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Every organism is continuously assaulted by pathogens that 
must be efficiently counteracted for the maintenance of 
host integrity and survival. Elaborate cellular surveillance 

mechanisms have evolved that enable individual cells to recognize 
microbe-associated nucleic acid species as a powerful signal of 
infection. Activation of these nucleic acid sensors, in turn, initiates 
sophisticated signaling cascades, which involves the generation and 
transmission of an ‘infection’ signal to elicit a multitude of cellu-
lar defense responses — particularly the induction of antimicrobial 
effectors. The usage of nucleic acid–sensing systems as a strategy 
of pathogen recognition is universal; it is shared among all kinds 
of species.

Within the cytosol of mammalian cells, the detection of patho-
gen-derived nucleic acids is carried out by a limited number of 
nucleic acid receptor systems, the activation of which triggers 
diverse types of effector responses. The identity of these systems 
and their mode of activation and signal transduction have been 
delineated over the past decade1,2. From these advances, it appears 
that sensors of cytosolic nucleic acids act in synergy to mediate 
innate control of pathogen infection through, for example, guid-
ing distinct cellular behaviors, acting on selective cellular subsets or 
reacting with differing activation thresholds. Despite such variety 
in the recognition of cytosolic nucleic acids, two sensing systems 
seem to be exquisitely important for the generation of antiviral and 
proinflammatory transcriptional programs induced within various 
cells and species: the cGAS–STING pathway for the recognition of 
DNA, and the RLRs (RIG-I-like receptors) for the recognition of 
RNA species3,4.

Ongoing work is elucidating how, apart from their prominent 
role in innate defense against pathogens, nucleic acid–sensing 
mechanisms in general and the cGAS and RLR pathways in particu-
lar affect a variety of biological processes in the absence of infec-
tion5. Indeed, studies of these mechanisms in detail have revealed 
diverse roles for nucleic acid sensors, such as in promoting anti-
tumor immunity6,7, in regulating responses to cellular or tissue 
derangement8 and in driving or aggravating auto-inflammatory 
conditions9; all these phenomena are rooted in the broad range 

of self nucleic acid species that can act on these receptors. Given 
the continuously growing implications of cGAS and RLRs, the key 
‘problem’ of nucleic acid immunity — how sensors of cytosolic 
nucleic acids can operate safely in the context of a healthy cell that is 
replete with endogenous nucleic acid species — has become a major 
area of research.

In this Review, we will discuss recent advances in the field of  
regulatory mechanisms that act at different levels of the cGAS–
STING and RLR sensing systems and their importance in mediating 
cellular and organismal homeostasis. While we focus on insights on 
the control over de novo transcriptional responses, where relevant, 
we also highlight select findings on additional cellular outcomes.

The molecular mechanism by which cGAS is activated by 
dsDNA
cGAS is a central receptor of cytosolic DNA that mediates the 
upregulation of type I interferons and other inflammatory cyto-
kines and chemokines10. Unlike other innate sensors of DNA (e.g., 
AIM2 and TLR9), cGAS is a double-stranded DNA (dsDNA)-
activated enzyme that initiates signal transduction through the 
synthesis of the second-messenger molecule cGAMP11–14. The 
enzymatic function is achieved by the C-terminal part of cGAS, 
which has nucleotidyltransferase activity and MB21 domains along 
with two DNA-binding sites10. The binding of dsDNA, but not of 
single-stranded DNA (ssDNA) or RNA, results in profound con-
formational changes that especially affect the catalytic pocket15. As 
a consequence, ATP and GTP can then be accommodated within 
the catalytic pocket and serve as substrates for synthesis of the non-
canonical 2′-5′-linked cyclic dinucleotide11–14. Of note, although 
a single cGAS molecule readily binds dsDNA, the minimal func-
tional unit of enzymatically active cGAS is a dimer, the formation 
of which is greatly facilitated by dsDNA16,17. Structural studies have 
revealed that two DNA helices engage two separate DNA-binding 
sites (A-site and B-site) on each cGAS molecule and thereby effi-
ciently cross-link two individual cGAS units16,17. This particular 
mode of binding has important consequences for a potent dsDNA 
agonist: the length of dsDNA is a key parameter that determines 
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the activity of cGAS. First, long(er) dsDNA templates provide mul-
tiple adjacent binding sites that enable cGAS to form oligomeric, 
ladder-like structures in a highly cooperative manner18. Second, 
dsDNA length also affects the ensuing step of catalysis, with longer 
dsDNA templates achieving higher overall enzymatic signaling out-
puts19. Another detail of the dependence on DNA length has now 
emerged: long dsDNA is more potent than short dsDNA in promot-
ing cGAS liquid–liquid phase separation20. This local concentration 
of cGAS and dsDNA has been shown to prodigiously enhance the 
enzymatic activity of cGAS. Although not essential for activation, 
the N-terminal region of cGAS facilitates its phase-separation activ-
ity and, thus, its enzymatic activity by increasing the valence of the 
cGAS–DNA interaction. Notably, all mammalian cGAS homologs 
have the basic and unstructured N-terminal part (~160 residues), 
although the amino acid sequence is less well conserved between 
distinct species21. In addition, a published study reported the pres-
ence of a third DNA-binding site, the ‘C-site’, that reinforces forma-
tion of the DNA–cGAS complex, as well as phase separation22. Thus, 
multivalent interactions of DNA with cGAS are critical for regula-
tion of the overall enzymatic activity.

cGAS–cGAmP–STING signal transduction
Until now, STING, an endoplasmic reticulum (ER) membrane pro-
tein, was the only reported downstream target of cGAMP inside 
mammalian cells that converts the activity of cGAS into distinct 
cellular effector responses. Intriguingly, the cGAS–STING signal-
transduction cascade operates not only in a cell-intrinsic fashion 
(with the activity of cGAS and STING inside the same cell) but 
also across individual cells via gap-junction channels, incorpora-
tion into cell-derived vesicles or cellular secretion23–27 (Fig. 1). These 
unconventional signaling routes may facilitate the rapid propaga-
tion of inflammatory signals throughout tissues and, potentially, 
even systemically. At the same time, however, such amplificatory 
mechanisms call for a means of proper control over cGAS so to 
prevent its activation in response to spurious (DNA) signals. This 
is especially important in the context of the high-affinity interac-
tion between cGAMP and STING (dissociation constant, ~4 nM). 
Molecularly, cGAMP engages STING through a ‘butterfly-shaped’ 
binding pocket that faces the cytosol; this pocket is created by the 
ligand-binding domains (LBDs) of two STING molecules15. After 
cGAMP binds, an individual STING dimer undergoes a profound 
conformational transition within its LBDs, including a 180° rota-
tion of the (cytosolic) LBD relative to the transmembrane domains, 
which facilitates side-by-side interaction with additional STING 
dimers for the creation of larger oligomeric complexes28,29.

At the cellular level, the mechanism of cGAMP-mediated acti-
vation of STING and the consecutive initiation of signal transduc-
tion is a highly sophisticated process that integrates many distinct 
regulatory steps, a phenomenon that is only beginning to be delin-
eated at the molecular level (Fig. 1). Activation of the STING signal-
ing cascade manifests itself cytologically through the formation of 
relatively large STING-containing foci that reside within the Golgi 
compartment and finally end up in the endolysosome for degra-
dation. The translocation of activated STING, via the ER–Golgi 
intermediate compartment (ERGIC), to the Golgi compartment 
relies on components of the secretory pathway and is mediated 
via vesicle transport by the vesicle coat protein COPII30. Although 
STING may partially trigger activation of the transcription factor 
NF-κB from the ER, STING’s redistribution to the ERGIC–Golgi 
compartment is absolutely necessary for the induced expression of 
STING-dependent target genes, and blocking ER–Golgi trafficking 
via bacterial or chemical inhibitors of the GTPase ARF completely 
shuts down activation of the signaling cascade31,32. At the Golgi, 
each STING unit recruits the kinase TBK1 via a conserved binding 
motif located in the C-terminal tail of STING; this leads to dimer-
ization and autophosphorylation of TBK133,34. Activated TBK1, in 

turn, first phosphorylates STING at a pLxIS motif (where ‘p’ indi-
cates a hydrophilic residue; L is leucine; ‘x’ is any amino acid; ‘I’ is 
isoleucine; and ‘S’ is a phosphorylation site), shared by the adaptor 
MAVS (discussed below); this creates a docking site for the tran-
scription factor IRF335. In a second step, TBK1 then phosphorylates 
IRF3, which promotes dimerization of IRF3, its translocation to the 
nucleus and, ultimately, its regulation of de novo gene expression. 
Following those events, STING is degraded through a process that 
depends on components of the autophagy program, the activation of 
which again is triggered via STING30,36. Hence, an important regula-
tory aspect of the STING signaling pathway is that it is self-limiting. 
Curiously, in certain cell types, such as T lymphocytes, degradation 
of STING is less efficient; this results in apoptosis instead of the 
induction of type I interferons37,38. Thus, modulation of the degree 
of negative regulation seems to guide selective cell-fate decisions.

mechanisms for sensing cytosolic RNA
The sensing of cytosolic RNA is mediated by largely by RLRs, which 
include RIG-I, MDA5 and LGP2. Both RIG-I and MDA5 acti-
vate antiviral signaling pathways through MAVS (Fig. 2). As with 
STING, activation of MAVS results in stimulation of the kinases 
TBK1 and IKK and, consequently, of the transcription factors IRF3, 
IRF7 and NF-κB for the induction of genes encoding type I and 
type III interferon and pro-inflammatory cytokines35,39 (Fig. 2). In 
addition to activating those antiviral signaling pathways, RIG-I 
and MDA5 have also been shown to activate interferon-indepen-
dent apoptosis, although the details of this mechanism remain less 
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Fig. 1 | Sensing of dsDNA by the cGAS–STING pathway. After entering 
the cell cytosol, dsDnA from viruses, bacteria and dead cells can bind 
to and elicit activation of cGAS; this leads to cGAMP synthesis. cGAMP 
activates STInG at the Er membrane, which leads to translocation of 
STInG to the ErGIC and Golgi, where interaction with TBK1 occurs through 
the C-terminal tail of STInG, an event facilitated by the palmitoylation of 
STInG. Activated TBK1 phosphorylates STInG and thereby enables the 
recruitment of IrF3, which is phosphorylated by TBK1. Phosphorylated IrF3 
dimers translocate to the nucleus to induce de novo expression of type I 
interferons. Activation of STInG can also occur in a cGAS-independent 
fashion after direct uptake via SLC19A1 or gap junctions.
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clear40–42. In contrast to RIG-I and MDA5, LGP2 does not directly 
interact with MAVS and thus lacks the antiviral signaling activity43. 
Instead, LGP2 has been found to have opposite effects on RIG-I 
and MDA5. While LGP2 downregulates RIG-I’s signaling activity, 
it upregulates that of MDA544–46. LGP2 has been found to be essen-
tial for MDA5-mediated signaling activity under certain circum-
stances47. LGP2 can promote the recognition of dsRNA by MDA5 
through two independent mechanisms: by protecting dsRNA from 
cleavage mediated by the endoribonuclease Dicer, and by assisting 
recruitment of MDA5 to dsRNA48,49.

Biochemical and structural studies have shown the mechanism 
by which RIG-I and MDA5 recognize RNA and activate MAVS. 
RIG-I and MDA5 commonly have N-terminal tandem caspase-
recruitment domains (CARDs), a central helicase domain and a 
C-terminal domain (CTD). While CARDs interact with MAVS for 
signal activation, the helicase domain and CTD recognize cognate 
dsRNA. Early studies showed that CARD is auto-suppressed in the 
absence of dsRNA binding and that binding of dsRNA releases the 
auto-suppression and activates antiviral signaling50,51. However, 
more-detailed studies found that binding of cognate RNA and 
release of auto-repression is necessary but not sufficient for this, and 
that homo-tetramerization of CARD is required for signal activa-
tion by both RIG-I and MDA552–54. It has additionally been shown 

that the RNA-binding domain (helicase–CTD) of RIG-I and MDA5 
can independently form filamentous oligomers along the dsRNA 
length and that this can promote CARD tetramerization and anti-
viral signaling53,55. A published study has shown that the formation 
of RIG-I filaments facilitates not only the tetramerization of CARD 
but also the recruitment of RIPLET, the essential E3 ligase that con-
jugates Lys63 (K63)-linked ubiquitin chains to RIG-I56. Conjugated 
ubiquitin chains then bind and stabilize the RLR CARDs tetramer 
and further potentiate antiviral signaling54. The tetramer of RLR 
CARDs then functions as a nucleus for the induction of MAVS 
filament formation52,54,57. Filamentous MAVS in turn serves as a 
signaling platform for the recruitment and activation of members 
of the TRAF family, TBK1, IRF3 and other downstream signaling 
molecules for the transcriptional activation of type I and III inter-
ferons35,58 (Fig. 2).

Regulatory factors that filter noise from danger
Nucleic acids are the most conserved molecules in the evolution of 
life. During infection, pathogen-derived nucleic acids can bear cer-
tain structural features that are normally not present on cytosolic 
nucleic acid species; however, in many cases, nucleic acid sensors 
are unable to molecularly distinguish self nucleic acids from non-
self nucleic acids. The fact that mammalian cells are able to mount 
adequate responses, for example, only when triggered by infection 
or overt cell stress is due to multiple molecular safeguard strategies 
that restrict the activity of nucleic acid sensors at steady state. In 
the following sections, we highlight side-by-side mechanisms that 
interfere with DNA signal-transduction pathways and RNA signal-
transduction pathways at distinct stages and guide appropriate 
responses of cGAS and RLRs, respectively. Key regulatory features 
shared among the nucleic acid signaling cascades include spatio-
temporal organization, post-translational modification (PTM), 
antagonizing of protein binders and polymerization and/or oligo-
merization (Table 1).

Regulatory determinants at the level of DNA
The ability of cGAS to be activated by DNA is critically deter-
mined by structural features of the DNA duplex and is affected 
both by auxiliary factors and by antagonizing factors that bind or 
modify dsDNA (Fig. 3). As highlighted above, the activity of cGAS 
is regulated by dsDNA in a strictly length-dependent manner18,59. 
An obvious interpretation of such findings is that the presence of 
sufficiently long stretches of cytosolic dsDNA signals serious dam-
age or infection that can no longer be counteracted by the action 
of cytosolic nucleases (discussed below). Long dsDNA can even 
be ‘tuned’ through modifications that render it more resistant 
to nuclease cleavage through, for example, the incorporation of  
oxidized bases60. It is possible that additional PTM of DNA, such 
as methylation, may affect its capacity to either bind to or activate 
cGAS. Of note, although cGAS readily binds RNA, RNA does not 
activate cGAS because RNA fails to rearrange the enzymatic pocket. 
Possibly DNA modifications may exist that act in a similar manner 
or may even serve as a dominant negative ligand on cGAS. Along 
these lines, we note that a synthetic oligonucleotide comprising 
repetitive telomeric sequences and phosphorothioate backbone 
modifications inhibited dsDNA-triggered cGAS activity inside 
cells61. Endogenous dsDNA is normally bound by chromatin factors 
that seem to act as general inhibitory molecules that structurally 
hinder DNA-sensing proteins from accessing DNA in a ‘free’ state. 
Accordingly, although it is still able to activate cGAS, chromatinized 
DNA is reported to be considerably less active as a ligand than is 
naked dsDNA62,63. Seemingly counterintuitive, DNA-binding pro-
teins, on the other hand, have also been found to facilitate the activ-
ity of cGAS in certain contexts. For example, the alarmin HMGB1, 
the transcription factor TFAM and the bacterial protein HU bind to 
and structure dsDNA in a way that promotes cooperative binding 
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Fig. 2 | The RLR signal-transduction pathway. After entering the cell 
cytosol, rnA from viruses, bacteria and dead cells can bind to and elicit 
activation of rIG-I or MDA5. Activation of rLrs is dependent on the 
formation of rnA-induced filaments and CArD tetramerization. Through 
CArD–CArD interactions, rLrs activate MAVS at the mitochondrial 
membrane to oligomerize into larger filaments. recruitment of TrAF2, 
TrAF3, TrAF5 and TrAF6 and TBK1 to MAVS filaments results in the 
assembly of a complex that is crucial for the activation of IrF3 and nF-κB. 
MAVS filaments can also be generated at membranes of the peroxisome 
and at the mitochondrial–endoplasmic reticulum junction (MAM).
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of cGAS18. Likewise, when acting on highly compacted DNA struc-
tures, deoxyribonucleases (DNases) might promote immunostimu-
lation by liberating naked DNA for recognition by cGAS.

The link between dysfunctional DNA metabolism and innate 
DNA immunity was crucially advanced by studies of the molecu-
lar pathogenesis of the rare genetic disease Aicardi-Goutières syn-
drome (AGS), an early-onset autoimmune (auto-inflammatory) 
syndrome that manifests mostly in the brain and skin and is bio-
chemically characterized by an increase in type I interferons64–66. 
Among the first genes found to be mutated in patients with AGS 
were those that encode enzymes with critical functions in the turn-
over of endogenous DNA (genes such as TREX1 and SAMHD1, 
and genes encoding subunits of the ribonuclease (RNase) H2 com-
plex (RNASEH2A, RNASEH2B and RNASEH2C))67–69: TREX1 is a 
major 3′ DNA exonuclease located on the membranes of the ER 
that exerts activity against ssDNA and dsDNA70; SAMHD1 has 
dNTP phosphohydrolase activity that controls the levels of dNTP 
in a cell-cycle-dependent manner and thereby influences DNA rep-
lication71; RNaseH2 cleaves DNA–RNA hybrids and also functions 
in the removal of ribonucleotides that had been erroneously incor-
porated into the genome during DNA replication72. Both in human 
cells and in mice in vivo, deficiency or loss-of-function mutations 
in these genes cause(s), with varying potency (TREX1 > RNaseH2 
> SAMHD1), upregulation of a type I interferon gene-expression 
signature in a strictly cGAS–STING-dependent fashion73–79.

What are the substrates of the enzymes above? One compelling 
idea would be DNA derived from endogenous retroelements, given 
that AGS-related gene products have important roles in balancing 

the metabolism of endogenous retroelement cDNA intermediates80.  
For example, cytosolic DNA from cells lacking Trex1 shows enrich-
ment for retroelement sequences, and SAMHD1 constitutes an 
important restriction factor of retroviruses64,71. Remarkably, and in 
further support of this hypothesis, a pilot open-label clinical trial 
has reported that treatment with an inhibitor of human immuno-
deficiency virus type 1 reverse transcriptase can diminish type I 
interferon signaling in patients with AGS81. An alternative, but not 
mutually exclusive, way by which compromised activity of AGS-
related genes can activate cGAS is through interference with the 
disposal of aberrant DNA species that originate from errors during 
DNA replication, damage and repair. Concordant with that, Trex1–/–  
cells display signs of spontaneous DNA damage in conjunction 
with accrual of ssDNA82; mice with a defective version of Rnaseh2b 
(Rnaseh2bE202X) suffer from early embryonic death due to massive 
genome instability, and cells derived from such mice accrue cGAS+ 
micronuclei (discussed below)72,83; cells deficient in SAMHD1 
accumulate ssDNA that originated from defective degradation of 
DNA-replication byproducts mediated by the DNA-damage-repair 
molecule MRE1184. In a similar manner, mutations in the gene 
encoding BLM RecQ–like helicase compromise genome integrity, 
and this was found to be associated with cGAS-dependent recogni-
tion of DNA in micronuclei85.

Whereas the gene products noted above balance the amount of 
DNA that originates from intracellular sources, malfunctions in the 
turnover of exogenous DNA also provide powerful ligands for cGAS. 
Key for counteracting the accumulation of DNA from cell-extrinsic 
sources is DNase II, which resides inside the lysosomes of macro-
phages but also in non-phagocytic cells. Most notably, macrophages 
in Dnase2a-deficient mice show intracellular accumulation of DNA 
that drives lethal, cGAS–STING-mediated anemia in  utero75,86,87. 
In a published study, people carrying loss-of-function alleles of 
DNASE2 were reported to exhibit, among other features, severe 
neonatal anemia and thus resembled a milder version of the phe-
notype observed in mice; this confirmed the importance of DNase 
II in the homeostasis of DNA-mediated inflammation88. Lysosomal 
damage probably results from DNA overloading to enable recog-
nition by cytosolic cGAS. Although it is clearly prominent in the 
handling of exogenous DNA, DNase II has also been shown to par-
ticipate in the degradation of cell-intrinsic DNA-damage products, 
especially within non-phagocytic cells89. Finally, an emerging theme 
in the promotion of paracrine activation of cGAS–STING signal-
ing in the context of infection is the propagation of microbial DNA 
through vesicle transport from infected cells to uninfected cells90,91. 
This raises the possibility that paracrine signaling through extra-
cellular vesicles may also contribute to the phenotypic alterations 
triggered by dysfunction of DNA metabolism.

Disruption of proper subcellular compartmentalization 
driving cGAS-mediated inflammation
Loss of mitochondrial membrane integrity can lead to the release of 
mitochondrial DNA (mtDNA) and powerful activation of cytosolic 
cGAS. This has been demonstrated to occur under various condi-
tions that compromise mitochondrial homeostasis, ranging from 
defects in the composition of mitochondrial nucleosomes due to 
absence of TFAM to pathogen-inflicted mitochondrial damage to 
compromised mitophagy92–94. However, mtDNA can also end up in 
the cytosol in the course of normal physiological processes. During 
apoptosis, for example, the inner mitochondrial membrane herni-
ates through pores, assembled by the apoptosis promoters Bax and 
Bak, that form in the outer mitochondrial membrane; this eventu-
ally releases mtDNA into the cytosol95. Interestingly, despite overt 
translocation of mtDNA, cells challenged to undergo apoptosis typ-
ically fail to mount a cGAS-dependent inflammatory response96,97. 
The striking inability of apoptotic cells to react to mtDNA was 
shown be an active process that relies on the action of apoptotic  

Table 1 | Summary of the regulatory mechanisms of the  
cGAS–STING and RLR–mAVS pathways

Regulatory 
mechanisms

DNA sensing (cGAS–STING) RNA sensing  
(RLR–mAVS)

Ligand level •  DnA structure and duplex 
length

• DnA modificationsa

• DnA-binding partners
• DnA degradation
•  Transcriptional control over 

retroelements
• DnA compartmentalization

•  rnA structure and 
duplex length

• rnA modification
• rnA-binding partners
• rnA degradation
•  Epigenetic 

transcriptional 
regulation

•  rnA-rich cytosolic 
environment and  
non-coding rnAs

Receptor level •  Species-specific  
DnA-binding affinity

• Expression levels
• PTMs
• Multi-step oligomerization
• Phase separation
•  Availability of substrates 

and co-factors

• Auto-repression
•  Multi-step 

oligomerization
• PTMs
•  Proteasomal 

and autophagic 
degradation

Adaptor level 
(STING/mAVS)

• Auto-repression
• Oligomerization
• Er retention factors
• Autolysosomal degradation
• Trafficking dynamics
• PTMs

• Auto-repression
•  Multi-step 

oligomerization
• Suppressive isoforms
•  Proteasomal 

and autophagic 
degradation

•  Mitochondrial 
dynamics

• PTMs
aIndirect via the resistance to degradation.
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caspases, although it is not entirely clear whether, or how, caspases 
contribute directly to the silencing of cGAS or its downstream effec-
tors or whether caspases exert their effects additionally by other 
means. An important corollary of this scenario is that cellular fac-
tors exist that actively suppress mtDNA-induced cytokine responses 
and in this way limit inflammatory off-target effects under homeo-
static conditions. Mitochondrial damage is a prominent (side) effect 
of pathogen invasion, and published examples have highlighted the 
fact that, to a certain extent, cells infected by virulent bacteria and 
viruses trigger inflammatory responses indirectly through the rec-
ognition of mtDNA by cGAS92,93,98. Mitochondrial dysfunction is 
well known to contribute to a variety of metabolic and neurological 
diseases, and the collateral, cGAS-mediated inflammatory response 
is increasingly found to cause or aggravate these pathologies. As a 
prominent example, mice with homozygous deficiency in the genes 
encoding the E3 ubiquitin ligase Parkin or the kinase Pink1 that are 
subjected to exhaustive exercise, as a trigger of mitochondrial stress, 
develop STING-mediated inflammation94. Moreover, an absence 
of STING prevents the movement defects and neuronal losses that 
usually occur in old mutant mice that lack Parkin. Together these 
findings point to a possible role for self DNA–mediated inflamma-
tion in contributing to the molecular pathologies that underlie neu-
rodegenerative disorders, including Parkinson’s disease.

Similar to mtDNA, genomic DNA is a powerful cell-intrinsic 
source for the activation of cGAS. Distinct ways by which fragments 
of genomic DNA can gain access to the cytosol and trigger cGAS-
dependent inflammatory signaling have been described. First, as a 
common outcome of various cell-division defects, single or multiple 
chromosomes can be captured in aberrant micronuclei structures 
that are physically separated from the main nucleus. Despite being 
initially enclosed within membranes, mis-segregated chromosomes 
are frequently exposed to the cytosol as a consequence of spontane-
ous rupture of micronuclei99. Indeed, the membranes of micronuclei 
have major alterations in the composition of so-called ‘non-core’ 
nuclear envelope proteins that render them highly fragile and likely 
to collapse100. After micronuclei rupture, cGAS readily accumulates 
on exposed chromosomal fragments, an event that is correlated 
with the upregulation of cytokines77,101. Various conditions, most 
prominently genotoxic treatments and defects in DNA replication 
and repair, can cause chromosome mis-segregation and lead to 
the formation of micronuclei. It is therefore not a big surprise that 
micronuclei are often found inside cancer cells or cells en route to 
transformation. Of importance, due to faulty replication and detri-
mental, global chromosomal rearrangement (referred to as ‘chro-
mothripsis’), chromosomes that originate from micronuclei can be 
heavily mutagenic. Rather surprisingly, cells seem to lack a dedi-
cated checkpoint that detects the process of ‘micronucleation’100. 
We are tempted to speculate that the cGAS-stimulatory ‘bystander’ 
effect may serve as an essential surveillance mechanism that indi-
rectly, through the generation of an anti-proliferative, inflammatory 
response, provides protection against the further propagation of 
cells that accumulate micronuclei.

As an alternative mechanism, genomic DNA can also escape 
from the main nucleus and elicit a cGAS-dependent response in 
non-dividing cells. For example, in the context of cellular senes-
cence, chromatin can be incorporated into nuclear blebs that even-
tually dissociate from the nucleus102. Underlying this phenomenon 
in senescent cells are extensive changes in the composition of the 
nuclear lamina, a meshwork formed by polymers of intermedi-
ate-filament proteins (LaminA/C and LaminB), as well as inner-
nuclear-membrane proteins, that is essential for the maintenance of 
the physical intactness of the nucleus. Thus, senescent cells display 
marked downregulation of LMNB1 expression that causes a pro-
found alteration of the nuclear architecture; this eventually facili-
tates the release of chromatin fragments102. Microscopy studies have 
demonstrated that cGAS is able to undergo enrichment on cytosolic 
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Fig. 3 | Regulatory mechanism that acts on DNA-mediated activation of 
cGAS. At steady state, the cytosolic abundance of self DnA is controlled 
by the intracellular nucleases Dnase II, located inside the lysosomal 
compartment, and TrEX1, positioned at the membrane of the Er; these 
degrade self DnA that originates from endogenous sources (such as 
DnA-damage products and retrotransposons) or exogenous sources 
(such as apoptotic cells). Furthermore, the sequestration of DnA within 
nucleosomes inside mitochondria or the nucleus prevents activation  
of cGAS. SAMHD1 acts against the accumulation of ssDnA in cells 
that are experiencing replication stress, whereas the rnaseH2 complex 
removes mis-incorporated ribonucleotides. In the absence of rnaseH2 
or after irradiation, damaged DnA is sequestered in micronuclei after 
mitosis. Herniation of chromatin fragments and their release into the 
cytosol can occur as a result of loss of nuclear envelope integrity.  
Various forms of mitochondrial dysfunction are associated with the 
accumulation of mtDnA in the cytosol. Likewise, dysfunction of  
lysosomal homeostasis (such as the absence of Dnase II) can promote 
the release of DnA into the cytosol. At the level of cGAS, regulatory 
mechanisms include the localization and expression level of cGAS,  
as well as PTMs and affinity for DnA, which is controlled via the amino 
acids that compose the DnA-binding site. The enzymatic output is 
regulated by the availability of substrates and the formation of cGAS 
oligomers and phase-separated liquid droplets; both processes greatly 
enhance the synthesis of cGAMP. cGAMP is the target of viral poxins 
and EnPP1. regulatory mechanisms that act on STInG include mainly 
mechanisms that affect intracellular trafficking (such as STIM1, or  
COPII or COPI vesicles), the oligomerization of STInG and degradation 
within lysosomes.
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chromatin fragments and accumulate in senescent cells and, fur-
thermore, that this mechanism is functionally relevant to establish-
ment of the senescence-associated secretory phenotype103–105.

Finally, there are also data indicating that genomic DNA species 
escape the nucleus and loosely accumulate in the cytosol in contexts 
of DNA damage or replication stress. For example, cells deficient  
in the DNA-repair kinase ATM show enrichment for cytosolic 
dsDNA species106. Similarly, SAMHD1-deficient cells accumulate 
cytosolic ssDNA, as do cells depleted of the DNA damage–repair 
proteins Rad51 or RPA84,107. Although possible, it remains unclear 
exactly how DNA, whether double stranded or single stranded, 
would ‘leave’ an intact nucleus in these circumstances. A simple 
hypothesis is that DNA could exit the nuclear compartment through 
the nuclear export system. Alternatively, damaged DNA may be 
channeled through the autophagy–lysosomal pathway89. However, 
these latter options still leave open how DNA would finally end up 
in the cytosol.

Regulatory determinants at the level of RNA
RLRs also utilize multiple criteria to ensure selective recognition 
of non-self RNA and robust discrimination against cellular RNA. 
For both RIG-I and MDA5, duplex RNA structure is necessary but 
not sufficient for the sensing of foreign RNA. For the activation of 
RIG-I, a 5′ triphosphate group (5′ppp)108–110, which is present in 
all nascent transcripts and unprocessed viral RNAs, is additionally 
required. Thus, 5′ processing that occurs in the nucleus during the 
maturation of many cellular RNAs is the chief mechanism by which 
cellular RNAs are prevented from activating RIG-I. Additionally, 
a dsRNA length of >40–60 bp and a blunt-end dsRNA structure 
promote the appropriate formation of RIG-I filaments along the 
dsRNA length, a process that further ensures robust discrimination 
against cellular RNAs56,110. For MDA5, 5′ppp or dsRNA end struc-
ture are not important. Instead, MDA5 has more-stringent criteria 
for dsRNA length (>0.5–1 kb) and dsRNA structural integrity (i.e., 
complementarity of the two strands) in the selective recognition of 
foreign dsRNA and discrimination against shorter and imperfect 
cellular dsRNAs111,112. Several reviews are available that describe 
how RIG-I and MDA5 utilize different mechanisms for RNA bind-
ing and filament assembly and disassembly to recognize these dis-
tinct types of RNAs113,114. These findings support a model in which 
these ligand specificities are important for accurate discrimination 
against cellular RNAs.

Despite such fine-tuned ligand selectivity to prevent self rec-
ognition, accumulating evidence suggests that RLRs can mis-
recognize cellular RNAs under various physiological conditions 
and that multiple regulatory mechanisms are additionally needed 
to prevent the recognition of self RNA by RLRs. One of the best-
studied mechanisms is RNA modification that can selectively mark  
cellular RNAs and block recognition by the innate immune system. 
Most mRNAs contain both a 7-methyl guanosine cap (cap 0) and 
2’-O methylation (cap 1). Studies have found that a 7-methyl gua-
nosine attached to 5′ppp is not sufficient to suppress the stimulation  
of RIG-I; instead, 2’-O methylation is further required115,116. RNA  
base modifications, such as pseudouridylation and N1-methyladeno-
sine modification, have also been shown to block RIG-I’s recognition 
of dsRNA55,108,117,118. Intriguingly, studies suggest that circular RNAs 
formed by back-splicing can also stimulate RIG-I (albeit through  
a poorly understood mechanism), and that host circular RNAs nor-
mally evade recognition by RIG-I through N6-methyladenosine 
modification118,119. For MDA5, these base modifications have  
little effect on filament formation or signaling, but adenosine-to-
inosine modification by the deaminase ADAR1 has been found  
to block the recognition of dsRNA by MDA5120. A defect in 
ADAR1 results in aberrant activation of MDA5 by cellular dsRNAs  
formed by Alu retroelements112,121–123 and the pathogenesis of 
AGS124. These studies show the importance of co-transcriptional 

or post-transcriptional modification of RNAs in marking self RNA 
versus non-self RNA. Thus, some viruses utilize virus-encoded 
methyltransferases to mimic cellular RNAs and evade detection by 
the innate immune system125,126.

In addition to RNA modification, self RNAs are additionally 
protected from being sensed by the innate immune system through 
interactions with cellular functional partners. For example, certain 
cellular RNAs, such as 7SL RNA transcribed by RNA polymerase 
III, contain 5′ppp with secondary structures and thus have a poten-
tial to stimulate RIG-I127. Under normal physiological conditions, 
7SL RNA is bound by signal-recognition particle protein partners 
and is shielded from being detected by RIG-I. However, when syn-
thesis of RNA is mis-regulated and occurs in excess over the protein 
partners, such as during Notch1 signaling that activates RNA poly-
merase III, unprotected 7SL RNA accumulates in the cytosol and 
activates RIG-I127. A similar effect of protein unshielding and mis-
localization was proposed for U1 and U2 RNAs after treatment with 
ionizing radiation and for 5S rRNA pseudogene transcripts during 
certain viral infections128,129. In both cases, unshielding and cyto-
solic localization of otherwise nuclear and protected RNAs were 
accompanied by activation of RIG-I. These observations suggest 
that perturbed localization of host RNAs may represent a damage-
associated molecular pattern that alerts cells of pathogen infection 
or cellular stress.

RNA degradation also has an important role in preventing the 
accumulation of potentially immunogenic aberrant RNA tran-
scripts or RNA metabolic byproducts. A defect in SKIV2L, a com-
ponent of the cytosolic RNA-degrading machinery (exosome), was 
shown to increase the basal signaling activity of RIG-I130. IRE-1, an 
RNA endonuclease that is activated during the unfolded protein 
response, was reported to generate as-yet-unknown RIG-I ligands 
that may be normally degraded by the SKIV2L exosome. Moreover, 
a defect in the mitochondrial nuclease PNPase was shown to result 
in the accumulation of mitochondrial dsRNA and its leakage into 
the cytoplasm131. Mitochondrial genomes are circular and are tran-
scribed bi-directionally, which can lead to the formation of dsRNA 
unless one of the two RNA strands is rapidly degraded by PNPase.

Studies have shown that epigenetic regulation has additional 
functions in restricting the synthesis of immunostimulatory RNAs. 
Genetic or chemical ablation of DNA methyltransferases132,133, the 
histone methyltransferase SETDB1134 or the histone demethylase 
LSD1135 often results in aberrant activation of MDA5. On the basis 
of the fact that these reagents commonly upregulate expression of 
endogenous retroviruses, often through bi-directional transcrip-
tion, endogenous retroviruses were proposed to be responsible for 
the activation of MDA5. Elucidation of the precise identities of the 
endogenous ligands, however, will require additional analysis.

Finally, the activities of RLRs are further regulated by inhibitory 
cellular RNAs. For MDA5, cellular pools of ssRNAs in the cyto-
plasm restrict aberrant oligomerization of MDA5 on any particular 
RNAs and restrict receptor oligomerization to cooperative filament 
assembly on long dsRNAs94. For RIG-I, the cellular non-coding 
RNAs lnc-Lsm3b and Lnczc3h7a are also proposed to regulate  
its activity133,134. Whereas lnc-Lsm3b inhibits RIG-I, Lnczc3h7a  
activates RIG-I, albeit through unclear mechanisms. Lnczc3h7a  
was proposed to bind the E3 ubiquitin ligase TRIM25 and RIG-I 
and bridge the two proteins for RIG-I stimulation134, However, 
studies have shown that TRIM25 is not involved in RIG-I-mediated 
antiviral signaling43,136, unlike how it was initially proposed.  
More-detailed and comprehensive analysis of how cellular RNAs 
interact with RIG-I and MDA5 and regulate their signaling activity 
is necessary.

The studies noted above collectively suggest that diversity in 
sequence and structure in both host RNAs and viral RNAs results in 
substantial overlap between the physicochemical properties of self 
RNAs and those of non-self RNAs. Thus, a variety of transcriptional 
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and post-transcriptional regulatory mechanisms have key roles in 
keeping the level of virus-like host RNAs under the self-tolerance 
‘threshold’, while genetic or environmental alteration of these  
regulatory processes leads to self-mediated sterile inflammation 
and inflammatory disorders.

Regulation at the level of cGAS
Various mechanisms have been reported to control the enzymatic 
output and, consequently, the immunostimulatory activity of cells 
by controlling cGAS itself. Comparison between species suggests 
that, relative to such detection by mouse cGAS, human cGAS 
is more selective in detecting long dsDNA, a phenomenon that 
involves species-specific substitutions at distinct DNA-binding 
sites137. In the same vein, a host of PTMs have been linked to regula-
tion of the responsiveness of cGAS to DNA, mainly through dimin-
ishing DNA binding and/or cGAS dimerization. Reversible PTMs 
may be useful for rapid adjustment of the responsiveness of cGAS 
to the environmental contexts of the cells. A similar, albeit slower, 
adaptation process is based on regulation of the local concentration 
of cGAS and its substrates. For example, the observation that dele-
tion of only one allele of the gene encoding cGAS can rescue mice 
from the detrimental consequences of Trex1 deficiency illustrates 
the dependence on absolute cGAS levels inside cells75. This prob-
ably reflects the importance of dimerization, cooperation and phase 
separation in the achievement of full activity by cGAS. Finally, 
intracellular positioning of cGAS seems to represent a crucial deter-
minant. Analysis of the intracellular distribution of cGAS revealed 
that rather than being exclusively present within the cytosol or the 
plasma membrane, a considerable fraction of cGAS is inside the 
nucleus at steady state62,138–140. Live-cell imaging studies have shown 
that cGAS rapidly localizes to chromatin during mitosis, and this 
interaction between cGAS and chromatin seems to be responsible 
for carrying the protein to the nucleus interior in dividing cells105,139. 
The interaction of cGAS with chromatin during mitosis requires 
regions of cGAS important for DNA binding as well as interactions 
with histones63,139,141. These findings raise the important question of 
how cells regulate cGAS activity in the face of immense amounts 
of self DNA. Interestingly, forced expression of either a cGAS dele-
tion mutant that lacks the N-terminal domain or a version of cGAS 
with nuclear-localization signal (with both alterations leading to 
preferential intranuclear localization) triggers spontaneous activa-
tion of cGAS activity, accompanied by the induction of type I inter-
ferons138,139. Together these studies indicate that intranuclear cGAS 
is in principal capable of responding to self DNA and suggest that 
the interior of the nucleus probably contains regulatory compo-
nents that naturally suppress overt cGAS activity in normal cells. 
Unexpectedly, nuclear cGAS seems to endanger cellular homeo-
stasis not only by driving chronic cytokine responses but also by 
impeding homologous recombination of dsDNA breaks141. Overall, 
many aspects related to the nuclear localization of cGAS, such as 
the nature of the inhibitory mechanisms and its dynamic activity, 
as well as potential (dis)advantages of maintaining a nuclear pool of 
cGAS, remain to be further investigated.

Regulation at the level of RLRs
RLRs are also subject to multiple layers of regulation to further 
limit mis-recognition of cellular RNAs. First, RIG-I is in its auto-
repressed conformation in the absence of RNA and is released  
from this conformation after RNA binding51. The structure of  
RNA-free RIG-I shows that the signaling domain (CARD) is bound 
by the helicase domain and is prevented from forming the active  
conformation (i.e., tetrameric CARD)51,54. A similar auto-repression 
has been speculated for MDA5 but has not been demonstrated. 
Instead, the MDA5 CARD was proposed to be phosphorylated in 
the resting state; such phosphorylation may prevent its tetrameri-
zation in the absence of an activating ligand142. However, whether  

all MDA5 molecules in the resting state are suppressed by phos-
phorylation and exactly how binding of dsRNA and filament for-
mation by MDA5 is coupled to the dephosphorylation of CARD 
remain unclear.

Studies suggest that RLR is activated through multiple steps 
of receptor oligomerization and that these processes function as 
checkpoints to further restrict aberrant activation of downstream 
signaling. For example, although as a monomer RIG-I can effi-
ciently bind short dsRNA with 5′ppp, it forms filamentous oligo-
mers on long dsRNA with 5′ ppp55,56,143–145. Only multimerized 
RIG-I interacts with the essential E3 ligase RIPLET and can be con-
jugated with K63-linked ubiquitin56, a requirement for the forma-
tion of stable CARD tetramers and the activation of MAVS52,54. On 
longer RIG-I filaments, RIPLET can further induce filament bridg-
ing, which creates a local environment that further stabilizes CARD 
tetramerization and potentiates the signaling activity of RIG-I56. 
Thus, multiple steps of oligomerization, mediated by both ligand 
and RIPLET, allows fine tuning of the amplitude of the immune 
response, depending on the nature of the ligand. While much less 
is known about MDA5, filament formation and dsRNA length are 
also required for efficient signaling by MDA5111,146,147; this raises the 
question of whether similar multi-step signal amplification may 
also occur with MDA5.

In addition to receptor regulation before and during ligand 
engagement, RLRs are subject to feedback regulation after antiviral 
signal activation. The most extensively studied example of this is 
ubiquitination. Unlike K63-linked ubiquitination, which activates 
both RIG-I and MDA552,54, ubiquitin chains with other linkage 
types (e.g., K48-linked or linear chains) were reported to negatively 
regulate their signaling activities by inducing degradation. The 
identity of the E3 ligase responsible, however, is very controversial. 
Various proteins, including RNF122148, RNF125149,150, RNF123151, 
TRIM13152, TRIM40153, CHIP154, LUBAC155 and Siglec-G–c-Cbl156, 
have been proposed to conjugate ubiquitin chains for proteasomal 
or autophagosomal degradation of RIG-I and MDA5. The rea-
sons behind these seemingly conflicting observations are unclear. 
However, it is worth noting that some of those studies used overex-
pression systems and/or assessed the ubiquitination of RIG-I and/
or MDA5 by native affinity purification, which cannot distinguish 
between ubiquitination of the receptor and that of its interaction 
partners. General protein quality-control elements such as Hsp70 
and Hsp40 are also proposed to be involved157, a proposal that is 
also difficult to interpret, since RIG-I and MDA5 form aggregate-
like assemblies. Much remains to be investigated in the context of 
the exact identity of the true E3 ligases and chaperones that directly 
regulate RLR stability and the mechanism by which such E3 ligases 
and chaperones recognize RLRs.

Regulation mechanisms downstream of cGAS
The binding of cGAMP to STING initiates a complex series of 
events. As inferred from other second-messenger signaling cas-
cades, targeting the levels of cGAMP represents an obvious point of 
action for tuning cellular responses to DNA. Indeed, such a mecha-
nism is exploited by poxviruses that encode specific 2’,3′-cGAMP-
degrading enzymes, called ‘poxins’, probably as a means of 
antagonizing DNA-induced antiviral effector responses158. Whether 
mammalian cells are equipped with a similar mechanism to nega-
tively control the concentration of cGAMP has not been entirely 
resolved. Although the plasma membrane–bound pyrophosphatase 
ENPP1 efficiently degrades cGAMP, its catalytic domain is located 
extracellular159. Hence, for degradation by ENPP1, cGAMP would 
need to be exported. In  vitro experiments conducted in certain 
cancer cells have indeed shown secretion of cGAMP, although the 
precise molecular path that cGAMP takes in this setting has not 
been resolved27. Conversely, two reports have shown that the folate 
carrier SLC19A1 acts as a membrane-resident importer of cGAMP 
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that determines, in a cell-type-specific manner, the response to 
extracellular cGAMP26,160. Together with previous findings on the 
shuttling of cGAMP through gap junctions23, these studies indicate 
that transport of cGAMP across the plasma membrane is an impor-
tant means of controlling STING’s activity at the multicellular level. 
It remains to be investigated whether regulatory mechanisms exist 
that affect the import, export or gap-junction transfer of cGAMP 
through, for example, regulation of the expression levels or the 
activity of cGAMP transporters.

At the level of STING, cellular activation requires the assem-
bly of homo-oligomers (molecular mechanism described above). 
Mechanistically, oligomerization has been associated with facilita-
tion of the activation of STING in several ways. First, oligomer-
ization seems to be important for the exit of STING from the ER: 
even in the presence of cGAMP, STING mutants that fail to oligo-
merize are trapped on ER membranes28,33. It is possible that oligo-
merization helps STING to associate with co-factors that mediate 
its translocation to the Golgi or by promoting its incorporation 
into COPII vesicles. Second, oligomerization at the ERGIC–Golgi 
compartment is necessary for the assembly of signaling-competent 
STING–TBK1–(IRF3) complexes. Intriguingly, structural stud-
ies have revealed that the critical phosphorylation events on both 
TBK1 and STING are probably carried out by an active TBK1 
kinase unit bound by an adjacent STING dimer33. In vitro, binding 
of cGAMP is sufficient to induce side-by-side oligomerization of 
STING dimers through contribution to a cytosolic tetramer inter-
face. In vivo, this oligomerization is further supported by the pal-
mitoylation of two cysteine residues (Cys88 and Cys91 in human 
STING) located in a linker region between two transmembrane 
domains161,162. As noted above, while STING oligomerization may 
occur at the ER, the palmitoylation step could be critical for the sta-
bilization of STING oligomers; this might explain why it is required 
for the initiation of downstream signaling in living cells. While the 
enzyme(s) responsible for STING (de)palmitoylation is (are) not 
yet identified, it is notable that several display organelle-specific 
localization; this provides one possible explanation for the finding 
that STING’s recruitment of TBK1 occurs only in the ERGIC–Golgi 
compartment. Of note, activating mutations in the gene encoding 
STING have been described that result in the auto-inflammatory 
syndrome SAVI (STING-associated vasculopathy with onset in 
infancy)163,164. Interestingly, some disease-causative point muta-
tions result in changes to the oligomerization interface of STING 
and allow STING to form oligomers independently of the presence 
of cGAMP. Thus, ligand-independent oligomerization offers one 
potential explanation for how these mutations can trigger continued 
activation of the STING pathway that leads to chronic inflamma-
tion. Other point mutations result in changes at the dimer interface 
of STING that connects the LBDs with the transmembrane regions. 
It has been speculated that these mutations could promote rotation 
of the LBDs and thereby initiate spontaneous activation of STING29. 
Collectively, these findings highlight the relationship between 
STING oligomerization and activation of downstream signaling. 
They indicate that the need to oligomerize multiple activated (i.e., 
cGAMP-bound) STING dimers probably sets a critical physiologi-
cal threshold that limits proper pathway activation in response to 
high concentrations of cGAMP.

Intracellular positioning of STING presents another mechanism 
through which STING’s signaling capacity can be modulated in  
different ways. First, ER-resident proteins can anchor STING to the 
ER membrane to prevent its trafficking and downstream signal-
ing at steady state. As an example of this, the ER-transmembrane 
protein STIM1 was reported to function as a retention factor for 
STING165. Of interest, Stim1–/– cells, as well as cells from people with 
loss-of-function mutations in STIM1, exhibit a chronic STING-
dependent interferon-simulated gene signature. Second, many 
factors, including iRhom2, SCAP and INSIG1, facilitate STING’s 

translocation in a positive manner166–168. However, the molecular  
hierarchy of this process, the signals that govern it and the  
coordination with COPII trafficking remain not yet fully under-
stood. A potentially interesting new angle related to the control of 
STING’s ER–Golgi translocation has been pointed out66. Patients 
with mutations in COPA, which encodes the α-subunit of the COPI 
complex, demonstrate chronic elevation in type I interferons, as 
well as clinical features similar to those of patients with SAVI169. 
Interestingly, COPI promotes retrograde Golgi–ER transport,  
and the reported COPA mutation confers diminished binding to 
cargo proteins. Although the link to STING remains speculative 
for now, if true, this observation might point to an exciting new 
mode of control: instead of a unidirectional way of trafficking  
from the ER to the Golgi, the STING pathway may rely on the 
dynamic back-and-forth shuttling of STING between the ER and 
the Golgi compartment. One final, but key, mechanism of regula-
tion involves the movement of STING to endolysosomal compart-
ments and its consecutive degradation. At present there are few 
insights into what determines the duration of STING’s residence at 
the Golgi and, conversely, what signals trigger initiation of the deg-
radation process. Nevertheless, a case in point on the importance 
of this process is the finding that interfering with the lysosomal 
degradation of STING greatly boosts cGAMP-mediated anti-tumor 
responses in mice170.

Finally, the regulation of STING’s activity involves an extensive 
set of PTMs. Interestingly, evolutionary forces seem to have taken 
advantage of the ability of PTMs to modulate STING. A report  
has shown that bats, which are exquisitely long-lived rodents  
prone to accumulate DNA-damaging reactive oxygen species  
due to the high energy demands of flight171,172, exhibit dampened 
STING-dependent interferon responses due to substitution of the 
residue Ser358, which is important for promoting the phosphoryla-
tion of IRF3173.

Regulatory mechanisms downstream of RLRs
MAVS is also subject to multiple mechanisms of regulation, both in 
the resting state and in the post-activation state. At the basal level, 
multiple CARD-less isoforms of MAVS have been found to be trans-
lated from internal start sites and inhibit the spontaneous polymer-
ization and activation of MAVS174,175. Two stretches of amino acids 
between CARD and the transmembrane domain of MAVS were 
proposed to inhibit the activation of MAVS176. Exactly how these 
regions and the truncation isoforms suppress MAVS polymeriza-
tion and signaling remain to be investigated.

Several PTMs are also proposed to regulate the stability and 
activity of MAVS. As with RIG-I and MDA5, many different E3 
ligases (March5, March8, RNF5, smurf1 and smurf2, PCBP2 and 
AIP4, Trim25, pVHL, RNF34 and Nix) have been proposed to be 
involved in the degradation of MAVS, through either a proteasomal 
mechanism or an autophagic mechanism175,177–187. It is worth not-
ing that some of these studies, like those noted above, used over-
expression systems and/or assessed the ubiquitination of MAVS  
by native affinity purification, which cannot distinguish between 
ubiquitination of MAVS and that of its interaction partners. The 
lack of detailed biochemical mechanisms for each of these E3 
ligases has so far complicated understanding of which E3 ligase in 
fact directly acts on MAVS, and how precisely the ubiquitin–pro-
teasome–autophagy system regulates the stability of MAVS. Beyond 
ubiquitination, phosphorylation by PLK1188, c-Abl189, TBK1 and 
IKK35 and de-phosphorylation by PPM1A190 have also been pro-
posed to regulate the activity of MAVS. While PLK1 and PPM1A 
were reported to negatively regulate MAVS signaling, c-Abl, TBK1 
and IKK were reported to be involved in signal activation and posi-
tive regulation.

Mitochondrial dynamics seem to also affect MAVS function. 
Cellular imaging studies have shown that MAVS polymerization 
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is often accompanied by mitochondrial elongation191. Molecules 
involved in mitochondrial fusion and dynamics (such as the mito-
fusin proteins Mfn1 and Mfn2) were found to regulate MAVS 
activity192,193, but again, the nature of their relationships seems con-
troversial. While some studies have suggested a role for Mfn2, but 
not for Mfn1, in the negative regulation of MAVS192,194, others have 
found that both Mfn2 and Mfn1 are required for MAVS signaling  
by maintaining necessary mitochondrial membrane potential193. 
The precise location of MAVS was also proposed to affect and 
regulate its activity. In addition to being present in mitochondria, 
MAVS is also found in the mitochondrial–ER junction (MAM)194 or 
peroxisome195, and these locations affect its signaling. Intriguingly, 
MAM is maintained by Mfn2196 and MARCH5197, which have been 
shown to negatively regulate the activities of MAVS. Given the com-
plex layers of inter-dependence between mitochondrial dynamics 
and protein quality control, the specific causal relationships that 
govern the regulation of MAVS will require more detailed research 
in the future.

Consequences and open questions of (mis)regulation of 
immunity to nucleic acids
We have reviewed regulatory mechanisms for the sensing of  
cytosolic DNA and RNA via the cGAS–STING and RLR–MAVS 
pathways that affect the three most upstream levels: ligand, receptor 
and immediate downstream signaling. Additional negative regula-
tory mechanisms exist for further downstream signaling pathways, 
such as those of JAK–STAT, but are not discussed in this Review198. 
In some sense, the complexity of the regulatory networks outlined 
here seems to far exceed the complexity of the immune system–
activation mechanism itself, which raises the question of why this 
is so. The answer to this question probably lies partly in the fact 
that nucleic acids are chemically and structurally similar regard-
less of their origin and that multi-layered checkpoints are needed 
both to prevent aberrant activation of immune signaling pathways 
and to rapidly control inflammation after pathway activation. It is 
noteworthy that these multi-level regulatory mechanisms are not 
entirely redundant, as indicated by human diseases or mouse mod-
els in which a defect in a single negative regulatory mechanism can 
cause chronic inflammatory disorders.

Despite the multi-level regulation, however, recognition of self 
nucleic acids and sterile inflammation of the cGAS–STING and 
RLR–MAVS pathways do occur, both in normal physiological con-
ditions and pathological situations. In fact, ‘failure’ to negatively 
regulate the levels of cytosolic nucleic acids is not always deleteri-
ous but under certain conditions can provide a spectrum of ben-
eficial consequences for the host. Clearly, as mentioned above, 
the most obvious consequence is the indirect detection of patho-
gens through, for example, the sensing of mitochondrial damage. 
This can not only amplify an existing antimicrobial response but 
also create a ‘backup’ mechanism that becomes critical in cases in 
which virulent pathogens have paralyzed classical pathways for 
the detection of microbe-associated molecular patterns. Another 
important physiological benefit of overcoming the negative regula-
tion of nucleic acid sensing is in the clearance of (self-)damaged, 
oncogenic or senescent cells. As highlighted above, various means 
of genomic (DNA) damage that elicit the accrual of nucleic acid 
species are naturally protective against tumorigenesis through the 
promotion of cell-autonomous or systemic immune responses199. 
Moreover, studies of animal models have suggested that the efficacy 
of multiple anti-tumor regiments, ranging from checkpoint block-
ade and genotoxic agents to radiotherapy, depends at least to a cer-
tain degree on their collateral, immunostimulatory effects, which 
often originate from the activation of intracellular sensors of nucleic 
acids. Together these advances have led to the concept of targeted 
stimulation of nucleic acid sensors as a promising new avenue in the 
field of immuno-oncology200.

Going forward, the next logical and exciting steps are to phar-
macologically target negative regulatory mechanisms to unleash the 
immunostimulatory properties of the sensing of self nucleic acids 
in a therapeutically meaningful way. First proof-of-concept tests of 
such an approach, for example, have demonstrated the vulnerabil-
ity of tumors to self RNA–triggered immune responses in the con-
text of ADAR1 deficiency7,165. Similarly, preventing the induction 
of Trex1 boosted anti-tumor effects following radiation therapy in 
mice201. Immunity to cytosolic nucleic acids, however, bears poten-
tially dangerous consequences. Studies of various disease models in 
animals have led to the assumption that the inappropriate action of 
nucleic acid sensors can be dire, particularly if they are activated 
chronically or in a fulminant way. The first study of the potent 
therapeutic effects of specific inhibitors of the STING pathway in 
rodent models of inflammatory disease has now been reported162. 
In addition, inhibitory compounds that target cGAS in mouse and 
human cells have also been identified202,203. Drugs that specifically 
intervene in cGAS–STING or RLR signaling may prove beneficial 
for the treatment of various diseases in humans.

Another area of future research is to determine how the nega-
tive regulatory mechanisms noted above are themselves regulated 
and activated. While some negative regulators are constitutively 
operational, others seem to act only in response to activation of an 
immune response or other cellular cues. Thus, it will be important 
to understand whether the negative regulatory mechanisms depend 
on the route of immune activation and, if so, how. For example, does 
aberrant or sterile activation of the cGAS–STING or RLR–MAVS 
pathway (for example, through gain-of-function mutations in the 
gene encoding STING or through STING agonists) elicit negative-
feedback mechanisms similar to those triggered by foreign nucleic 
acids? While it is possible that chronic inflammation is caused by 
constitutive activation’s simply overriding the negative regulatory 
mechanisms, an alternative scenario is that non-canonical activa-
tion of these pathways leads to incomplete engagement of nega-
tive feedback factors and thus causes uncontrolled inflammation. 
Answers to these questions would not only provide a new frame-
work for understanding the immune signaling network but also 
maximize the ability to harness these nucleic acid–sensing pathways 
for therapeutic application.
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