sci. Signal. 2019, 12,
eaax3521. [CrossRef] [PubMed]

Kumar, V.,; Bauer, C.; Stewart, ].H.T. Cancer cell-specific cGAS/STING Signaling pathway in the era of advancing cancer cell
biology. Eur. ]. Cell Biol. 2023, 102, 151338. [CrossRef] [PubMed]

Mankan, A.K.; Czajka-Francuz, P.; Prendes, M.; Ramanan, S.; Koziej, M.; Vidal, L.; Saini, K.S. Intracellular DNA sensing by
neutrophils and amplification of the innate immune response. Front. Immunol. 2023, 14, 1208137. [CrossRef] [PubMed]


https://doi.org/10.3389/fimmu.2020.624597
https://www.ncbi.nlm.nih.gov/pubmed/33643304
https://doi.org/10.1242/dev.121.11.3615
https://www.ncbi.nlm.nih.gov/pubmed/8582275
https://doi.org/10.1016/j.dci.2021.104101
https://www.ncbi.nlm.nih.gov/pubmed/33862098
https://doi.org/10.1038/nri3719
https://www.ncbi.nlm.nih.gov/pubmed/25033909
https://doi.org/10.1016/j.cyto.2019.154867
https://www.ncbi.nlm.nih.gov/pubmed/31629990
https://doi.org/10.1089/jir.2010.0107
https://doi.org/10.1016/j.celrep.2014.01.003
https://doi.org/10.1016/j.immuni.2013.10.019
https://doi.org/10.1016/j.cell.2022.12.041
https://doi.org/10.1016/j.coi.2020.04.002
https://doi.org/10.1038/s12276-019-0333-0
https://doi.org/10.1128/JB.00365-20
https://doi.org/10.1016/j.celrep.2018.05.029
https://doi.org/10.1016/j.immuni.2018.08.003
https://doi.org/10.1016/j.immuni.2018.07.013
https://www.ncbi.nlm.nih.gov/pubmed/30119996
https://doi.org/10.1038/ni1237
https://doi.org/10.1073/pnas.1516122113
https://www.ncbi.nlm.nih.gov/pubmed/26739560
https://doi.org/10.1038/s41586-021-03743-5
https://doi.org/10.1038/s41586-021-03800-z
https://www.ncbi.nlm.nih.gov/pubmed/34261128
https://doi.org/10.1371/journal.pgen.1010828
https://doi.org/10.1371/journal.pbio.3002196
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1186/s40478-020-01062-w
https://doi.org/10.1038/nature09907
https://doi.org/10.1016/j.cell.2019.01.049
https://www.ncbi.nlm.nih.gov/pubmed/30827685
https://doi.org/10.1126/scisignal.aax3521
https://www.ncbi.nlm.nih.gov/pubmed/31088977
https://doi.org/10.1016/j.ejcb.2023.151338
https://www.ncbi.nlm.nih.gov/pubmed/37423035
https://doi.org/10.3389/fimmu.2023.1208137
https://www.ncbi.nlm.nih.gov/pubmed/37483598

Int. J. Mol. Sci. 2024, 25,1828 22 0f 29

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.

85.

Xia, P; Wang, S.; Ye, B.; Du, Y.; Huang, G.; Zhu, P,; Fan, Z. Sox2 functions as a sequence-specific DNA sensor in neutrophils to
injtiate innate immunity against microbial infection. Nat. Immunol. 2015, 16, 366-375. [CrossRef] [PubMed]

Hopfner, K.-P; Hornung, V. Molecular mechanisms and cellular functions of cGAS-STING signalling. Nat. Rev. Mol. Cell Biol.
2020, 21, 501-521. [CrossRef] [PubMed]

Mackenzie, K.J.; Carroll, P.; Martin, C.A.; Murina, O.; Fluteau, A.; Simpson, D.J.; Olova, N.; Sutcliffe, H.; Rainger, ] K.; Leitch,
A.; et al. cGAS surveillance of micronuclei links genome instability to innate immunity. Nature 2017, 548, 461-465. [CrossRef]
[PubMed]

Harding, S.M.; Benci, ].L.; Irianto, J.; Discher, D.E.; Minn, A.].; Greenberg, R.A. Mitotic progression following DNA damage
enables pattern recognition within micronuclei. Nature 2017, 548, 466—470. [CrossRef]

Dewhurst, S.M. Chromothripsis and telomere crisis: Engines of genome instability. Curr. Opin. Genet. Dev. 2020, 60, 41-47.
[CrossRef]

Volkman, H.E.; Cambier, S.; Gray, E.E.; Stetson, D.B. Tight nuclear tethering of cGAS is essential for preventing autoreactivity.
eLife 2019, 8, e47491. [CrossRef]

Zierhut, C.; Yamaguchi, N.; Paredes, M.; Luo, ].-D.; Carroll, T.; Funabiki, H. The Cytoplasmic DNA Sensor cGAS Promotes Mitotic
Cell Death. Cell 2019, 178, 302-315.€23. [CrossRef]

Wischnewski, M.; Ablasser, A. Interplay of cGAS with chromatin. Trends Biochem. Sci. 2021, 46, 822-831. [CrossRef] [PubMed]
Pathare, G.R.; Decout, A.; Gliick, S.; Cavadini, S.; Makasheva, K.; Hovius, R.; Kempf, G.; Weiss, J.; Kozicka, Z.; Guey, B.; et al.
Structural mechanism of cGAS inhibition by the nucleosome. Nature 2020, 587, 668—672. [CrossRef] [PubMed]

Zhao, B.; Xu, P; Rowlett, C.M,; Jing, T.; Shinde, O.; Lei, Y.; West, A.P,; Liu, WR,; Li, P. The molecular basis of tight nuclear
tethering and inactivation of cGAS. Nature 2020, 587, 673-677. [CrossRef] [PubMed]

Cao, D; Han, X; Fan, X.; Xu, R.-M.; Zhang, X. Structural basis for nucleosome-mediated inhibition of cGAS activity. Cell Res.
2020, 30, 1088-1097. [CrossRef]

Michalski, S.; de Oliveira Mann, C.C.; Stafford, C.A.; Witte, G.; Bartho, J.; Lammens, K.; Hornung, V.; Hopfner, K.P. Structural
basis for sequestration and autoinhibition of cGAS by chromatin. Nature 2020, 587, 678-682. [CrossRef] [PubMed]

Wu, Y,; Song, K.; Hao, W.,; Li, J.; Wang, L.; Li, S. Nuclear soluble cGAS senses double-stranded DNA virus infection. Commun. Biol.
2022, 5, 433. [CrossRef] [PubMed]

Du, Y,; Hu, Z; Luo, Y,; Wang, H.Y,; Yu, X.; Wang, R.F. Function and regulation of cGAS-STING signaling in infectious diseases.
Front. Immunol. 2023, 14, 1130423. [CrossRef]

Luecke, S.; Holleufer, A.; Christensen, M.H.; Jonsson, K.L.; Boni, G.A.; Serensen, L.K.; Johannsen, M.; Jakobsen, M.R.; Hartmann,
R.; Paludan, S.R. cGAS is activated by DNA in a length-dependent manner. EMBO Rep. 2017, 18, 1707-1715. [CrossRef]

Gao, P.; Ascano, M.; Wu, Y.; Barchet, W.; Gaffney, B.L.; Zillinger, T.; Serganov, A.A.; Liu, Y.; Jones, R.A; Hartmann, G.; et al. Cyclic
[G(2,5")pA(3',5)p] Is the Metazoan Second Messenger Produced by DNA-Activated Cyclic GMP-AMP Synthase. Cell 2013, 153,
1094-1107. [CrossRef]

Diner, E.J.; Burdette, D.L.; Wilson, 5.C.; Monroe, K.M.; Kellenberger, C.A.; Hyodo, M.; Hayakawa, Y.; Hammond, M.C.; Vance,
R.E. The Innate Immune DNA Sensor cGAS Produces a Noncanonical Cyclic Dinucleotide that Activates Human STING. Cell Rep.
2013, 3, 1355-1361. [CrossRef]

Zhang, X.; Shi, H.; Wu, J.; Zhang, X; Sun, L.; Chen, C.; Chen, Z.]J. Cyclic GMP-AMP containing mixed phosphodiester linkages is
an endogenous high-affinity ligand for STING. Mol. Cell 2013, 51, 226-235. [CrossRef]

Ablasser, A.; Goldeck, M.; Cavlar, T.; Deimling, T.; Witte, G.; Rohl, L.; Hopfner, K.P.; Ludwig, J.; Hornung, V. cGAS produces a
2/-5'-linked cyclic dinucleotide second messenger that activates STING. Nature 2013, 498, 380-384. [CrossRef] [PubMed]
Margolis, S.R.; Wilson, S.C.; Vance, R.E. Evolutionary Origins of cGAS-STING Signaling. Trends Immunol. 2017, 38, 733-743.
[CrossRef] [PubMed]

Ablasser, A.; Schmid-Burgk, J.L.; Hemmerling, I.; Horvath, G.L.; Schmidt, T.; Latz, E.; Hornung, V. Cell intrinsic immunity
spreads to bystander cells via the intercellular transfer of cGAMP. Nature 2013, 503, 530-534. [CrossRef] [PubMed]

Blest, H.T.W.; Chauveau, L. cGAMP the travelling messenger. Front. Immunol. 2023, 14, 1150705. [CrossRef] [PubMed]
Cordova, A.F; Ritchie, C.; Bohnert, V.; Li, L. Human SLC46A2 Is the Dominant cGAMP Importer in Extracellular cGAMP-Sensing
Macrophages and Monocytes. ACS Cent. Sci. 2021, 7, 1073-1088. [CrossRef] [PubMed]

Ritchie, C.; Cordova, A.F,; Hess, G.T.; Bassik, M.C.; Li, L. SLC19A1 Is an Importer of the Immunotransmitter cGAMP. Mol. Cell
2019, 75, 372-381.e5. [CrossRef]

Tanaka, Y; Chen, Z.J. STING specifies IRF3 phosphorylation by TBK1 in the cytosolic DNA signaling pathway. Sci. Signal. 2012,
5, ra20. [CrossRef]

Huang, Y.H.; Liu, X.Y;; Du, X.X;; Jiang, Z.F,; Su, X.D. The structural basis for the sensing and binding of cyclic di-GMP by STING.
Nat. Struct. Mol. Biol. 2012, 19, 728-730. [CrossRef]

Gao, P; Ascano, M,; Zillinger, T.; Wang, W.; Dai, P; Serganov, A.A.; Gaffney, B.L.; Shuman, S.; Jones, R.A.; Deng, L.; et al.
Structure-function analysis of STING activation by c[G(2/,5")pA(3/,5')p] and targeting by antiviral DMXAA. Cell 2013, 154,
748-762. [CrossRef]

Kato, K.; Omura, H.; Ishitani, R.; Nureki, O. Cyclic GMP-AMP as an Endogenous Second Messenger in Innate Immune Signaling
by Cytosolic DNA. Annu. Rev. Biochem. 2017, 86, 541-566. [CrossRef]


https://doi.org/10.1038/ni.3117
https://www.ncbi.nlm.nih.gov/pubmed/25729924
https://doi.org/10.1038/s41580-020-0244-x
https://www.ncbi.nlm.nih.gov/pubmed/32424334
https://doi.org/10.1038/nature23449
https://www.ncbi.nlm.nih.gov/pubmed/28738408
https://doi.org/10.1038/nature23470
https://doi.org/10.1016/j.gde.2020.02.009
https://doi.org/10.7554/eLife.47491
https://doi.org/10.1016/j.cell.2019.05.035
https://doi.org/10.1016/j.tibs.2021.05.011
https://www.ncbi.nlm.nih.gov/pubmed/34215510
https://doi.org/10.1038/s41586-020-2750-6
https://www.ncbi.nlm.nih.gov/pubmed/32911482
https://doi.org/10.1038/s41586-020-2749-z
https://www.ncbi.nlm.nih.gov/pubmed/32911481
https://doi.org/10.1038/s41422-020-00422-4
https://doi.org/10.1038/s41586-020-2748-0
https://www.ncbi.nlm.nih.gov/pubmed/32911480
https://doi.org/10.1038/s42003-022-03400-1
https://www.ncbi.nlm.nih.gov/pubmed/35538147
https://doi.org/10.3389/fimmu.2023.1130423
https://doi.org/10.15252/embr.201744017
https://doi.org/10.1016/j.cell.2013.04.046
https://doi.org/10.1016/j.celrep.2013.05.009
https://doi.org/10.1016/j.molcel.2013.05.022
https://doi.org/10.1038/nature12306
https://www.ncbi.nlm.nih.gov/pubmed/23722158
https://doi.org/10.1016/j.it.2017.03.004
https://www.ncbi.nlm.nih.gov/pubmed/28416447
https://doi.org/10.1038/nature12640
https://www.ncbi.nlm.nih.gov/pubmed/24077100
https://doi.org/10.3389/fimmu.2023.1150705
https://www.ncbi.nlm.nih.gov/pubmed/37287967
https://doi.org/10.1021/acscentsci.1c00440
https://www.ncbi.nlm.nih.gov/pubmed/34235268
https://doi.org/10.1016/j.molcel.2019.05.006
https://doi.org/10.1126/scisignal.2002521
https://doi.org/10.1038/nsmb.2333
https://doi.org/10.1016/j.cell.2013.07.023
https://doi.org/10.1146/annurev-biochem-061516-044813

Int. J. Mol. Sci. 2024, 25,1828 23 of 29

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.
111.

112.

113.

Shang, G.; Zhu, D,; Li, N.; Zhang, J.; Zhu, C.; Lu, D.; Liu, C.; Yu, Q.; Zhao, Y.; Xu, S.; et al. Crystal structures of STING protein
reveal basis for recognition of cyclic di-GMP. Nat. Struct. Mol. Biol. 2012, 19, 725-727. [CrossRef] [PubMed]

de Oliveira Mann, C.C.; Orzalli, M.H.; King, D.S.; Kagan, J.C.; Lee, A.S.Y.; Kranzusch, PJ. Modular Architecture of the STING
C-Terminal Tail Allows Interferon and NF-«B Signaling Adaptation. Cell Rep. 2019, 27, 1165-1175.e5. [CrossRef] [PubMed]
Man, S.M.; Jenkins, B.J. Context-dependent functions of pattern recognition receptors in cancer. Nat. Rev. Cancer 2022, 22, 397—-413.
[CrossRef]

Chen, H.; Sun, H,; You, E; Sun, W.; Zhou, X.; Chen, L.; Yang, ].; Wang, Y.; Tang, H.; Guan, Y,; et al. Activation of STAT6 by STING
is critical for antiviral innate immunity. Cell 2011, 147, 436—446. [CrossRef] [PubMed]

McWhirter, S.M.; Barbalat, R.; Monroe, K.M.; Fontana, M.F,; Hyodo, M.; Joncker, N.T.; Ishii, K.J.; Akira, S.; Colonna, M.; Chen,
Z.].; et al. A host type I interferon response is induced by cytosolic sensing of the bacterial second messenger cyclic-di-GMP.
J. Exp. Med. 2009, 206, 1899-1911. [CrossRef]

Abe, T,; Barber, G.N. Cytosolic-DNA-mediated, STING-dependent proinflammatory gene induction necessitates canonical NF-xB
activation through TBKI. J. Virol. 2014, 88, 5328-5341. [CrossRef]

Gough, D.J.; Messina, N.L.; Clarke, C.J.; Johnstone, R.W.; Levy, D.E. Constitutive type I interferon modulates homeostatic balance
through tonic signaling. Immunity 2012, 36, 166-174. [CrossRef]

Durbin, J.E.; Fernandez-Sesma, A.; Lee, C.K,; Rao, T.D.; Frey, A.B.; Moran, T.M.; Vukmanovic, S.; Garcia-Sastre, A.; Levy, D.E.
Type I IFN modulates innate and specific antiviral immunity. J. Immunol. 2000, 164, 4220-4228. [CrossRef]

Teijaro, J.R. Pleiotropic Roles of Type 1 Interferons in Antiviral Immune Responses. Adv. Immunol. 2016, 132, 135-158. [CrossRef]
[PubMed]

Ji, L; Li, T.; Chen, H,; Yang, Y.; Lu, E.; Liu, J.; Qiao, W.; Chen, H. The crucial regulatory role of type I interferon in inflammatory
diseases. Cell Biosci. 2023, 13, 230. [CrossRef]

Teijaro, J.R. Type I interferons in viral control and immune regulation. Curr. Opin. Virol. 2016, 16, 31-40. [CrossRef]

Wu, J.; Chen, YJ.; Dobbs, N.; Sakai, T.; Liou, J.; Miner, ].J.; Yan, N. STING-mediated disruption of calcium homeostasis chronically
activates ER stress and primes T cell death. J. Exp. Med. 2019, 216, 867-883. [CrossRef]

Dou, Z.; Ghosh, K.; Vizioli, M.G.; Zhu, ].; Sen, P.; Wangensteen, K.J.; Simithy, J.; Lan, Y,; Lin, Y;; Zhou, Z.; et al. Cytoplasmic
chromatin triggers inflammation in senescence and cancer. Nature 2017, 550, 402—406. [CrossRef] [PubMed]

Gliick, S.; Guey, B.; Gulen, ML.E,; Wolter, K.; Kang, T.W.; Schmacke, N.A.; Bridgeman, A.; Rehwinkel, ].; Zender, L.; Ablasser, A.
Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence. Nat. Cell Biol. 2017, 19, 1061-1070.
[CrossRef] [PubMed]

Gui, X.; Yang, H.; Li, T.; Tan, X.; Shi, P; Li, M.; Du, E; Chen, Z.]J. Autophagy induction via STING trafficking is a primordial
function of the cGAS pathway. Nature 2019, 567, 262-266. [CrossRef]

Liu, D.; Wu, H,; Wang, C.; Li, Y.; Tian, H.; Siraj, S.; Sehgal, S.A.; Wang, X.; Wang, J.; Shang, Y.; et al. STING directly activates
autophagy to tune the innate immune response. Cell Death Differ. 2019, 26, 1735-1749. [CrossRef] [PubMed]

Cerboni, S.; Jeremiah, N.; Gentili, M.; Gehrmann, U.; Conrad, C.; Stolzenberg, M.C.; Picard, C.; Neven, B.; Fischer, A.; Amigorena,
S.; et al. Intrinsic antiproliferative activity of the innate sensor STING in T lymphocytes. J. Exp. Med. 2017, 214, 1769-1785.
[CrossRef]

Wu, J.; Dobbs, N.; Yang, K.; Yan, N. Interferon-Independent Activities of Mammalian STING Mediate Antiviral Response and
Tumor Immune Evasion. Immunity 2020, 53, 115-126.e5. [CrossRef] [PubMed]

Zhang, D.; Liu, Y;; Zhu, Y.; Zhang, Q.; Guan, H.; Liu, S.; Chen, S.; Mei, C.; Chen, C.; Liao, Z; et al. A non-canonical cGAS-STING-
PERK pathway facilitates the translational program critical for senescence and organ fibrosis. Nat. Cell Biol. 2022, 24, 766-782.
[CrossRef] [PubMed]

Clarke, A.].; Simon, A K. Autophagy in the renewal, differentiation and homeostasis of immune cells. Nat. Rev. Immunol. 2019, 19,
170-183. [CrossRef]

Hildeman, D.; Jorgensen, T.; Kappler, J.; Marrack, P. Apoptosis and the homeostatic control of immune responses. Curr. Opin.
Immunol. 2007, 19, 516-521. [CrossRef] [PubMed]

Opferman, J.T. Apoptosis in the development of the immune system. Cell Death Differ. 2008, 15, 234-242. [CrossRef]

Chen, S.; Rong, M.; Lv, Y,; Zhu, D.; Xiang, Y. Regulation of cGAS activity by RNA-modulated phase separation. EMBO Rep. 2023,
24, e51800. [CrossRef]

Kumar, V.; Bauer, C.; Stewart, ].H.I. Targeting cGAS/STING signaling-mediated myeloid immune cell dysfunction in TIME. J.
Biomed. Sci. 2023, 30, 48. [CrossRef]

Kumar, V. A STING to inflammation and autoimmunity. J. Leukoc. Biol. 2019, 106, 171-185. [CrossRef]

Liu, S.; Yang, B.; Hou, Y,; Cui, K; Yang, X; Li, X.; Chen, L.; Liu, S.; Zhang, Z; Jia, Y.; et al. The mechanism of STING autoinhibition
and activation. Mol. Cell 2023, 83, 1502-1518.e10. [CrossRef] [PubMed]

Hussain, B.; Xie, Y.; Jabeen, U.; Lu, D.; Yang, B.; Wu, C.; Shang, G. Activation of STING Based on Its Structural Features. Front.
Immunol. 2022, 13, 808607. [CrossRef]

Sun, W.; Li, Y,; Chen, L.; Chen, H.; You, F; Zhou, X.; Zhou, Y.; Zhai, Z.; Chen, D,; Jiang, Z. ERIS, an endoplasmic reticulum IFN
stimulator, activates innate immune signaling through dimerization. Proc. Natl. Acad. Sci. USA 2009, 106, 8653-8658. [CrossRef]
[PubMed]


https://doi.org/10.1038/nsmb.2332
https://www.ncbi.nlm.nih.gov/pubmed/22728660
https://doi.org/10.1016/j.celrep.2019.03.098
https://www.ncbi.nlm.nih.gov/pubmed/31018131
https://doi.org/10.1038/s41568-022-00462-5
https://doi.org/10.1016/j.cell.2011.09.022
https://www.ncbi.nlm.nih.gov/pubmed/22000020
https://doi.org/10.1084/jem.20082874
https://doi.org/10.1128/JVI.00037-14
https://doi.org/10.1016/j.immuni.2012.01.011
https://doi.org/10.4049/jimmunol.164.8.4220
https://doi.org/10.1016/bs.ai.2016.08.001
https://www.ncbi.nlm.nih.gov/pubmed/27769506
https://doi.org/10.1186/s13578-023-01188-z
https://doi.org/10.1016/j.coviro.2016.01.001
https://doi.org/10.1084/jem.20182192
https://doi.org/10.1038/nature24050
https://www.ncbi.nlm.nih.gov/pubmed/28976970
https://doi.org/10.1038/ncb3586
https://www.ncbi.nlm.nih.gov/pubmed/28759028
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1038/s41418-018-0251-z
https://www.ncbi.nlm.nih.gov/pubmed/30568238
https://doi.org/10.1084/jem.20161674
https://doi.org/10.1016/j.immuni.2020.06.009
https://www.ncbi.nlm.nih.gov/pubmed/32640258
https://doi.org/10.1038/s41556-022-00894-z
https://www.ncbi.nlm.nih.gov/pubmed/35501370
https://doi.org/10.1038/s41577-018-0095-2
https://doi.org/10.1016/j.coi.2007.05.005
https://www.ncbi.nlm.nih.gov/pubmed/17644328
https://doi.org/10.1038/sj.cdd.4402182
https://doi.org/10.15252/embr.202051800
https://doi.org/10.1186/s12929-023-00942-2
https://doi.org/10.1002/JLB.4MIR1018-397RR
https://doi.org/10.1016/j.molcel.2023.03.029
https://www.ncbi.nlm.nih.gov/pubmed/37086726
https://doi.org/10.3389/fimmu.2022.808607
https://doi.org/10.1073/pnas.0900850106
https://www.ncbi.nlm.nih.gov/pubmed/19433799

Int. J. Mol. Sci. 2024, 25,1828 24 of 29

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

Ishikawa, H.; Barber, G.N. STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling. Nature 2008,
455, 674-678. [CrossRef]

Srikanth, S.; Woo, J.S.; Wu, B.; El-Sherbiny, Y.M.; Leung, J.; Chupradit, K.; Rice, L.; Seo, G.J.; Calmettes, G.; Ramakrishna, C.; et al.
The Ca?* sensor STIM1 regulates the type I interferon response by retaining the signaling adaptor STING at the endoplasmic
reticulum. Nat. Immunol. 2019, 20, 152-162. [CrossRef] [PubMed]

Wu, J.; Yan, N. STIM1 moonlights as an anchor for STING. Nat. Immunol. 2019, 20, 112-114. [CrossRef]

Yang, K.; Yan, N. Bilayer STING goes head to head to stay put. Mol. Cell 2023, 83, 1372-1374. [CrossRef]

Balka, K.R.; Louis, C.; Saunders, T.L.; Smith, A.M.; Calleja, D.J.; D’'Silva, D.B.; Moghaddas, F,; Tailler, M.; Lawlor, K.E.; Zhan, Y.;
et al. TBK1 and IKKe Act Redundantly to Mediate STING-Induced NF-«B Responses in Myeloid Cells. Cell Rep. 2020, 31, 107492.
[CrossRef]

Jia, M;; Qin, D.; Zhao, C.; Chai, L.; Yu, Z.; Wang, W.; Tong, L.; Lv, L.; Wang, Y.; Rehwinkel, J.; et al. Redox homeostasis maintained
by GPX4 facilitates STING activation. Nat. Immunol. 2020, 21, 727-735. [CrossRef]

Zhang, K.; Kaufman, R.J. From endoplasmic-reticulum stress to the inflammatory response. Nature 2008, 454, 455-462. [CrossRef]
Hasnain, S.Z.; Lourie, R.; Das, I.; Chen, A.C.; McGuckin, M.A. The interplay between endoplasmic reticulum stress and
inflammation. Immunol. Cell Biol. 2012, 90, 260-270. [CrossRef] [PubMed]

Choi, J.A.; Song, C.H. Insights into the Role of Endoplasmic Reticulum Stress in Infectious Diseases. Front. Immunol. 2019, 10, 3147.
[CrossRef] [PubMed]

Liu, Q.; Kérner, H.; Wu, H.; Wei, W. Endoplasmic reticulum stress in autoimmune diseases. Immunobiology 2020, 225, 151881.
[CrossRef] [PubMed]

Zhang, B.-c.; Nandakumar, R.; Reinert, L.S.; Huang, J.; Laustsen, A.; Gao, Z.-1.; Sun, C.-1; Jensen, S.B.; Troldborg, A.; Assil, S.; et al.
STEEP mediates STING ER exit and activation of signaling. Nat. Immunol. 2020, 21, 868-879. [CrossRef] [PubMed]

Jeltema, D.; Abbott, K.; Yan, N. STING trafficking as a new dimension of immune signaling. J. Exp. Med. 2023, 220, €20220990.
[CrossRef] [PubMed]

Gonugunta, V.K.; Sakai, T.; Pokatayev, V.; Yang, K.; Wu, J.; Dobbs, N.; Yan, N. Trafficking-Mediated STING Degradation Requires
Sorting to Acidified Endolysosomes and Can Be Targeted to Enhance Anti-tumor Response. Cell Rep. 2017, 21, 3234-3242.
[CrossRef]

Konno, H.; Konno, K.; Barber, G.N. Cyclic dinucleotides trigger ULK1 (ATG1) phosphorylation of STING to prevent sustained
innate immune signaling. Cell 2013, 155, 688—698. [CrossRef]

Prantner, D.; Perkins, D.J.; Vogel, S.N. AMP-activated Kinase (AMPK) Promotes Innate Immunity and Antiviral Defense through
Modulation of Stimulator of Interferon Genes (STING) Signaling. J. Biol. Chem. 2017, 292, 292-304. [CrossRef]

Balka, K.R.; Venkatraman, R.; Saunders, T.L.; Shoppee, A.; Pang, E.S.; Magill, Z.; Homman-Ludiye, J.; Huang, C.; Lane, RM,;
York, H.M.; et al. Termination of STING responses is mediated via ESCRT-dependent degradation. EMBO J. 2023, 42, e112712.
[CrossRef] [PubMed]

Gentili, M,; Liu, B.; Papanastasiou, M.; Dele-Oni, D.; Schwartz, M.A.; Carlson, R.J.; Al’Khafaji, A.M.; Krug, K.; Brown, A.; Doench,
J.G.; et al. ESCRT-dependent STING degradation inhibits steady-state and cGAMP-induced signalling. Nat. Commun. 2023,
14, 611. [CrossRef]

Kuchitsu, Y.; Mukai, K.; Uematsu, R.; Takaada, Y.; Shinojima, A.; Shindo, R.; Shoji, T.; Hamano, S.; Ogawa, E.; Sato, R.; et al.
STING signalling is terminated through ESCRT-dependent microautophagy of vesicles originating from recycling endosomes.
Nat. Cell Biol. 2023, 25, 453-466. [CrossRef]

Assil, S.; Paludan, S.R. STING is ESCRTed to degradation by microautophagy. Nat. Cell Biol. 2023, 25, 379-380. [CrossRef]
Pokatayev, V.; Yang, K.; Tu, X.; Dobbs, N.; Wu, J.; Kalb, R.G.; Yan, N. Homeostatic regulation of STING protein at the resting state
by stabilizer TOLLIP. Nat. Immunol. 2020, 21, 158-167. [CrossRef]

Gao, K.M,; Fitzgerald, K.A. ERADication of STING limits inflammation. Nat. Cell Biol. 2023, 25, 635-636. [CrossRef] [PubMed]
Ji, Y.; Luo, Y.,; Wu, Y,; Sun, Y.; Zhao, L.; Xue, Z.; Sun, M.; Wei, X.; He, Z.; Wu, S.A_; et al. SEL1IL-HRD1 endoplasmic reticulum-
associated degradation controls STING-mediated innate immunity by limiting the size of the activable STING pool. Nat. Cell Biol.
2023, 25, 726-739. [CrossRef] [PubMed]

Yum, S.; Li, M.; Fang, Y.; Chen, Z.]. TBK1 recruitment to STING activates both IRF3 and NF-«B that mediate immune defense
against tumors and viral infections. Proc. Natl. Acad. Sci. USA 2021, 118, €2100225118. [CrossRef] [PubMed]

Wan, W.; Liu, W. STING recruits WIPI2 for autophagosome formation. Autophagy 2023, in press. [CrossRef] [PubMed]

Wan, W.; Qian, C.; Wang, Q.; Li, J.; Zhang, H.; Wang, L.; Pu, M.; Huang, Y.; He, Z.; Zhou, T.; et al. STING directly recruits WIPI2
for autophagosome formation during STING-induced autophagy. EMBO J. 2023, 42, e112387. [CrossRef] [PubMed]

Fracchiolla, D.; Chang, C.; Hurley, ] H.; Martens, S. A PI3K-WIPI2 positive feedback loop allosterically activates LC3 lipidation in
autophagy. J. Cell Biol. 2020, 219, €201912098. [CrossRef]

Kranzusch, PJ.; Wilson, S.C.; Lee, A.S.; Berger, ].M.; Doudna, J.A.; Vance, R.E. Ancient Origin of cGAS-STING Reveals Mechanism
of Universal 2’,3' cGAMP Signaling. Mol. Cell 2015, 59, 891-903. [CrossRef] [PubMed]

Aarreberg, L.D.; Esser-Nobis, K.; Driscoll, C.; Shuvarikov, A.; Roby, J.A.; Gale, M. Interleukin-1f Induces mtDNA Release to
Activate Innate Inmune Signaling via cGAS-STING. Mol. Cell 2019, 74, 801-815.e6. [CrossRef]

Qiao, X.; Wang, L.; Song, L. The primitive interferon-like system and its antiviral function in molluscs. Dev. Comp. Immunol. 2021,
118,103997. [CrossRef] [PubMed]


https://doi.org/10.1038/nature07317
https://doi.org/10.1038/s41590-018-0287-8
https://www.ncbi.nlm.nih.gov/pubmed/30643259
https://doi.org/10.1038/s41590-018-0300-2
https://doi.org/10.1016/j.molcel.2023.04.004
https://doi.org/10.1016/j.celrep.2020.03.056
https://doi.org/10.1038/s41590-020-0699-0
https://doi.org/10.1038/nature07203
https://doi.org/10.1038/icb.2011.112
https://www.ncbi.nlm.nih.gov/pubmed/22249202
https://doi.org/10.3389/fimmu.2019.03147
https://www.ncbi.nlm.nih.gov/pubmed/32082307
https://doi.org/10.1016/j.imbio.2019.11.016
https://www.ncbi.nlm.nih.gov/pubmed/31879042
https://doi.org/10.1038/s41590-020-0730-5
https://www.ncbi.nlm.nih.gov/pubmed/32690950
https://doi.org/10.1084/jem.20220990
https://www.ncbi.nlm.nih.gov/pubmed/36705629
https://doi.org/10.1016/j.celrep.2017.11.061
https://doi.org/10.1016/j.cell.2013.09.049
https://doi.org/10.1074/jbc.M116.763268
https://doi.org/10.15252/embj.2022112712
https://www.ncbi.nlm.nih.gov/pubmed/37139896
https://doi.org/10.1038/s41467-023-36132-9
https://doi.org/10.1038/s41556-023-01098-9
https://doi.org/10.1038/s41556-022-01084-7
https://doi.org/10.1038/s41590-019-0569-9
https://doi.org/10.1038/s41556-023-01142-8
https://www.ncbi.nlm.nih.gov/pubmed/37142792
https://doi.org/10.1038/s41556-023-01138-4
https://www.ncbi.nlm.nih.gov/pubmed/37142791
https://doi.org/10.1073/pnas.2100225118
https://www.ncbi.nlm.nih.gov/pubmed/33785602
https://doi.org/10.1080/15548627.2023.2202108
https://www.ncbi.nlm.nih.gov/pubmed/37041719
https://doi.org/10.15252/embj.2022112387
https://www.ncbi.nlm.nih.gov/pubmed/36872914
https://doi.org/10.1083/jcb.201912098
https://doi.org/10.1016/j.molcel.2015.07.022
https://www.ncbi.nlm.nih.gov/pubmed/26300263
https://doi.org/10.1016/j.molcel.2019.02.038
https://doi.org/10.1016/j.dci.2021.103997
https://www.ncbi.nlm.nih.gov/pubmed/33444647

Int. J. Mol. Sci. 2024, 25,1828 25 of 29

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.
162.

163.

164.

165.
166.

167.

168.

169.

170.

171.

Qiao, X,; Zong, Y.; Liu, Z.; Wu, Z.; Li, Y.; Wang, L.; Song, L. The cGAS/STING-TBK1-IRF Regulatory Axis Orchestrates a Primitive
Interferon-Like Antiviral Mechanism in Oyster. Front. Immunol. 2021, 12, 689783. [CrossRef] [PubMed]

Li, Y; Qiao, X.; Hou, L,; Liu, X;; Li, Q.; Jin, Y;; Li, Y.; Wang, L.; Song, L. A stimulator of interferon gene (CgSTING) involved in
antimicrobial immune response of oyster Crassostrea gigas. Fish Shellfish Immunol. 2022, 128, 82-90. [CrossRef] [PubMed]
Huang, B.; Sang, X.; Dong, J.; Li, L.; Wang, X.; Yang, B.; Wei, L.; Liu, Y.; Zhang, M.; Wang, X. Oyster TBK1/IKKze responds to
bacterial and viral challenges and participates in the innate immune signaling. Aquaculture 2021, 534, 736276. [CrossRef]
Zhang, R.; Liu, R.; Wang, W.; Xin, L.; Wang, L.; Li, C.; Song, L. Identification and functional analysis of a novel IFN-like protein
(CgIENLP) in Crassostrea gigas. Fish Shellfish Immunol. 2015, 44, 547-554. [CrossRef] [PubMed]

Huang, B.; Tang, X.; Zhang, L.; Li, L.; Wang, W.; Liu, M.; Zhang, G. IKKe-like plays an important role in the innate immune
signaling of the Pacific oyster (Crassostrea gigas). Fish Shellfish Immunol. 2019, 93, 551-558. [CrossRef]

Mao, F; Lin, Y.; Zhou, Y.; He, Z; Li, ].; Zhang, Y.; Yu, Z. Structural and functional analysis of interferon regulatory factors (IRFs)
reveals a novel regulatory model in an invertebrate, Crassostrea gigas. Dev. Comp. Immunol. 2018, 89, 14-22. [CrossRef] [PubMed]
Sang, X.; Dong, ].; Chen, F.; Wei, L.; Liu, Y,; Zhang, M.; Huang, B.; Wang, X. Molecular cloning and immune function study of an
oyster IxB gene in the NF-«B signaling pathway. Aquaculture 2020, 525, 735322. [CrossRef]

Geddes, K.; Magalhaes, ].G.; Girardin, S.E. Unleashing the therapeutic potential of NOD-like receptors. Nat. Rev. Drug Discov.
2009, 8, 465-479. [CrossRef]

Chen, L.; Cao, S.-q.; Lin, Z.-m.; He, S.5j.; Zuo, J.-p. NOD-like receptors in autoimmune diseases. Acta Pharmacol. Sin. 2021, 42,
1742-1756. [CrossRef] [PubMed]

Li, Y.; Huang, H.; Liu, B.; Zhang, Y,; Pan, X.; Yu, X.-Y,; Shen, Z.; Song, Y.-H. Inflammasomes as therapeutic targets in human
diseases. Signal Transduct. Target. Ther. 2021, 6, 247. [CrossRef] [PubMed]

Jiang, Y.; Zhang, H.; Wang, J.; Chen, J.; Guo, Z; Liu, Y.; Hua, H. Exploiting RIG-I-like receptor pathway for cancer immunotherapy.
J. Hematol. Oncol. 2023, 16, 8. [CrossRef] [PubMed]

Bohnsack, K.E.; Yi, S.; Venus, S.; Jankowsky, E.; Bohnsack, M.T. Cellular functions of eukaryotic RNA helicases and their links to
human diseases. Nat. Rev. Mol. Cell Biol. 2023, 24, 749-769. [CrossRef] [PubMed]

Skopelja-Gardner, S.; An, J.; Elkon, K.B. Role of the cGAS-STING pathway in systemic and organ-specific diseases. Nat. Rev.
Nephrol. 2022, 18, 558-572. [CrossRef]

Liu, H.; Ghosh, S.; Vaidya, T.; Bammidi, S.; Huang, C.; Shang, P.; Nair, A.P.; Chowdhury, O.; Stepicheva, N.A.; Strizhakova, A;
et al. Activated cGAS/STING signaling elicits endothelial cell senescence in early diabetic retinopathy. JCI Insight 2023, 8, 168945.
[CrossRef] [PubMed]

Bao, T.; Liu, J.; Leng, J.; Cai, L. The cGAS-STING pathway: More than fighting against viruses and cancer. Cell Biosci. 2021, 11, 209.
[CrossRef]

Garcia, G,, Jr; Irudayam, J.I; Jeyachandran, A.V.; Dubey, S.; Chang, C.; Castillo Cario, S.; Price, N.; Arumugam, S.; Marquez, A.L,;
Shah, A; et al. Innate immune pathway modulator screen identifies STING pathway activation as a strategy to inhibit multiple
families of arbo and respiratory viruses. Cell Rep. Med. 2023, 4, 101024. [CrossRef]

Cheng, Z.; Dai, T.; He, X.; Zhang, Z.; Xie, F.; Wang, S.; Zhang, L.; Zhou, F. The interactions between cGAS-STING pathway and
pathogens. Signal Transduct. Target. Ther. 2020, 5, 91. [CrossRef]

Chen, T.; Feng, Y.; Sun, W.; Zhao, G.; Wu, H.; Cheng, X.; Zhao, F,; Zhang, L.; Zheng, Y.; Zhan, P; et al. The nucleotide receptor
STING translocates to the phagosomes to negatively regulate anti-fungal immunity. Immunity 2023, 56, 1727-1742.e6. [CrossRef]
Samson, N.; Ablasser, A. The cGAS-STING pathway and cancer. Nat. Cancer 2022, 3, 1452-1463. [CrossRef]

Zhang, L.; Jiang, C.; Zhong, Y.; Sun, K,; Jing, H.; Song, J.; Xie, J.; Zhou, Y.; Tian, M.; Zhang, C.; et al. STING is a cell-intrinsic
metabolic checkpoint restricting aerobic glycolysis by targeting HK2. Nat. Cell Biol. 2023, 25, 1208-1222. [CrossRef]

Zhang, J.; Zhao, J.; Xu, S.; Li, ].; He, S.; Zeng, Y.; Xie, L.; Xie, N.; Liu, T.; Lee, K.; et al. Species-Specific Deamidation of cGAS by
Herpes Simplex Virus UL37 Protein Facilitates Viral Replication. Cell Host Microbe 2018, 24, 234-248.e5. [CrossRef]

Zhang, W.; Xiao, D.; Mao, Q.; Xia, H. Role of neuroinflammation in neurodegeneration development. Signal Transduct. Target.
Ther. 2023, 8, 267. [CrossRef]

Chitnis, T.; Weiner, H.L. CNS inflammation and neurodegeneration. J. Clin. Investig. 2017, 127, 3577-3587. [CrossRef]

Glass, C.K; Saijo, K.; Winner, B.; Marchetto, M.C.; Gage, FH. Mechanisms Underlying Inflammation in Neurodegeneration. Cell
2010, 140, 918-934. [CrossRef]

Paul, B.D.; Snyder, S.H.; Bohr, V.A. Signaling by cGAS-STING in Neurodegeneration, Neuroinflammation, and Aging. Trends
Neurosci. 2021, 44, 83-96. [CrossRef]

Szego, EM.; Malz, L.; Bernhardt, N.; Rosen-Wolff, A.; Falkenburger, B.H.; Luksch, H. Constitutively active STING causes
neuroinflammation and degeneration of dopaminergic neurons in mice. eLife 2022, 11, €81943. [CrossRef] [PubMed]

Hinkle, J.T.; Patel, J.; Panicker, N.; Karuppagounder, S.S.; Biswas, D.; Belingon, B.; Chen, R.; Brahmachari, S.; Pletnikova, O.;
Troncoso, J.C.; et al. STING mediates neurodegeneration and neuroinflammation in nigrostriatal a-synucleinopathy. Proc. Natl.
Acad. Sci. USA 2022, 119, €2118819119. [CrossRef] [PubMed]

Fritsch, L.E.; Kelly, C.; Pickrell, A.M. The role of STING signaling in central nervous system infection and neuroinflammatory
disease. WIREs Mech. Dis. 2023, 15, €1597. [CrossRef] [PubMed]

Jeffries, A.M.; Marriott, I. Human microglia and astrocytes express cGAS-STING viral sensing components. Neurosci. Lett. 2017,
658, 53-56. [CrossRef]


https://doi.org/10.3389/fimmu.2021.689783
https://www.ncbi.nlm.nih.gov/pubmed/34168656
https://doi.org/10.1016/j.fsi.2022.07.059
https://www.ncbi.nlm.nih.gov/pubmed/35917891
https://doi.org/10.1016/j.aquaculture.2020.736276
https://doi.org/10.1016/j.fsi.2015.03.015
https://www.ncbi.nlm.nih.gov/pubmed/25812419
https://doi.org/10.1016/j.fsi.2019.07.074
https://doi.org/10.1016/j.dci.2018.07.027
https://www.ncbi.nlm.nih.gov/pubmed/30077552
https://doi.org/10.1016/j.aquaculture.2020.735322
https://doi.org/10.1038/nrd2783
https://doi.org/10.1038/s41401-020-00603-2
https://www.ncbi.nlm.nih.gov/pubmed/33589796
https://doi.org/10.1038/s41392-021-00650-z
https://www.ncbi.nlm.nih.gov/pubmed/34210954
https://doi.org/10.1186/s13045-023-01405-9
https://www.ncbi.nlm.nih.gov/pubmed/36755342
https://doi.org/10.1038/s41580-023-00628-5
https://www.ncbi.nlm.nih.gov/pubmed/37474727
https://doi.org/10.1038/s41581-022-00589-6
https://doi.org/10.1172/jci.insight.168945
https://www.ncbi.nlm.nih.gov/pubmed/37345657
https://doi.org/10.1186/s13578-021-00724-z
https://doi.org/10.1016/j.xcrm.2023.101024
https://doi.org/10.1038/s41392-020-0198-7
https://doi.org/10.1016/j.immuni.2023.06.002
https://doi.org/10.1038/s43018-022-00468-w
https://doi.org/10.1038/s41556-023-01185-x
https://doi.org/10.1016/j.chom.2018.07.004
https://doi.org/10.1038/s41392-023-01486-5
https://doi.org/10.1172/JCI90609
https://doi.org/10.1016/j.cell.2010.02.016
https://doi.org/10.1016/j.tins.2020.10.008
https://doi.org/10.7554/eLife.81943
https://www.ncbi.nlm.nih.gov/pubmed/36314770
https://doi.org/10.1073/pnas.2118819119
https://www.ncbi.nlm.nih.gov/pubmed/35394877
https://doi.org/10.1002/wsbm.1597
https://www.ncbi.nlm.nih.gov/pubmed/36632700
https://doi.org/10.1016/j.neulet.2017.08.039

Int. J. Mol. Sci. 2024, 25,1828 26 of 29

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Song, X.; Ma, E; Herrup, K. Accumulation of Cytoplasmic DNA Due to ATM Deficiency Activates the Microglial Viral Response
System with Neurotoxic Consequences. . Neurosci. 2019, 39, 6378-6394. [CrossRef]

Ferro, A.; Sheeler, C.; Cvetanovic, M. Microglial Self-Recognition STINGs in A-T Neurodegeneration. Trends Neurosci. 2019, 42,
753-755. [CrossRef]

Gulen, M.E; Samson, N.; Keller, A.; Schwabenland, M.; Liu, C.; Gliick, S.; Thacker, V.V,; Favre, L.; Mangeat, B.; Kroese, L.].; et al.
cGAS-STING drives ageing-related inflammation and neurodegeneration. Nature 2023, 620, 374-380. [CrossRef]

Zhang, Y.; Chen, K ; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda, C.; Ruderisch, N.;
et al. An RNA-Sequencing Transcriptome and Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral Cortex.
J. Neurosci. 2014, 34, 11929-11947. [CrossRef] [PubMed]

Zhang, D.; Liu, C.; Li, H.; Jiao, . Deficiency of STING Signaling in Embryonic Cerebral Cortex Leads to Neurogenic Abnormalities
and Autistic-Like Behaviors. Adv. Sci. 2020, 7, 2002117. [CrossRef] [PubMed]

Geng, X.; Zhang, C.; Li, M.; Wang, J.; Ji, E; Feng, H.; Xing, M.; Li, F; Zhang, L.; Li, W,; et al. PICH Supports Embryonic
Hematopoiesis by Suppressing a cGAS-STING-Mediated Interferon Response. Adv. Sci. 2022, 9, €2103837. [CrossRef] [PubMed]
Scumpia, P.O.; Botten, G.A.; Norman, J.S.; Kelly-Scumpia, K.M.; Spreafico, R.; Ruccia, A.R.; Purbey, PK.; Thomas, B.J.; Modlin,
R.L.; Smale, S.T. Opposing roles of Toll-like receptor and cytosolic DNA-STING signaling pathways for Staphylococcus aureus
cutaneous host defense. PLoS Pathog. 2017, 13, e1006496. [CrossRef]

Castiglia, V.; Piersigilli, A.; Ebner, F; Janos, M.; Goldmann, O.; Dambock, U.; Kroger, A.; Weiss, S.; Knapp, S.; Jamieson, A.M.;
et al. Type I Interferon Signaling Prevents IL-13-Driven Lethal Systemic Hyperinflammation during Invasive Bacterial Infection
of Soft Tissue. Cell Host Microbe 2016, 19, 375-387. [CrossRef] [PubMed]

Robinson, K.M.; Choi, S.M.; McHugh, K.J.; Mandalapu, S.; Enelow, R.I; Kolls, J.K.; Alcorn, J.F. Influenza A Exacerbates
Staphylococcus aureus Pneumonia by Attenuating IL-13 Production in Mice. J. Immunol. 2013, 191, 5153-5159. [CrossRef]

Zhang, L.; Wei, X.; Wang, Z.; Liu, P; Hou, Y.; Xu, Y.; Su, H.; Koci, M.D; Yin, H.; Zhang, C. NF-«B activation enhances STING
signaling by altering microtubule-mediated STING trafficking. Cell Rep. 2023, 42, 112185. [CrossRef]

Hemmi, H.; Takeuchi, O.; Kawai, T.; Kaisho, T.; Sato, S.; Sanjo, H.; Matsumoto, M.; Hoshino, K.; Wagner, H.; Takeda, K.; et al. A
Toll-like receptor recognizes bacterial DNA. Nature 2000, 408, 740-745. [CrossRef] [PubMed]

Latz, E.; Schoenemeyer, A.; Visintin, A.; Fitzgerald, K.A.; Monks, B.G.; Knetter, C.F; Lien, E.; Nilsen, N.J.; Espevik, T.; Golenbock,
D.T. TLR9Y signals after translocating from the ER to CpG DNA in the lysosome. Nat. Immunol. 2004, 5, 190-198. [CrossRef]
Kim, Y.M.; Brinkmann, M.M.; Paquet, M.E.; Ploegh, H.L. UNC93B1 delivers nucleotide-sensing toll-like receptors to endolyso-
somes. Nature 2008, 452, 234-238. [CrossRef] [PubMed]

Lee, B.L.; Moon, J.E.; Shu, ].H.; Yuan, L.; Newman, Z.R.; Schekman, R.; Barton, G.M. UNC93B1 mediates differential trafficking of
endosomal TLRs. eLife 2013, 2, €00291. [CrossRef]

Lee, B.L.; Barton, G.M. Trafficking of endosomal Toll-like receptors. Trends Cell Biol. 2014, 24, 360-369. [CrossRef] [PubMed]
Pelka, K.; Bertheloot, D.; Reimer, E.; Phulphagar, K.; Schmidt, S.V.; Christ, A.; Stahl, R.; Watson, N.; Miyake, K.; Hacohen, N.; et al.
The Chaperone UNC93B1 Regulates Toll-like Receptor Stability Independently of Endosomal TLR Transport. Immunity 2018, 48,
911-922.e7. [CrossRef]

Chen, Y.G.; Hur, S. Cellular origins of dsRNA, their recognition and consequences. Nat. Rev. Mol. Cell Biol. 2022, 23, 286-301.
[CrossRef]

Zhu, H.; Zhang, R.; Yi, L.; Tang, Y.-D.; Zheng, C. UNC93B1 attenuates the cGAS-STING signaling pathway by targeting STING
for autophagy-lysosome degradation. J. Med. Virol. 2022, 94, 4490-4501. [CrossRef]

Lambert, S.A.; Jolma, A.; Campitelli, L.F.; Das, PK,; Yin, Y.; Albu, M.; Chen, X,; Taipale, J.; Hughes, T.R.; Weirauch, M.T. The
Human Transcription Factors. Cell 2018, 172, 650-665. [CrossRef]

Mensah, M.A; Niskanen, H.; Magalhaes, A.P.; Basu, S.; Kircher, M.; Sczakiel, H.L.; Reiter, A.M.V,; Elsner, J.; Meinecke, P.; Biskup,
S.; et al. Aberrant phase separation and nucleolar dysfunction in rare genetic diseases. Nature 2023, 614, 564-571. [CrossRef]
Yanai, H.; Ban, T.; Wang, Z.; Choi, M.K.; Kawamura, T.; Negishi, H.; Nakasato, M.; Lu, Y.; Hangai, S.; Koshiba, R.; et al. HMGB
proteins function as universal sentinels for nucleic-acid-mediated innate immune responses. Nature 2009, 462, 99-103. [CrossRef]
Andreeva, L.; Hiller, B.; Kostrewa, D.; Lassig, C.; de Oliveira Mann, C.C.; Jan Drexler, D.; Maiser, A.; Gaidt, M.; Leonhardt, H.;
Hornung, V.; et al. cGAS senses long and HMGB/TFAM-bound U-turn DNA by forming protein—-DNA ladders. Nature 2017, 549,
394-398. [CrossRef] [PubMed]

Lee, ].-].; Park, I.H.; Kwak, M.S.; Rhee, W.].; Kim, S.H.; Shin, J.-S. HMGBI1 orchestrates STING-mediated senescence via TRIM30c
modulation in cancer cells. Cell Death Discov. 2021, 7, 28. [CrossRef] [PubMed]

Tang, D.; Kang, R.; Zeh, H.J.; Lotze, M.T. The multifunctional protein HMGB1: 50 years of discovery. Nat. Rev. Immunol. 2023, 23,
824-841. [CrossRef] [PubMed]

Wang, Y.; Ning, X.; Gao, P; Wu, S.; Sha, M.; Lv, M.; Zhou, X,; Gao, J.; Fang, R.; Meng, G.; et al. Inflammasome Activation Triggers
Caspase-1-Mediated Cleavage of cGAS to Regulate Responses to DNA Virus Infection. Immunity 2017, 46, 393-404. [CrossRef]
[PubMed]

Gaidt, M.M.; Ebert, T.S.; Chauhan, D.; Ramshorn, K.; Pinci, E; Zuber, S.; O'Duill, F.; Schmid-Burgk, J.L.; Hoss, E,; Buhmann, R,;
et al. The DNA Inflammasome in Human Myeloid Cells Is Initiated by a STING-Cell Death Program Upstream of NLRP3. Cell
2017,171,1110-1124.e18. [CrossRef] [PubMed]


https://doi.org/10.1523/JNEUROSCI.0774-19.2019
https://doi.org/10.1016/j.tins.2019.09.005
https://doi.org/10.1038/s41586-023-06373-1
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://www.ncbi.nlm.nih.gov/pubmed/25186741
https://doi.org/10.1002/advs.202002117
https://www.ncbi.nlm.nih.gov/pubmed/33304758
https://doi.org/10.1002/advs.202103837
https://www.ncbi.nlm.nih.gov/pubmed/35037428
https://doi.org/10.1371/journal.ppat.1006496
https://doi.org/10.1016/j.chom.2016.02.003
https://www.ncbi.nlm.nih.gov/pubmed/26962946
https://doi.org/10.4049/jimmunol.1301237
https://doi.org/10.1016/j.celrep.2023.112185
https://doi.org/10.1038/35047123
https://www.ncbi.nlm.nih.gov/pubmed/11130078
https://doi.org/10.1038/ni1028
https://doi.org/10.1038/nature06726
https://www.ncbi.nlm.nih.gov/pubmed/18305481
https://doi.org/10.7554/eLife.00291
https://doi.org/10.1016/j.tcb.2013.12.002
https://www.ncbi.nlm.nih.gov/pubmed/24439965
https://doi.org/10.1016/j.immuni.2018.04.011
https://doi.org/10.1038/s41580-021-00430-1
https://doi.org/10.1002/jmv.27860
https://doi.org/10.1016/j.cell.2018.01.029
https://doi.org/10.1038/s41586-022-05682-1
https://doi.org/10.1038/nature08512
https://doi.org/10.1038/nature23890
https://www.ncbi.nlm.nih.gov/pubmed/28902841
https://doi.org/10.1038/s41420-021-00409-z
https://www.ncbi.nlm.nih.gov/pubmed/33558529
https://doi.org/10.1038/s41577-023-00894-6
https://www.ncbi.nlm.nih.gov/pubmed/37322174
https://doi.org/10.1016/j.immuni.2017.02.011
https://www.ncbi.nlm.nih.gov/pubmed/28314590
https://doi.org/10.1016/j.cell.2017.09.039
https://www.ncbi.nlm.nih.gov/pubmed/29033128

Int. J. Mol. Sci. 2024, 25,1828 27 of 29

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.
211.
212.

213.

214.

215.

216.

217.

218.

219.

220.
221.

Wang, W.; Hu, D.; Wu, C.; Feng, Y.; Li, A.; Liu, W.; Wang, Y.; Chen, K,; Tian, M.; Xiao, F,; et al. STING promotes NLRP3 localization
in ER and facilitates NLRP3 deubiquitination to activate the inflammasome upon HSV-1 infection. PLOS Pathog. 2020, 16,
€1008335. [CrossRef] [PubMed]

Liu, J.; Zhang, X.; Wang, H. The cGAS-STING-mediated NLRP3 inflammasome is involved in the neurotoxicity induced by
manganese exposure. Biomed. Pharmacother. 2022, 154, 113680. [CrossRef] [PubMed]

McLemore, A.F,; Hou, H.A; Meyer, B.S.; Lam, N.B.; Ward, G.A.; Aldrich, A.L.; Rodrigues, M.A_; Vedder, A.; Zhang, L.; Padron, E.;
et al. Somatic gene mutations expose cytoplasmic DNA to co-opt the cGAS/STING/NLRP3 axis in myelodysplastic syndromes.
JCI Insight 2022, 7, 159430. [CrossRef]

Zhang, W.; Li, G.; Luo, R;; Lei, ].; Song, Y.; Wang, B.; Ma, L.; Liao, Z.; Ke, W.; Liu, H.; et al. Cytosolic escape of mitochondrial DNA
triggers cGAS-STING-NLRP3 axis-dependent nucleus pulposus cell pyroptosis. Exp. Mol. Med. 2022, 54, 129-142. [CrossRef]
Turley, ].L.; Moran, H.B.T.; McEntee, C.P.,; O’Grady, K.; Muifioz-Wolf, N.; Jin, L.; Follmann, E; Andersen, P.; Andersson, M.; Lavelle,
E.C. Chitin-derived polymer deacetylation regulates mitochondrial reactive oxygen species dependent cGAS-STING and NLRP3
inflammasome activation. Biomaterials 2021, 275, 120961. [CrossRef]

El-Deeb, O.S.; Hafez, Y.M,; Eltokhy, A.K.; Awad, M.M.; El-shaer, R. A.A.; Abdel Ghafar, M.T.; Atef, M.M. Stimulator of interferon
genes/Interferon regulatory factor 3 (STING-IRF3) and inflammasome-activation mediated pyroptosis biomarkers: A network of
integrated pathways in diabetic nephropathy. J. Diabetes Metab. Disord. 2023, 22, 1471-1480. [CrossRef]

Basiorka, A.A.; McGraw, K.L.; Eksioglu, E.A.; Chen, X; Johnson, J.; Zhang, L.; Zhang, Q.; Irvine, B.A.; Cluzeau, T.; Sallman, D.A;
et al. The NLRP3 inflammasome functions as a driver of the myelodysplastic syndrome phenotype. Blood 2016, 128, 2960-2975.
[CrossRef]

Sallman, D.A; List, A. The central role of inflammatory signaling in the pathogenesis of myelodysplastic syndromes. Blood 2019,
133, 1039-1048. [CrossRef]

Bai, L.; Dai, J.; Xia, Y.; He, K.; Xue, H.; Guo, Q.; Tian, D.; Xiao, L.; Zhang, X.; Teng, X.; et al. Hydrogen Sulfide Ameliorated High
Choline-Induced Cardiac Dysfunction by Inhibiting cGAS-STING-NLRP3 Inflammasome Pathway. Oxid. Med. Cell. Longev. 2022,
2022, 1392896. [CrossRef] [PubMed]

Rose, P.; Zhu, Y.Z.; Moore, PK. Hydrogen Sulfide and the Immune System. Adv. Exp. Med. Biol. 2021, 1315, 99-128. [CrossRef]
[PubMed]

Li, X.; Deng, M.; Petrucelli, A.S.; Zhu, C.; Mo, ].; Zhang, L.; Tam, ].W.; Ariel, P.; Zhao, B.; Zhang, S.; et al. Viral DNA Binding to
NLRCS3, an Inhibitory Nucleic Acid Sensor, Unleashes STING, a Cyclic Dinucleotide Receptor that Activates Type I Interferon.
Immunity 2019, 50, 591-599.e6. [CrossRef]

Zhang, L.; Mo, J.; Swanson, K.V.; Wen, H.; Petrucelli, A.; Gregory, S.M.; Zhang, Z.; Schneider, M.; Jiang, Y.; Fitzgerald, K.A; et al.
NLRC3, a member of the NLR family of proteins, is a negative regulator of innate immune signaling induced by the DNA sensor
STING. Immunity 2014, 40, 329-341. [CrossRef] [PubMed]

Barber, G.N. STING-dependent cytosolic DNA sensing pathways. Trends Immunol. 2014, 35, 88-93. [CrossRef] [PubMed]
Mangan, M.S,; Latz, E. NLRC3 puts the brakes on STING. Immunity 2014, 40, 305-306. [CrossRef]

Eren, E.; Berber, M.; Ozéren, N. NLRC3 protein inhibits inflammation by disrupting NALP3 inflammasome assembly via
competition with the adaptor protein ASC for pro-caspase-1 binding. . Biol. Chem. 2017, 292, 12691-12701. [CrossRef] [PubMed]
Uchimura, T.; Oyama, Y.; Deng, M.; Guo, H.; Wilson, J.E.; Rampanelli, E.; Cook, K.D.; Misumi, I.; Tan, X.; Chen, L.; et al. The
Innate Immune Sensor NLRC3 Acts as a Rheostat that Fine-Tunes T Cell Responses in Infection and Autoimmunity. Immunity
2018, 49, 1049-1061.e6. [CrossRef] [PubMed]

Sun, D.; Xu, J.; Zhang, W.; Song, C.; Gao, C.; He, Y.; Shang, Y. Negative regulator NLRC3: Its potential role and regulatory
mechanism in immune response and immune-related diseases. Front. Immunol. 2022, 13, 1012459. [CrossRef] [PubMed]
Schneider, M.; Zimmermann, A.G.; Roberts, R.A.; Zhang, L.; Swanson, K.V.; Wen, H.; Davis, B.K.; Allen, I.C.; Holl, EK; Ye, Z,;
et al. The innate immune sensor NLRC3 attenuates Toll-like receptor signaling via modification of the signaling adaptor TRAF6
and transcription factor NF-«B. Nat. Immunol. 2012, 13, 823-831. [CrossRef] [PubMed]

Fu, Y;; Zhan, X,; Wang, Y,; Jiang, X.; Liu, M,; Yang, Y.; Huang, Y.; Du, X.; Zhong, X.P,; Li, L.; et al. NLRC3 expression in dendritic
cells attenuates CD4" T cell response and autoimmunity. EMBO ]. 2019, 38, €101397. [CrossRef] [PubMed]

Chen, Y.; Wang, L.; Jin, J.; Luan, Y.; Chen, C.; Li, Y.; Chu, H.; Wang, X_; Liao, G.; Yu, Y.; et al. p38 inhibition provides anti-DNA
virus immunity by regulation of USP21 phosphorylation and STING activation. J. Exp. Med. 2017, 214, 991-1010. [CrossRef]
[PubMed]

Wu, X,; Wang, Z.; Qiao, D.; Yuan, Y.; Han, C.; Yang, N.; Li, R.; Du, Q.; Tong, D.; Huang, Y. Porcine circovirus type 2 infection
attenuates the K63-linked ubiquitination of STING to inhibit IFN-f induction via p38-MAPK pathway. Vet. Microbiol. 2021,
258,109098. [CrossRef] [PubMed]

Heath, B.R.; Gong, W.; Taner, H.F; Broses, L.; Okuyama, K.; Cheng, W.; Jin, M.; Fitzsimonds, Z.R.; Manousidaki, A.; Wu, Y,; et al.
Saturated fatty acids dampen the immunogenicity of cancer by suppressing STING. Cell Rep. 2023, 42, 112303. [CrossRef]
Zhang, Y.; Lei, M.-Z.; Yin, M.; Lei, Q.-Y. A metabolic clue for STING suppression. Trends Cell Biol. 2023, 33, 536-537. [CrossRef]
Guo, H.; Kénig, R.; Deng, M.; Riess, M.; Mo, J.; Zhang, L.; Petrucelli, A.; Yoh, S.M.; Barefoot, B.; Samo, M.; et al. NLRX1 Sequesters
STING to Negatively Regulate the Interferon Response, Thereby Facilitating the Replication of HIV-1 and DNA Viruses. Cell Host
Microbe 2016, 19, 515-528. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.ppat.1008335
https://www.ncbi.nlm.nih.gov/pubmed/32187211
https://doi.org/10.1016/j.biopha.2022.113680
https://www.ncbi.nlm.nih.gov/pubmed/36942606
https://doi.org/10.1172/jci.insight.159430
https://doi.org/10.1038/s12276-022-00729-9
https://doi.org/10.1016/j.biomaterials.2021.120961
https://doi.org/10.1007/s40200-023-01270-w
https://doi.org/10.1182/blood-2016-07-730556
https://doi.org/10.1182/blood-2018-10-844654
https://doi.org/10.1155/2022/1392896
https://www.ncbi.nlm.nih.gov/pubmed/35910846
https://doi.org/10.1007/978-981-16-0991-6_5
https://www.ncbi.nlm.nih.gov/pubmed/34302690
https://doi.org/10.1016/j.immuni.2019.02.009
https://doi.org/10.1016/j.immuni.2014.01.010
https://www.ncbi.nlm.nih.gov/pubmed/24560620
https://doi.org/10.1016/j.it.2013.10.010
https://www.ncbi.nlm.nih.gov/pubmed/24309426
https://doi.org/10.1016/j.immuni.2014.02.007
https://doi.org/10.1074/jbc.M116.769695
https://www.ncbi.nlm.nih.gov/pubmed/28584053
https://doi.org/10.1016/j.immuni.2018.10.008
https://www.ncbi.nlm.nih.gov/pubmed/30566882
https://doi.org/10.3389/fimmu.2022.1012459
https://www.ncbi.nlm.nih.gov/pubmed/36341336
https://doi.org/10.1038/ni.2378
https://www.ncbi.nlm.nih.gov/pubmed/22863753
https://doi.org/10.15252/embj.2018101397
https://www.ncbi.nlm.nih.gov/pubmed/31290162
https://doi.org/10.1084/jem.20161387
https://www.ncbi.nlm.nih.gov/pubmed/28254948
https://doi.org/10.1016/j.vetmic.2021.109098
https://www.ncbi.nlm.nih.gov/pubmed/33984793
https://doi.org/10.1016/j.celrep.2023.112303
https://doi.org/10.1016/j.tcb.2023.04.003
https://doi.org/10.1016/j.chom.2016.03.001
https://www.ncbi.nlm.nih.gov/pubmed/27078069

Int. J. Mol. Sci. 2024, 25,1828 28 of 29

222.

223.

224.

225.

226.

227.

228.

229.
230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.
246.
247.

248.
249.

Allen, I.C.; Moore, C.B.; Schneider, M.; Lei, Y.; Davis, B.K.; Scull, M.A; Gris, D.; Roney, K.E.; Zimmermann, A.G.; Bowzard, ].B.
NLRX1 protein attenuates inflammatory responses to infection by interfering with the RIG-I-MAVS and TRAF6-NF-«B signaling
pathways. Immunity 2011, 34, 854-865. [CrossRef] [PubMed]

Moore, C.B.; Bergstralh, D.T.; Duncan, J.A ; Lei, Y.; Morrison, T.E.; Zimmermann, A.G.; Accavitti-Loper, M.A.; Madden, V.J.; Sun,
L.; Ye, Z.; et al. NLRX1 is a regulator of mitochondrial antiviral immunity. Nature 2008, 451, 573-577. [CrossRef] [PubMed]

Xia, X.; Cui, ].; Wang, H.Y.; Zhu, L.; Matsueda, S.; Wang, Q.; Yang, X.; Hong, J.; Songyang, Z.; Chen, Z.]. NLRX1 negatively
regulates TLR-induced NF-«B signaling by targeting TRAF6 and IKK. Immunity 2011, 34, 843-853. [CrossRef] [PubMed]

Cui, J.; Li, Y.; Zhu, L.; Liu, D.; Songyang, Z.; Wang, H.Y.; Wang, R.-F. NLRP4 negatively regulates type I interferon signaling by
targeting the kinase TBK1 for degradation via the ubiquitin ligase DTX4. Nat. Immunol. 2012, 13, 387-395. [CrossRef] [PubMed]
Angosto, D.; Lopez-Castejon, G.; Lopez-Muiioz, A.; Sepulcre, M.P.; Arizcun, M.; Meseguer, J.; Mulero, V. Evolution of inflam-
masome functions in vertebrates: Inflammasome and caspase-1 trigger fish macrophage cell death but are dispensable for the
processing of IL-13. Innate Immun. 2012, 18, 815-824. [CrossRef] [PubMed]

Maltez, V.I; Miao, E.A. Reassessing the Evolutionary Importance of Inflammasomes. J. Immunol. 2016, 196, 956-962. [CrossRef]
[PubMed]

Thoresen, D.; Wang, W.; Galls, D.; Guo, R.; Xu, L.; Pyle, A M. The molecular mechanism of RIG-I activation and signaling.
Immunol. Rev. 2021, 304, 154-168. [CrossRef]

Goubau, D.; Deddouche, S.; Reis e Sousa, C. Cytosolic sensing of viruses. Immunity 2013, 38, 855-869. [CrossRef]

Fan, X.; Jin, T. Structures of RIG-I-Like Receptors and Insights into Viral RNA Sensing. Adv. Exp. Med. Biol. 2019, 1172, 157-188.
[CrossRef]

Chen, S.T.; Chen, L; Lin, D.S.; Chen, S.Y; Tsao, Y.P; Guo, H.; Li, EJ.; Tseng, W.T.; Tam, ].W.; Chao, C.W.,; et al. NLRP12 Regulates
Anti-viral RIG-I Activation via Interaction with TRIM25. Cell Host Microbe 2019, 25, 602-616.e7. [CrossRef]

Sundaram, B.; Pandian, N.; Mall, R.; Wang, Y.; Sarkar, R.; Kim, H.J.; Malireddi, R.K.S.; Karki, R.; Janke, L.J.; Vogel, P; et al.
NLRP12-PANoptosome activates PANoptosis and pathology in response to heme and PAMPs. Cell 2023, 186, 2783-2801.e20.
[CrossRef]

Paget, M.; Cadena, C.; Ahmad, S.; Wang, H.T.; Jordan, T.X,; Kim, E.; Koo, B.; Lyons, S.M.; Ivanov, P.; tenOever, B.; et al. Stress
granules are shock absorbers that prevent excessive innate immune responses to dsRNA. Mol. Cell 2023, 83, 1180-1196.e8.
[CrossRef]

Deretic, V.; Saitoh, T.; Akira, S. Autophagy in infection, inflammation and immunity. Nat. Rev. Immunol. 2013, 13, 722-737.
[CrossRef]

Tal, M.C.; Sasai, M.; Lee, H.K,; Yordy, B.; Shadel, G.S.; Iwasaki, A. Absence of autophagy results in reactive oxygen species-
dependent amplification of RLR signaling. Proc. Natl. Acad. Sci. USA 2009, 106, 2770-2775. [CrossRef] [PubMed]

Wang, R.; Zhu, Y,; Lin, X,; Ren, C.; Zhao, J.; Wang, F; Gao, X.; Xiao, R.; Zhao, L.; Chen, H.; et al. Influenza M2 protein
regulates MAVS-mediated signaling pathway through interacting with MAVS and increasing ROS production. Autophagy 2019,
15,1163-1181. [CrossRef] [PubMed]

Sun, X.; Sun, L.; Zhao, Y.; Li, Y;; Lin, W.; Chen, D.; Sun, Q. MAVS maintains mitochondrial homeostasis via autophagy. Cell Discov.
2016, 2, 16024. [CrossRef] [PubMed]

Tao, L.; Lemoff, A.; Wang, G.; Zarek, C.; Lowe, A.; Yan, N.; Reese, T.A. Reactive oxygen species oxidize STING and suppress
interferon production. eLife 2020, 9, e57837. [CrossRef] [PubMed]

Lee, N.R;; Ban, J.; Lee, N.J.; Yi, CM,; Choi, ].Y; Kim, H.; Lee, ].K.; Seong, J.; Cho, N.H.; Jung, J.U.; et al. Activation of RIG-I-
Mediated Antiviral Signaling Triggers Autophagy Through the MAVS-TRAF6-Beclin-1 Signaling Axis. Front. Immunol. 2018, 9,
2096. [CrossRef] [PubMed]

Germic, N.; Frangez, Z.; Yousefi, S.; Simon, H.-U. Regulation of the innate immune system by autophagy: Neutrophils, eosinophils,
mast cells, NK cells. Cell Death Differ. 2019, 26, 703-714. [CrossRef] [PubMed]

Germic, N.; Frangez, Z.; Yousefi, S.; Simon, H.-U. Regulation of the innate immune system by autophagy: Monocytes,
macrophages, dendritic cells and antigen presentation. Cell Death Differ. 2019, 26, 715-727. [CrossRef]

Zhong, B.; Yang, Y.; Li, S.; Wang, Y.Y.; Li, Y;; Diao, F; Lei, C.; He, X.; Zhang, L.; Tien, P.; et al. The adaptor protein MITA links
virus-sensing receptors to IRF3 transcription factor activation. Immunity 2008, 29, 538-550. [CrossRef]

Lemaitre, B.; Nicolas, E.; Michaut, L.; Reichhart, ] M.; Hoffmann, J.A. The dorsoventral regulatory gene cassette spat-
zle/Toll/cactus controls the potent antifungal response in Drosophila adults. Cell 1996, 86, 973-983. [CrossRef]

Lemaitre, B.; Kromer-Metzger, E.; Michaut, L.; Nicolas, E.; Meister, M.; Georgel, P.; Reichhart, ].M.; Hoffmann, J.A. A recessive
mutation, immune deficiency (imd), defines two distinct control pathways in the Drosophila host defense. Proc. Natl. Acad. Sci.
USA 1995, 92, 9465-9469. [CrossRef]

Lemaitre, B.; Reichhart, J.-M.; Hoffmann, J.A. Drosophila host defense: Differential induction of antimicrobial peptide genes after
infection by various classes of microorganisms. Proc. Natl. Acad. Sci. USA 1997, 94, 14614-14619. [CrossRef] [PubMed]
Medzhitov, R.; Preston-Hurlburt, P; Janeway, C.A., Jr. A human homologue of the Drosophila Toll protein signals activation of
adaptive immunity. Nature 1997, 388, 394-397. [CrossRef]

Deets, K.A.; Vance, R.E. Inflammasomes and adaptive immune responses. Nat. Immunol. 2021, 22, 412-422. [CrossRef] [PubMed]
Isaacs, A.; Lindenmann, J. Virus interference. I. The interferon. Proc. R. Soc. Lond. Ser. B-Biol. Sci. 1957, 147, 258-267.

Vileek, J. Fifty Years of Interferon Research: Aiming at a Moving Target. Immunity 2006, 25, 343-348. [CrossRef] [PubMed]


https://doi.org/10.1016/j.immuni.2011.03.026
https://www.ncbi.nlm.nih.gov/pubmed/21703540
https://doi.org/10.1038/nature06501
https://www.ncbi.nlm.nih.gov/pubmed/18200010
https://doi.org/10.1016/j.immuni.2011.02.022
https://www.ncbi.nlm.nih.gov/pubmed/21703539
https://doi.org/10.1038/ni.2239
https://www.ncbi.nlm.nih.gov/pubmed/22388039
https://doi.org/10.1177/1753425912441956
https://www.ncbi.nlm.nih.gov/pubmed/22456941
https://doi.org/10.4049/jimmunol.1502060
https://www.ncbi.nlm.nih.gov/pubmed/26802061
https://doi.org/10.1111/imr.13022
https://doi.org/10.1016/j.immuni.2013.05.007
https://doi.org/10.1007/978-981-13-9367-9_8
https://doi.org/10.1016/j.chom.2019.02.013
https://doi.org/10.1016/j.cell.2023.05.005
https://doi.org/10.1016/j.molcel.2023.03.010
https://doi.org/10.1038/nri3532
https://doi.org/10.1073/pnas.0807694106
https://www.ncbi.nlm.nih.gov/pubmed/19196953
https://doi.org/10.1080/15548627.2019.1580089
https://www.ncbi.nlm.nih.gov/pubmed/30741586
https://doi.org/10.1038/celldisc.2016.24
https://www.ncbi.nlm.nih.gov/pubmed/27551434
https://doi.org/10.7554/eLife.57837
https://www.ncbi.nlm.nih.gov/pubmed/32886065
https://doi.org/10.3389/fimmu.2018.02096
https://www.ncbi.nlm.nih.gov/pubmed/30258449
https://doi.org/10.1038/s41418-019-0295-8
https://www.ncbi.nlm.nih.gov/pubmed/30737478
https://doi.org/10.1038/s41418-019-0297-6
https://doi.org/10.1016/j.immuni.2008.09.003
https://doi.org/10.1016/S0092-8674(00)80172-5
https://doi.org/10.1073/pnas.92.21.9465
https://doi.org/10.1073/pnas.94.26.14614
https://www.ncbi.nlm.nih.gov/pubmed/9405661
https://doi.org/10.1038/41131
https://doi.org/10.1038/s41590-021-00869-6
https://www.ncbi.nlm.nih.gov/pubmed/33603227
https://doi.org/10.1016/j.immuni.2006.08.008
https://www.ncbi.nlm.nih.gov/pubmed/16979566

Int. J. Mol. Sci. 2024, 25,1828 29 of 29

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

McNab, E; Mayer-Barber, K.; Sher, A.; Wack, A.; O’Garra, A. Type I interferons in infectious disease. Nat. Rev. Immunol. 2015, 15,
87-103. [CrossRef]

Jin, L.; Waterman, PM.; Jonscher, K.R.; Short, C.M.; Reisdorph, N.A.; Cambier, ].C. MPYS, a novel membrane tetraspanner, is
associated with major histocompatibility complex class I and mediates transduction of apoptotic signals. Mol. Cell Biol. 2008, 28,
5014-5026. [CrossRef]

Wu, J; Sun, L.; Chen, X.; Du, E; Shi, H.; Chen, C.; Chen, Z.J. Cyclic GMP-AMP is an endogenous second messenger in innate
immune signaling by cytosolic DNA. Science 2013, 339, 826-830. [CrossRef]

Marichal, T.; Ohata, K.; Bedoret, D.; Mesnil, C.; Sabatel, C.; Kobiyama, K.; Lekeux, P.; Coban, C.; Akira, S.; Ishii, K.].; et al. DNA
released from dying host cells mediates aluminum adjuvant activity. Nat. Med. 2011, 17, 996-1002. [CrossRef]

Li, H.; Nookala, S.; Re, F. Aluminum hydroxide adjuvants activate caspase-1 and induce IL-1beta and IL-18 release. . Immunol.
2007, 178, 5271-5276. [CrossRef]

Ghimire, T.R.; Benson, R.A.; Garside, P.; Brewer, .M. Alum increases antigen uptake, reduces antigen degradation and sustains
antigen presentation by DCs in vitro. Immunol. Lett. 2012, 147, 55-62. [CrossRef] [PubMed]

Danielsson, R.; Ferey, N.; Mile, I.; Eriksson, H. Metabolic Reprogramming of Macrophages upon In Vitro Incubation with
Aluminum-Based Adjuvant. Int. . Mol. Sci. 2023, 24, 4409. [CrossRef] [PubMed]

Gatt, Z.; Gunes, U.; Raponi, A.; da Rosa, L.C.; Brewer, ].M. Review: Unravelling the Role of DNA Sensing in Alum Adjuvant
Activity. Discov. Immunol. 2023, 2, kyac012. [CrossRef]

Franchi, L.; Nuafiez, G. The Nlrp3 inflammasome is critical for aluminium hydroxide-mediated IL-1beta secretion but dispensable
for adjuvant activity. Eur. |. Immunol. 2008, 38, 2085-2089. [CrossRef] [PubMed]

Wang, C.; Guan, Y.; Lv, M.; Zhang, R.; Guo, Z.; Wei, X.; Du, X,; Yang, J.; Li, T.; Wan, Y.; et al. Manganese Increases the Sensitivity
of the cGAS-STING Pathway for Double-Stranded DNA and Is Required for the Host Defense against DNA Viruses. Immunity
2018, 48, 675-687.e7. [CrossRef]

Zhang, R.; Wang, C.; Guan, Y.; Wei, X.; Sha, M.; Yi, M; Jing, M.; Lv, M.; Guo, W.; Xu, ].; et al. Manganese salts function as potent
adjuvants. Cell Mol. Immunol. 2021, 18, 1222-1234. [CrossRef]

Zhang, T.; Hu, C.; Zhang, W.; Ruan, Y.; Ma, Y.; Chen, D.; Huang, Y.; Fan, S.; Lin, W.; Huang, Y.; et al. Advances of MnO,
nanomaterials as novel agonists for the development of cGAS-STING-mediated therapeutics. Front. Immunol. 2023, 14, 1156239.
[CrossRef] [PubMed]

Van Herck, S.; Feng, B.; Tang, L. Delivery of STING agonists for adjuvanting subunit vaccines. Adv. Drug Deliv. Rev. 2021, 179,
114020. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nri3787
https://doi.org/10.1128/MCB.00640-08
https://doi.org/10.1126/science.1229963
https://doi.org/10.1038/nm.2403
https://doi.org/10.4049/jimmunol.178.8.5271
https://doi.org/10.1016/j.imlet.2012.06.002
https://www.ncbi.nlm.nih.gov/pubmed/22732235
https://doi.org/10.3390/ijms24054409
https://www.ncbi.nlm.nih.gov/pubmed/36901849
https://doi.org/10.1093/discim/kyac012
https://doi.org/10.1002/eji.200838549
https://www.ncbi.nlm.nih.gov/pubmed/18624356
https://doi.org/10.1016/j.immuni.2018.03.017
https://doi.org/10.1038/s41423-021-00669-w
https://doi.org/10.3389/fimmu.2023.1156239
https://www.ncbi.nlm.nih.gov/pubmed/37153576
https://doi.org/10.1016/j.addr.2021.114020
https://www.ncbi.nlm.nih.gov/pubmed/34756942

	Introduction 
	Emergence of cGLRs (Harboring cGAS and STING) as a Novel Family of PRRs 
	cGAS/STING Signaling Pathway in Cellular and Immune Homeostasis Maintenance 
	Altered cGAS/STING Signaling Dysregulates Immune Homeostasis and Makes Us Sick, like Other Known PRRs 
	cGLRs (cGAS/STING Signaling) Cross-Talk with Other PRRs to Maintain Immune Homeostasis and Regulate Inflammation 
	TLR and cGAS/STING Signaling Interaction 
	ALR and NLR Interaction with cGAS/STING Signaling 
	RLRs Impact cGLRs or cGAS/STING Signaling 

	Future Perspectives and Conclusions 
	References

