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Cells must continuously distinguish cellular-derived RNA from pathogenic 
RNA to mount effective antiviral responses while avoiding harmful au- 
toinflammation. Cytoplasmic RNA-sensing receptors, including RIG-I-like 
receptors, PKR, OAS-RNase L and ZBP1, detect RNA primarily through 
molecular features such as structure (double- versus single-stranded), mod- 
ification state and subcellular localization rather than sequence. While 
these are characteristics of viral nucleic acids, mammalian genomes gener- 
ate abundant self-derived double-stranded RNA (dsRNA), including from 

transposable elements, antisense transcription and RNA processing inter- 
mediates, which exist in the cytoplasm. This review describes our current 
understanding of how cells achieve self-tolerance through the active regula- 
tion of endogenous RNA. These mechanisms comprise epigenetic silencing 
of repetitive elements, RNA modifications (such as A-to-I editing and m6 A), 
precise splicing, regulated nuclear export and decay, circRNA buffering, 
protein shielding and dedicated RNA degradation pathways. Insights from 

rare inherited monogenic interferonopathies and murine models illustrate 
how perturbations in these pathways lead to inappropriate activation of cy- 
toplasmic RNA sensors and inflammatory disease when cellular dsRNA is 
mistakenly recognized as non-self. We highlight how dysregulated dsRNA 

homeostasis contributes to common autoimmune and neuroinflammatory 
disorders. Understanding how cells regulate endogenous dsRNA is crucial 
for defining disease mechanisms and developing new therapeutic strategies. 
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. The RNA problem 

enomic DNA contains the information plan for an organism and is strictly
ompartmentalized within the nucleus and mitochondria. Consequently, the 
resence of cytosolic DNA is fundamentally aberrant, signalling cell damage, 
ell death or a DNA pathogen and demands an immediate response regard-
ess of origin [1 ]. Gene expression requires transcribing DNA into ribonucleic
cid (RNA) species that travel from the nucleus to the cytoplasm. Beyond
anonical messenger RNAs (mRNAs), transfer RNAs (tRNAs) and ribosomal 
NAs (rRNAs), a vast proportion of the genome is transcribed into non-coding
pecies, including long non-coding RNAs (lncRNAs), microRNAs and circular 
NAs (circRNAs). The obligatory export of host RNA creates a core immuno-
ogical challenge: distinguishing ‘self’-derived cytosolic RNA from foreign vi- 
al nucleic acids [2 ]. This becomes more complex in primates where retrotrans-
osons, such as Alu elements that comprise up to 11% of the human genome,
an form long double-stranded RNA (dsRNA) structures transcribed as in- 
erted repeats. The evolutionarily conserved cytoplasmic nucleic acid sensing 
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.......................................................................Figure 1. Cytoplasmic RNA sensors survey different aspects of RNA. The different cytoplasmic RNA sensors assess/detect/interact with/bind to different characteristics 
of RNA to determine their response. RIG-I preferentially detects short dsRNA molecules bearing a 5 ′ triphosphate (5 ′ ppp) or diphosphate group (5 ′ pp). MDA5 binds 
and assembles into filaments that are particularly stable on long regions of dsRNA duplexes. PKR has a biochemical preference for shorter dsRNA substrates and, upon 
binding, undergoes dimerization and trans autophosphorylation to activate its kinase activity. OAS-RNaseL is distinct from the other sensors illustrated in that it is a two- 
part signalling mechanism. OAS1, 2 and 3 proteins have a varied substrate preference, which may be reflective of the number of OAS domains each has: OAS1 interacts with 
shorter dsRNA (approx. 18 bp); OAS2 requires a minimum of approximately 35 bp dsRNA for activation, while OAS3 binds to approximately 40–60 bp lengths of dsRNA. 
Upon binding, OAS proteins oligomerizing ATP into 2 ′ –5 ′ -oligoadenylates (2–5A), a second messenger that activates RNaseL. ZBP1 binds to Z-form dsRNA, which is an 
atypical high-energy, left-handed double-helical conformation of dsRNA that is distinct from most RNA in the cell. 

s res of nucleic acids, rather than specific sequence 
m s to discern the cell’s own RNA from potentially 
d

2
C y RNA based on its structure (e.g. single- versus 
d ( figure 1 ) [2 ]. RNA surveillance occurs predomi- 
n f regulation imposed by nuclear RNA processing 
a cialized to detect distinct classes of RNA, there is 
a nogenic RNAs are not solely of pathogen origin, 
b ions of cellular stress. While RIG-I–like receptors 
( (IFN) and pro-inflammatory cytokine expression, 
o rrest (PKR), targeted RNA cleavage (OAS-RNase 
L

3
3
T e I (RIG-I, encoded by DDX58 ), melanoma 
d ry of Genetics and Physiology 2 (LGP2, encoded 

b otif which, with their carboxy-terminal domains, 
i length-dependent filaments on dsRNA, whereas 
R s conformational changes that expose and multi- 
m , enabling homotypic CARD–CARD interactions 
w es into a prion-like filament on the mitochondria 
t  1 (TBK1) and I κB kinase- ε (IKK ε), which activate 
I pectively. IRF3, IRF7 and NF- κB translocate to the 
n nes [10 ,19 ]. LGP2 lacks CARDs and independent 
s 34 ]. 

G-I preferentially binds to double-stranded RNA 

( with the most immunogenic dsRNAs forming a 
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ystem (also known as the innate immune sensing system) uses molecular featu
otifs, to enable ‘self’ versus ‘non-self’ discrimination [2 –5 ]. This system need
amaging RNA pathogens. 

. Sensors of RNA 

ells express a diverse set of pattern-recognition receptors (PRRs) that surve
ouble-stranded), length, chemical modification and subcellular localization 
antly within cytosolic and endosomal compartments, with additional layers o
nd quality control mechanisms. While individual RNA-sensing PRRs are spe
 degree of redundancy in the ligand-binding preferences. Importantly, immu
ut can also arise from host genomic material [6 –9 ], particularly under condit
RLRs) and toll-like receptors (TLRs) act as primary drivers of type I interferon 
ther sensors trigger complementary stress responses, including translational a
) and programmed cell death (ZBP1) ( figure 1 and table 1 ). 

. Cytosolic sensors of RNA 

.1. RLRs and other DExD/H-box RNA helicases 
he RLR family comprises three members, retinoic acid—inducible gen
ifferentiation—associated protein 5 (MDA5, encoded by IFIH1 ) and Laborato
y DHX58 ). All family members have a central DExD/H box RNA helicase m
s responsible for RNA recognition. Upon ligand engagement, MDA5 forms 
IG-I recognizes 5 ′ -triphosphorylated dsRNA ends. Binding to dsRNA induce
erize their N-terminal caspase activation and recruitment domains (CARDs)
ith mitochondrial antiviral signalling protein (MAVS) [19 ]. MAVS oligomeriz

hat serves as a signalling platform for the activation of TANK-binding kinase
FN regulatory factor 3 (IRF3) and IRF7 and nuclear factor kappa B (NF- κB), res
ucleus and induce the expression of type I IFN subtypes and inflammatory ge
ignal-transducing activity; instead, it modulates RIG-I and MDA5 activation [
RIG-I surveys the 5 ′ end of RNA. Extensive studies have identified that RI

dsRNA) molecules bearing a 5 ′ triphosphate or diphosphate group [11 ,12 ], 
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b IG-I sensing is dsRNA that is blunt-ended, while 
t roduced during replication of dsRNA and single- 
s ne response to RNA viruses; RIG-I-deficient mice 
a is virus (VSV), respiratory syncytial virus (RSV) 
a e RNA polymerase III transcripts can also bear a 
5  shielding by SRP9/14 [80 ]) or dephosphorylated 

f IG-I is able to further discriminate immunogenic 
d  -O-methylation at the 5 ′ -terminal nucleotide [82 ]. 
H ing transcription, before export to the cytoplasm, 
t

reference for long double-stranded RNA. Initial 
b ished MDA5 as a sensor of long dsRNA (approx. 
0 bles into filaments that are particularly stable on 
l referential activation of MDA5 by high molecular 
w hese studies have been supported by biochemical 
a ed with dsRNA, which, for cellular RNA species, 
i upported the prevailing model that MDA5 detects 
l t fully account for poly(I:C) being heterogeneous 
i r-order or branched RNA structures, raising the 
p  to MDA5 activation. 

ligand sensing. MDA5 is essential for type I IFN 

i tis virus (EMCV) [24 ,25 ]. MDA5 is also triggered 

b ication intermediate across diverse viral families, 
f  strictly limited to viral dsRNA duplexes. Instead, 
M ining both single- and double-stranded RNA, and 

i om annealed duplexes [25 ]. Furthermore, a recent 
p is virus, MDA5 bound primarily to endogenous 
u studies suggest that more complex dsRNA motifs 
o ding proteins, and host cofactors such as LGP2, 
m ning these ligands with precision remain an open 
q

A helicases act as accessory sensors or signalling 
m le, DHX36 unwinds guanine-rich RNA sequences 
( omoting formation of stress granules [75 ]. DDX1 
d solic complex in myeloid cells and dendritic cells 
t  protein, TRIF [76 ]. DDX60 has been reported to 
e as not been clearly elucidated. Collectively, these 
h es, but act as structure- and localization-sensitive 
c  to tune activation according to dsRNA topology 
a ch as DDX3X and DHX9, which unwind dsRNA 

a

3
P uplexes ( > 33 bp). Constitutively expressed at low 

b l analysis reveals three domains: two N-terminal 
d  a flexible linker to a C-terminal kinase domain. 
I pon dsRNA binding, PKR dimerizes and trans- 
a phosphorylate the alpha subunit of the eukaryotic 
t ein translation. Translation blockade results in the 
r lles composed of mRNA and proteins and act as 
p tting, inhibition of protein translation is beneficial 
a anules until the cell returns to homeostasis. PKR 

a nscription [44 ] and drives type I IFN expression 
v y depleting short-lived pro-survival proteins and 

p 4 and CHOP [43 ]. Furthermore, PKR can directly 
i tein (FADD). 

iral genomes, including ssRNA, dsRNA and ds- 
D tivate PKR include non-coding retrotransposons 
s d transfer RNAs, all of which can form compact 
d rom non-activating RNA ligands for PKR remains 
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lunt end [13 ,14 ]. Biochemical studies indicate the minimal requirement for R
he length of the dsRNA is less critical. 5 ′ ppp and 5 ′ pp dsRNA are commonly p
tranded RNA (ssRNA) viruses. RIG-I is critical to activation of the innate immu
re highly susceptible to influenza A/B, paramyxoviruses, vesicular stomatit
nd various flaviviruses (reviewed in [79 ]). However, nascent mRNA and som
 ′ ppp end that must be shielded by RNA-binding proteins (RBPs; e.g. 7SL RNA
rom a tri- to a mono-phosphate (e.g. by DUSP11 [81 ]) to prevent detection. R
sRNAs by steric exclusion of RNAs from its binding pocket which possess 2 ′
ost mRNAs acquire a cap containing 2 ′ -O-methylation in the nucleus follow

hereby rendering them non-stimulatory to RIG-I. 
MDA5 - activating dsRNA features are not yet fully defined outside of a p

iochemical and structural studies using the synthetic ligand, poly(I:C), establ
.5–7 kb). MDA5 binds dsRNA in a sequence-independent manner and assem
ong RNA duplexes [83 ]. In cells, this length dependence is demonstrated by p
eight poly(I:C), whereas low molecular weight poly(I:C) activates RIG-I [15 ]. T
nd cryo-electron microscopy analysis of filament formation of MDA5 complex
ncludes those derived from inverted Alu elements [83 ,84 ]. These findings have s
ong dsRNA generated during viral replication. However, this model does no
n length and containing single-stranded overhangs capable of forming highe
ossibility that dsRNA complexity rather than duplex length alone contributes
Studies of virus infection further complicate our understanding of MDA5 

nduction following infection with picornaviruses such as encephalomyocardi
y viruses with dsRNA or dsDNA genomes. Although dsRNA is a typical repl
ractionation and RNA-purification studies suggest that MDA5 agonists are not
DA5-stimulatory activity maps to high-molecular-weight RNA fractions conta

n some cases derives predominantly from one strand of viral RNA rather than fr
reprint found that upon infection with SARS-CoV-2 or encephalomyocardit
nspliced transcripts [85 ]. Taken with observations made with poly(I:C), these 
r higher-order structures, shaped by viral replication, splicing and RNA-bin
ay define the cellular-derived ligands sensed by MDA5. Further studies defi
uestion in the field. 
In addition to the canonical RIG-I-like receptors, several DExD/H-box RN
odulators that enhance RNA-sensing in a cell-type-specific manner. For examp

G-quadruplex (G4) structures) and facilitates PKR and RIG-I activation by pr
irectly binds long dsRNA and, together with DDX21 and DHX36, forms a cyto
hat drives inflammatory gene transcription via the toll-like receptor adaptor
nhance RIG-I-dependent responses, although its direct RNA-binding activity h
elicases do not function as stand-alone pattern recognition receptors themselv
ofactors that stabilize RNA–sensor interactions, scaffold signalling complexes
nd cellular context. These contrast with other DExD/H-box RNA helicases, su
nd prevent sensing (discussed below). 

.2. Other cytosolic dsRNA sensors 
rotein kinase R (PKR) is a serine/threonine kinase that senses short dsRNA d
asal levels, PKR expression is upregulated by type I IFN signalling. Structura
ouble-stranded RNA-binding domains (dsRBD1 and dsRBD2) connected via
n the resting state, PKR exists as an inactive, unphosphorylated monomer. U
utophosphorylates, activating its kinase domain [86 ]. Active PKR dimers then 
ranslation initiation factor 2 (eIF2 α), resulting in the suppression of global prot
apid formation of stress granules. Stress granules are membrane-less organe
latforms for initiation of innate immunity (reviewed in [87 ]). In an infection se
s it blocks viral replication while preserving host RNAs within the stress gr
lso directly interacts with I κB to unleash NF κB driven inflammatory gene tra
ia IRF3. PKR-mediated translational inhibition can indirectly drive apoptosis b
romoting the preferential expression of pro-apoptotic factors, including ATF
nduce apoptosis through interaction with the Fas-associated death domain pro

Like RLRs, PKR can be triggered by dsRNA generated from a variety of v
NA viruses (reviewed in [88 ]). Moreover, endogenous RNAs reported to ac
uch as Alu elements, mitochondrial RNAs [38 ], small nucleolar RNAs [39 ] an
sRNA structures. To date, a defining feature that discriminates immunogenic f
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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u ions between other dsRNA-binding proteins, in- 
c sts that there may be dsRNA substrates that have 
f ete for substrates may be important in both a viral 
a

ed sequence-independent. It requires contact with 
2 d can tolerate mismatches and imperfect duplexes, 
i arly biochemical studies defined 33 base pairs as 
t served for duplexes ≥ 79 base pairs [94 ], consistent 
w  Rather than binding statically, PKR dynamically 
s ing activation [95 ]. Single-stranded RNA elements 
c ind to PKR if flanked by single-stranded regions 
o PKR activation by RNAs with limited secondary 
s

tosolic nucleic acid sensor that couples recognition 
o  two receptor-interacting serine/threonine protein 
( lling domain that is crucial for signal transduction. 
Z ion with a zigzagging sugar-phosphate backbone 
t BP1 to bind to Z-RNA in a structure-specific man- 
n 0 is the only other mammalian protein to contain 
a sect at multiple levels. Like ADAR1p150, ZBP1 is 
i rminal RHIM domains engage the kinases RIPK1 
a DD and activate caspase-8, leading to apoptosis. 
W udokinase (MLKL), which forms pores in plasma 
m f these pathways results in an immunogenic form 

o
death known as pyroptosis by promoting the for- 

m ween pyroptosis, apoptosis and necroptosis led to 
t ptosome provides a molecular scaffold that allows 
f d ZBP1 has been proposed as the apical driver of 
P tivate inflammatory signalling pathways such as 
N ssignment of ZBP1 as a DNA sensor prior to the 
d n inflammation arises primarily as a consequence 
o

s. Formation of Z-RNAs during viral replication is 
b ng replication of IAV, the viral polymerase falls off 
i ands, producing sub-genomic RNAs with intact 5’ 
a ene segments are semi-complementary and allow 

t oducts form right-handed duplexes, they become 
l  ZBP1 triggering Z-RNAs [52 ]. To date, ZBP1 has 
b  murine cytomegalovirus [52 ,54 ,100 ,101 ]. Interest- 
i tion, host cell-encoded Z-RNAs, rather than viral 
Z NAs are formed from endogenous retroelements, 
a fection [6 ]. Indeed, cellular stress is emerging as a 
d  ]; however, other reports have also indicated that 
t , these findings suggest that ZBP1 functions as a 
s stasis is disrupted. 

f dsRNA to rapid degradation of cellular and vi- 
r ins synthesize unique secondary messengers that 
f ylates (2–5A). The human OAS family comprises 
f roteins are composed of a structurally conserved 

O  units and OAS3 containing three. Notably, only 
a quired to generate 2–5A [103 ]. OASL is catalyti- 
c ing to the complexity of the family, all members 
e localization and RNA-sensing. The specific func- 
t  in place of the four proteins in humans ( OAS1, 
O 2 , Oas3 and two OasL genes ( OasL1 and OasL2 ), 
w S proteins are themselves IFN-stimulated genes 
(

omers which tightly bind to and activate the la- 
t nd degrade both viral and cellular RNAs, result- 
i ombat viral infection, 2–5A can be transferred to 
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nclear, but both murine and human genetics have established clear interact
luding MDA5 and the dsRNA-modifying enzyme ADAR1 [89 ,90 ]. This sugge
eatures that attract multiple dsRNA sensors, and how these interact and comp
nd homeostatic response. 
PKR recognition of dsRNA is length- and structure-dependent but consider

 ′ -hydroxyl groups within the minor groove of A-form RNA for binding [91 ] an
ncluding bulges that can be structurally straightened upon binding [92 ,93 ]. E
he minimal dsRNA length required for activation, with maximal activation ob
ith a model in which a single dsRNA scaffold promotes PKR dimerization.
cans along dsRNA to interact and dimerize with adjacent PKR molecules, driv
an further modulate PKR activation; dsRNAs shorter than 33 base pairs can b
f 10–15 nucleotides [92 ], and a 5 ′ -triphosphate moiety can strongly enhance 
tructures [37 ]. 
ZBP1 (Z-DNA/RNA–binding protein 1; also known as DAI or DLM-1) is a cy

f aberrant dsRNAs with cell death. ZBP1 contains two N-terminal Z αdomains,
RIP) homotypic interaction motifs (RHIM1 and RHIM2) and a C-terminal signa
BP1 binds Z-RNA, an atypical left-handed double-helical dsRNA conformat
hat differs from standard right-handed A-form RNA. The Z α domains allow Z
er, without sequence dependence or base-specific contacts [51 ,52 ]. ADAR1p15
 Z α domain, again highlighting that these pathways are overlapping and inter
nduced by type I IFN-induced transcription. Upon binding Z-RNA, ZBP1 C-te
nd RIPK3 [53 ]. The RIPK1 and RIPK3 complex acts as a scaffold to recruit FA
hile in parallel, RIPK3 phosphorylates mixed lineage kinase domain-like pse
embranes, leading to the release of cellular contents [52 –54 ,56 ]. Activation o
f regulated cell death termed necroptosis. 
ZBP1 has also been suggested to induce another form of programmed cell 
ation of inflammasomes. This and other studies on the extensive crosstalk bet

he establishment of the concept of ‘PANoptosis’ [96 ]. In PANoptosis, the PANo
or interactions of the machinery required for all three cell death pathways, an
ANoptosome formation. Although early studies suggested that ZBP1 may ac
F- κB or TBK1 [97 ], this remains controversial and may reflect historical misa
iscovery of cGAS [98 ,99 ]. Current evidence supports the view that ZBP1-drive
f lytic cell death rather than direct cytokine signalling [56 ]. 
Z-RNAs can be formed during viral replication of both RNA and DNA viruse

est understood in the context of the ssRNA virus, Influenza A virus (IAV). Duri
ts template RNAs but re-engages further downstream along the same RNA str
nd 3’ ends but harbouring large internal deletions. The 5 ′ and 3 ′ ends of IAV g
he formation of double-stranded structures. If these defective viral genome pr
igands for RLRs, while the left-handed double-helical conformation results in
een reported to be activated by IAV, SARS-CoV-2, herpes simplex virus-1 and
ngly, a recent study reports that in both herpes simplex virus 1 and IAV infec
-RNAs, are the primary ZBP1-activating ligands [6 ]. These host-derived Z-R
nd their expression is increased in response to nuclear stress caused by viral in
river of Z-RNA formation, predominantly from endogenous retroelements [57
elomeric RNAs and mitochondrial DNA can activate ZBP1 [55 ,102 ]. Together
entinel of cellular stress, poised to trigger cell death when nucleic acid homeo
OAS - RNaseL is a cytosolic RNA-sensing pathway that couples detection o

al RNA [65 ]. Upon binding to dsRNA, OAS (oligoadenylate synthetase) prote
eature 2 ′ –5 ′ phosphodiester bonds by oligomerizing ATP into 2 ′ –5 ′ -oligoaden
our members: OAS1, OAS2, OAS3 and OAS-like protein (OASL) [65 ]. OAS p
AS domain, with OAS1 containing a single OAS domain, OAS2 having two
 single OAS domain in OAS2 and OAS3 has retained the catalytic triad re
ally inactive and has been suggested to enhance RIG-I signalling [58 ]. Add
xcept OAS3 have multiple splice variants which diversify OAS subcellular 
ions of the OAS proteins are more complicated to delineate in mice, where,
AS2, OAS3 and OASL), there are eight paralogues of Oas1 ( Oas1a - 1h ), Oas
hich confounds direct comparison [104 ]. As for RIG-I family members, OA

ISGs). 
The 2–5A chains produced by OASs contain at least three adenosine mon

ent ribonuclease L (RNaseL) [63 ]. 2–5A binding licenses RNaseL to dimerize a
ng in translational arrest and viral restriction [61 ]. To further prime cells to c
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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Figure 2. Endosomal TLRs recognize distinc t struc tural features of RNA. Nucleic acid-sensing TLRs func tion within the endosome to detect RNAs from various sources. 
To differentiate targets and initiate an appropriate immune response, these receptors exhibit specific structural preferences. TLR3 is activated by dsRNA, while TLR7 and 
TLR8 specifically bind to ssRNA. The endosomal compartment acts as a central hub for ligand presentation, capturing extracellular viral RNA via endocytosis as well 
as host-derived endogenous RNA. To properly position these sensors for ligand detection, TLR3, TLR7 and TLR8 are transported from the endoplasmic reticulum to the 
endosome. 

n rated by RNaseL can activate other cytosolic RNA 

s
members have a preference for different dsRNA 

l A, approximately 18 base pairs (bp) [60 ]; OAS2 
r mber, OAS3, binds to longer, 40–60 bp lengths of 
d mmodate binding of OAS domains of each family 
m  than OAS1 but requires a long dsRNA molecule 
f vidence to suggest that multimerization of OASs 
o ive OAS2 is dimerized [107 ]. 

 replication intermediates while limiting inappro- 
p erminal tail of OAS1 allow OAS1 to be targeted to 
i oximity to viral replication increases the antiviral 
a iruses and SARS-CoV-2 [108 ]. Similarly, a recent 
r e Golgi membranes and that this is required for 
O

4
I ndosomal RNA sensors. The human TLR family 
i : TLR3, which senses dsRNA [66 ], and TLR7 and 

T ensor, TLR13, which specifically recognizes bacte- 
r ystemic autoimmunity, TLR3, TLR7 and TLR8 are 
s ability of these receptors are governed by Unc-93 
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eighbouring cells via connexin gap junctions [59 ], and cleavage products gene
ensors to enhance the inflammatory response [64 ]. 
Structural and biochemical investigations have revealed that OAS family 

engths. OAS1, being the smallest family member, interacts with shorter dsRN
equires a minimum of 35 bp dsRNA for activation; and the largest family me
sRNA [60 ]. These specificities likely reflect the minimal lengths required to acco
ember; OAS3, having three OAS domains, binds dsRNA with higher avidity

or stable interaction [60 ,105 ,106 ]. Reminiscent of other RNA sensors, there is e
n longer dsRNAs enhances activity [60 ], and a recent report indicates that act
Subcellular localization allows OAS proteins to detect a broad range of viral

riate activation by endogenous RNA. For example, variants which alter the C-t
ntracellular membranes, including endomembranes formed by viruses. This pr
ctivity of OAS1 against certain RNA viruses, including flaviviruses, picornav
eport demonstrated dimerization and myristoylation of OAS2 localize it to th
AS2 activation and the restriction of coronaviruses [107 ]. 

. Endosomal RNA sensors: toll-like receptors 
n addition to the cytoplasmic sensors described above, the TLRs function as e
ncludes three specialized members dedicated to the detection of nucleic acids
LR8, which recognize ssRNA [67 ,68 ]. Mice express an additional endosomal s
ial 23S ribosomal RNA [69 ]. To prevent the recognition of ‘self’ RNA and avoid s
equestered within endosomal compartments ( figure 2 ). The trafficking and st
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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h brane domains of TLR3, 7 and 8, facilitating their 
p l network [109 ]. This strict compartmentalization 
p process RNA ligands for recognition, while simul- 
t This localization allows them to survey the lumen 
o  debris from dead cells. Upon ligand engagement, 
t ory genes and orchestrate a systemic immune re- 
s mal TLRs in dendritic cell subsets, which serve as 
c

cluding gene-deficient mice and loss-of-function 
g se against positive-strand RNA viruses, including 
c  [112 ] and dsDNA viruses such as herpes simplex 
v embrane protein composed of a large N-terminal 
e ped solenoid, a single transmembrane helix, and a 
C nt occurs at two distinct sites on the lateral surface 
o idge two TLR3 monomers into a signalling-active 
d ethyl-adenosine and 2-thiouridine to discriminate 
b ily, TLR3 signals exclusively through the toll/IL- 
1 r dimerization, the TIR domains of TLR3 recruit 
T t branch involves the recruitment of TRAF3 and 

t rylates the transcription factor IRF3 to drive the 
e  to activate the TAK1 complex, which triggers the 
N kines such as IL-6 and TNF. 

s, as well as synthetic tricyclic derivatives such as 
r s prevalent in the genomes of ssRNA viruses such 
a ronaviruses [68 ,117 –120 ]. The relative importance 
o ntial expression patterns, with TLR8 being highly 
e LR7 is predominantly expressed in plasmacytoid 

d
onucleases to process ssRNA into bioactive degra- 

d ognize different RNA-derived moieties. Although 
s ize and electrostatic potential give this site ligand 

p e binding [123 ,124 ]. A substantial portion of the 
l d guanosine or uridine occupies the centre of the 
i  homodimer [122 ,124 ]. The second ligand-binding 
s tides linked by phosphodiester bonds known as 
o nd TLR8 are spatially distinct and structurally di- 
v ecognizes a uridine-rich 3-mer motif, exemplified 

b ine (U2) is stringently recognized through base- 
s nking nucleotides are more permissive. Thus, the 
m -mer oligoribonucleotide containing a central uri- 
d otides, likely as small as dinucleotides (e.g. UG), 
w  and TLR8 recruit the adaptor MyD88, leading to 
t 8 and kinases of the IRAK family. In most myeloid 

c  driving NFkB and MAPK pathways for a robust 
i LR7-driven activation of the Myddosome directly 
a s [125 ]. 

5 mic sensors 
R cleic acids as a pathogenic driver, but what is the 
s ans and other mammals is made up of transpos- 
a  within the genome and are broadly divided into 
t echanism, and retrotransposons, which mobilize 
t  mammalian genomes and can be further subdi- 
v enous retroviruses (ERVs) derived from ancient 
v pass long interspersed nuclear elements (LINEs) 
a , encode proteins required for their own reverse 
t omous and rely on LINE machinery for mobiliza- 
t rtional mutagenesis. In addition, the transcription 
o  dsRNA that can activate various dsRNA sensors. 
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omologue B1 (UNC93B1). UNC93B1 physically associates with the transmem
ackaging into COPII vesicles for anterograde transport to the endolysosoma
rovides a controlled environment where acidic pH and resident nucleases can 
aneously preventing these TLRs from encountering host RNAs in the cytosol. 
f endosomes and lysosomes for aberrant RNA derived from viral genomes or
hese receptors initiate rapid transcriptional programmes to induce inflammat
ponse. This robust activity is largely driven by the high expression of endoso
ritical sentinels of the innate immune system [67 ,110 ,111 ]. 
TLR3 senses dsRNA [66 ]. Observations made in TLR3-defective settings, in

ene variants in humans, demonstrated that TLR3 mediates a protective respon
oxsackie virus group B serotype 3, encephalomyocarditis virus and poliovirus
irus-1 [113 ]. Like other members of the TLR family, TLR3 is a type I transm
ctodomain containing 23 leucine-rich repeats (LRRs) that form a horseshoe-sha
-terminal cytosolic toll/interleukin-1 receptor (TIR) domain. Ligand engageme
f the ectodomain, requiring a dsRNA duplex of at least 40–45 base pairs to br
imer [114 ]. TLR3 also uses the presence of modified nucleotides including N-m
etween ‘self’ and ‘non-self’ dsRNAs [115 ]. Unlike other members of the TLR fam
R domain-containing adaptor-inducing IFN-B (TRIF) protein. Upon recepto
RIF, which acts as a scaffold for two divergent signalling branches. The firs
he subsequent activation of the TBK1/IKKe kinase complex, which phospho
xpression of type I IFN. Simultaneously, TRIF interacts with TRAF6 and RIPK1
FkB and MAPK pathways to induce the production of pro-inflammatory cyto
TLR7 and TLR8 result from a gene duplication [116 ] and recognize ssRNA

esiquimod [67 ,68 ]. TLR7 and eight sense GU-rich and AU-rich ssRNA sequence
s influenza, HIV-1, vesicular stomatitis virus, Sendai virus, flaviviruses and co
f TLR7 and 8 to the host response to specific viruses is in part owing to differe
xpressed in monocytes, conventional dendritic cells and neutrophils, while T
endritic cells and B cells [121 ]. 
In contrast to cytosolic RNA sensors, TLR7 and TLR8 rely on endosomal rib

ation products. Both receptors contain two distinct ligand-binding sites that rec
tructurally conserved between the two receptors, subtle differences in pocket s
reference, with TLR7 favouring guanosine [122 ] and TLR8 preferring uridin
igand-induced dimerization interface is formed by this first site, where boun
nterface and functions as a molecular glue stabilizing the active TLR7 or TLR8
ite interacts with short RNA fragments consisting of two or more ribonucleo
ligoribonucleotides. Unlike the conserved first site, the second sites of TLR7 a
ergent. Structural and biochemical analyses indicate that TLR7 preferentially r
y a UUU sequence within longer poly-uridine ssRNA [122 ]. The central urid
pecific hydrogen bonding and RNA-specific 5 ′ -hydroxyl recognition, while fla
inimal requirement for productive TLR7 engagement at the second site is a 3
ine. By contrast, the TLR8 second site accommodates shorter oligoribonucle
ith relatively low base specificity [123 ]. Following ligand engagement, TLR7

he assembly of the Myddosome, a large oligomeric complex comprising MyD8
ells, this complex triggers TRAF6-mediated activation of the TAK1 complex,
nflammatory response. However, in specialized plasmacytoid dendritic cells, T
ssociates with TRAF3 to phosphorylate IRF7 to drive production of type I IFN

. Avoiding self-detection: hiding cellular RNA from the cytoplas
are genetic variants and knockout studies highlight sensing of endogenous nu
ource of the immune-stimulating dsRNA? Nearly half of the genome of hum
ble elements (TEs) [126 ]. These are repetitive DNA sequences that can move
wo major classes: DNA transposons, which mobilize via a ‘cut-and-paste’ m
hrough an RNA intermediate. Retrotransposons are the predominant type in
ided into long terminal repeat (LTR) retrotransposons, which include endog
iral integrations in germ cells, and non-LTR retrotransposons, which encom
nd short interspersed nuclear elements (SINEs). LINEs, such as LINE-1 (L1)
ranscription and integration, while SINEs, such as Alu elements, are non-auton
ion. Silencing of these elements is crucial to protect genome integrity from inse
f TEs into RNA, particularly tandem inverted repeats (IRs), forms long, stable
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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Figure 3. Mechanisms to prevent sensing self dsRNA. Cells have evolved a range of methods to prevent or reduce the immunogenicity and innate immune sensing 
of cellular-derived dsRNAs. A. Epigenetic mechanisms—methylation and silencing of expression—provide a first line that can act to prevent the formation of dsRNA. 
B. Once the RNA is expressed and double-stranded structures form, RNA modifications can act to alter this structure and mark these as cellular RNAs that should not trigger 
the cytoplasmic innate immune system. In the case of ADAR1p150, RNA modifications can also be applied after export from the nucleus. C. RNA processing, including 
splicing and circRNA formation, can act to reduce the dsRNA structures within cellular transcripts that transition from the nucleus to the cytoplasm. Additional nuclear 
surveillance mechanisms are active, such as sequestration into paraspeckles in the nucleus, which can prevent cellular dsRNA from being exported from the nucleus. If 
the dsRNA feature can be modified or removed prior to transport to the cytoplasm, this prevents exposure to the cytoplasmic RNA sensing proteins. D. Degradation of 
the dsRNA can remove it from the cytoplasm, thus preventing sensing. E. The dsRNA regions of cellular transcripts can be permanently modified by the A-to-I editing- 
dependent activity of ADAR1p150. Additionally, the RNA-binding activity, independent of catalytic A-to-I editing, of ADAR1p150 can limit access to the cellular transcript 
by other RNA sensor proteins and so tune the threshold for innate immune activation. 

F nostimulatory cellular dsRNA [9 ]. Although nor- 
m  can escape under conditions of stress or organelle 
d

temporally coordinated defence mechanism: epi- 
g ion, regulated nuclear retention and export, and 

c s across the RNA lifecycle, endogenous dsRNA’s 
a eceptors ( figure 3 ). In the following sections, we 
d

6
E gainst immunogenic, nuclear-derived dsRNA by 
s wnstream tolerance mechanisms. In somatic cells, 
r 3K9me3 is maintained by TRIM28/KAP1 and the 
H elements transcriptionally silenced [127 ]. Genetic 
p onal transcription and induce ISGs in an MDA5- 
d nock-out or depletion causes widespread loss of 
H ining [45 ], while loss of TRIM28/KAP1 [128 ] or 
H m innate immune signalling [129 ]. These studies 
e RNA levels at source loci, and that innate immune 
a rts the epigenetic silencing of repeats as a primary 
m  recent evolutionarily acquired repeats, cells use 
a s older repeats are more effectively controlled by 
e

s complementary causal evidence. DNA methyl- 
t on across ERV promoters, increase ERV transcrip- 
t NA/RNA hybrids and activation of PRRs; this is 
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urthermore, mitochondria represent an additional source of potentially immu
ally compartmentalized away from cytosolic receptors, mitochondrial dsRNA
amage, triggering autoinflammatory responses. 
To prevent toxic self-detection, cells deploy a multi-layered, spatially and 

enetic repression in the nucleus, co-transcriptional processing and modificat
ytoplasmic shielding coupled with decay. Through these specific checkpoint
re systematically neutralized before reaching cytosolic pattern recognition r
iscuss each of these regulatory layers in detail. 

. Avoiding self-detection: epigenetic silencing 

pigenetic silencing and transcriptional control serve as the primary defence a
uppressing its expression at the source; unexpressed transcripts require no do
epressive chromatin anchored by DNA methylation and SETDB1-deposited H
USH complex (TASOR, MPP8 and Periphilin), keeping ERVs and repetitive 
erturbations of these factors consistently derepress ERV loci, elevate bidirecti
ependent manner or cause translation arrest via PKR activation. SETDB1 k
3K9me3 at ERV loci and dsRNA accumulation detectable by J2 antibody sta
USH components yields similar activation of ERV transcripts and downstrea
stablish that chromatin repression is both necessary and sufficient to restrain ds
ctivation is a consequence of their de-repression. Evolutionary analysis suppo
eans to prevent expression of potentially immunogenic dsRNAs. For more
ctive mechanisms such as RNA modification via A-to-I RNA editing, wherea
pigenetic silencing that prevents their expression [130 ,131 ]. 
Pharmacologic inhibition, particularly in the context of cancer cells, provide

ransferase inhibitors such as azacitidine and decitabine reduce CpG methylati
ion, and induce ‘viral mimicry’ characterized by accumulation of dsRNA or D
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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a us cellular ligands as the proximal triggers [132 ]. 
H  elements and promote bidirectional transcription 
a xpression and IFN signalling [133 ]. Across these 
i riptional changes preceding innate immune acti- 
v nts the ISG response, establishing that epigenetic 
r thways. 

ged as important to limit dsRNA formation from 

p merase II (RNAPII) at promoter-proximal regions 
f responsive genes under normal conditions. Acute 
d the ISR [46 ]. In addition, longer-term disruption of 
I roductive elongation. This leads to the premature 
t tained introns containing inverted repeats. These 
a  and the ISR. 

mote readthrough transcription into downstream 

a sRNA formation [134 ]. Perturbations in this path- 
w er of regulation. Likewise, alternative polyadeny- 
l lus [135 ]. In neurons, lengthening of 3 ′ -UTRs is 
c A5 activation [136 ]. Finally, recent work has con- 
n 80 (encoded by XRCC5/XRCC6 ), canonical factors 
i ctivation by IR- Alus [137 ]. Ku binds primarily to 
a ing pathways, including RIG-I/MDA5, PKR and 

O sor ablation, supporting a direct RNA-mediated 

m
1/TRIM28/HUSH, DNA methylation) minimizes 

t nuation and termination suppress pervasive and 

a ards are pharmacologically relaxed or genetically 
p  IFN and inflammatory programs. This epigenetic 
a , including RNA modifications, splicing and RNA 

d s: epigenetic drugs elevate ERV and bidirectional 
t sRNAs. For example, combined relaxation of epi- 
g sRNA accumulation and robust innate activation 
[ rict dsRNA levels below immunogenic thresholds 
i

7
E ding regions (introns, UTRs) of functional protein- 
c e actively regulated, including its localization and 

s cellular-derived RNAs and those that are foreign 
i anscriptome [139 ]. There are > 170 RNA modifica- 
t ical space. RNA modifications can be permanent 
a  removal in a dynamic and temporally controlled 

f is now appreciated that RNA is actively modified 

a zation, secondary and tertiary structure, half-life 
a sed in further detail here. RNA modifications oc- 
c  ′ untranslated region (UTR), coding regions and 

a ommon RNA modifications in mammals include 
N -methylcytosine (m5 C) and Adenosine-to-inosine 
(  the cytoplasmic RNA sensors described above. 
U al to the development and highly successful ap- 
p r approaches from vaccination against infectious 
d t. Not all RNA modifications modulate immuno- 
g pecific subset of epitranscriptomic marks. For ex- 
a  appreciably activate cytoplasmic innate immune 
p

cts with the cytoplasmic nucleic acid sensing sys- 
t A, a process termed A-to-I RNA editing. Adeno- 
s  structure in cellular-derived RNAs and convert 
A n of the RNA. Detailed maps of edited sites are 
k ibraries, resulting in A-to-G mismatches from the 
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ttenuated by dsRNA digestion or sensor knock-down, confirming endogeno
istone deacetylase inhibitors and LSD1 inhibitors similarly de-repress repeat
t enhancer and promoter regions, elevating duplex-forming RNA (dsRNA) e
nterventions, locus-level RNA-seq and ChIP-seq show repeat-enriched transc
ation, and genetic or pharmacologic suppression of nucleic acid sensors blu
elaxation drives dsRNA-dependent signalling rather than secondary stress pa
Transcriptional termination and processing factors have also recently emer

ervasive transcription. The integrator complex (INT) targets paused RNA poly
or transcription termination. This prevents expression of stress- and immune-
epletion of INT subunits leads to expression of transcription factors that drive 
NT releases immature RNAPII complexes into genes which are defective for p
ermination of transcription and the formation of incomplete mRNAs with re
re then exported to the cytoplasm, where they activate the dsRNA sensor PKR
Defects in transcription termination machinery (e.g. CPSF73 and XRN2) pro

ntisense regions, with the potential to increase sense–antisense overlaps and d
ay have not yet been linked to dsRNA-sensing but may represent a further lay

ation (APA) extends the 3 ′ -end of genes and promotes incorporation of IR- A
ontrolled by the ELAVL family of genes and increases dsRNA load and MD
ected DNA repair and transcriptional regulation to dsRNA-sensing. Ku70/Ku
n non-homologous end joining, have been shown to restrict innate immune a
ntisense Alu transcripts, which prevents activation of multiple dsRNA-sens
AS, although the mechanism is unclear. IFN signalling was reduced by sen
echanism rather than a secondary DNA damage response. 
Viewed together, these studies establish that chromatin repression (SETDB

ranscriptional input from ERVs and repetitive DNA, while transcriptional atte
ntisense RNAs that could otherwise anneal into dsRNA. When these safegu
erturbed, dsRNA accumulates and engages MDA5/RIG-I/PKR to drive type I
nd transcriptional layer operates upstream of post-transcriptional mechanisms
egradation. However, their synergy is evident under viral mimicry condition
ranscripts, while other pathways act to buffer the increase in cellular-derived d
enetic silencing with impaired RNA editing by ADAR1 leads to pronounced d
127 ,138 ]. Coordination of these control mechanisms is therefore essential to rest
n homeostasis and to harness or avoid antiviral signalling therapeutically. 

. Avoiding self-detection: RNA modifications 
pigenetic silencing is not possible for many elements that reside within non-co
oding genes. Once transcribed, the potentially immunogenic dsRNA needs to b
tructure. A prominent active mechanism to facilitate discrimination between 
s through post-transcriptional RNA modification, collectively termed the epitr
ions catalogued to date, impacting all four RNA bases and using diverse chem
nd, once made, persist for the life of the RNA, or be subject to installation and
ashion analogous to readers, writers and erasers of chromatin marks [139 ]. It 
cross its lifespan, and this has important implications for its function, locali
nd immunogenicity [139 ]. tRNAs are heavily modified and will not be discus
ur throughout the length of a cellular RNA, from the 5 ′ cap structure, the 5
cross the poly-A tail (if the RNA is polyadenylated) and at the 3 ′ UTR [140 ]. C
6-methyladenosine (m6 A), pseudouridine ( Ψ), N1-methyladenosine (m1 A), 5
A-to-I) [141 ]. Modifications to cellular RNAs enable them to be tolerated by
nderstanding how RNA modifications alter immunogenicity has been centr
lication of mRNA therapeutics [115 ]. Modified RNAs are now being used fo
isease to cellular reprogramming [142 ], cancer therapy and gene replacemen
enicity; current evidence indicates this regulatory function is restricted to a s
mple, significantly reducing N4-acetylcytidine (ac4C) in cellular RNA did not
athways [143 ]. 
One of the most well-characterized RNA modifications that directly interse

em is the conversion of adenosine-to-inosine (A-to-I) in cellular-derived dsRN
ine deaminase acting on RNA (ADAR) proteins bind to regions of dsRNA
-to-I, resulting in the permanent change of the targeted base for the lifespa
nown because inosine is read as guanosine upon generation of sequencing l
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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r sential function of A-to-I editing is protein recod- 
i  small proportion of the overall editing reported 

i oding repetitive elements, in particular primate- 
s ked to immune sensing is mediated by ADAR1 
[

primarily expressed in the nucleus, and a 150kDa 
i etailed genetic studies in both human and mouse, 
i rate cellular dsRNA and that this prevents MDA5 
s  loss or mutation causes profound innate immune 
a nts carrying pathogenic ADAR variants, driving 
t g activity of the cytoplasmic ADAR1p150 isoform 

t 57 –160 ]. Elegant whole-animal genetic studies in 
m  under-edited cellular dsRNA that forms follow- 
i  ,150 ,155 ,156 ,160 ,161 ]. This finding constrains the 
c ecies in this setting, because MDA5 has specific 
p cytoplasmic innate immune sensors, as discussed 

a A is that editing of regions containing longer re- 
g tially cis -naturally occurring antisense transcripts 
(  or introduce regions of less well-paired structure 
[ g in tolerance or ‘immunogenic silencing’. These 
s iting in actively marking cellular dsRNA as ‘self ’, 
a demonstrates that cellular dsRNA is potently im- 
m d mechanisms to prevent the levels of transcribed 

c scape of the cellular participants and mechanisms 
u ns to toggle this process, both positively and neg- 
a  to suppressing MDA5, ADAR1 protein also has 
a nd OAS, independent of its RNA editing activity 
[  domain (PKR/OAS) or the Z-RNA-binding do- 
m ce expression of a catalytic mutant is sufficient to 
d s and a hierarchical model, where the sum of the 
R  key set point of engagement of cellular dsRNAs 
b

, and m6 A in particular, is linked to the suppres- 
s strated that loss of the m6 A writer METTL3 leads 
t  in vivo [165 ]. This resulted in the production of 
t deposited m6 A in tolerance of cellular RNAs. In- 
d METTL3 reduced m6 A content of human cellular 
R terile settings [166 ]. Unlike the ADAR1-dsRNA- 
M  during METTL3 inhibition or loss is less clear. 
I g CRISPRi attenuated, but none specifically pre- 
v sponse [166 ]. Indeed, inhibition of all four sensors 
c re complex interplay of small molecule inhibitor- 
m ot all studies assessing the effects of reduction in 
M s [167 ], suggesting a distinct relationship to that re- 
p  work indicates that cellular-derived 2 ′ - O -methyl 
( s can act as a natural antagonist pool for TLR7 
a

 allowing cells to tolerate cellular-derived RNAs 
i eins of them identified, the function of additional 
R come more completely understood. The writers, 
r acological targeting, opening up new means to 
m

8
A cing. This process is highly conserved through a 
c t is modified through removal of intronic regions 
t m to allow translation by the ribosome. The link 
b  apparent, particularly contributed to studies in 
o
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eference genome in RNA sequencing. While a demonstrated physiologically es
ng, largely attributable to editing by ADAR2, this type of editing represents a
n mammals [144 –147 ]. The vast majority of editing in mammals is in non-c
pecific Alu repeats and B1/B2 SINEs in rodents [148 ,149 ]. A-to-I editing lin
89 ,90 ,148 –153 ]. 
ADAR1 has two distinct isoforms, a p110kDa isoform (ADAR1p110) that is 

soform (ADAR1p150) that is predominantly found in the cytoplasm. Through d
t is now established that A-to-I editing is an essential means that cells use to tole
ensing of cellular dsRNA as foreign/non-self [89 ,147 ,149 ,150 ,154 –156 ]. ADAR1
ctivation in sterile contexts across animal models, specific cell lines and patie
ype I IFN production [90 ,153 ]. More specifically, it is the expression and editin
hat is critical to preventing MDA5 activation by cellular dsRNA [23 ,89 ,155 ,1
ice, supported by human genetics, have demonstrated that the unedited or

ng the loss or mutation of ADAR1 is sensed specifically by MDA5 [7 ,8 ,23 ,147
haracteristics of the cellular dsRNA that could be the immunogenic RNA sp
references for the type and length of the dsRNA that distinguish it from other 
bove [23 ,83 ,84 ]. The current model of how ADAR1p150 impacts cellular dsRN
ions of dsRNA, often formed by inverted repeat elements such as Alu or poten
 cis -NATs), introduces base mismatches that destabilize the secondary structure
90 ,157 ]. This means that MDA5 cannot oligomerize along the dsRNA, resultin
tudies have established a critical role of ADAR1p150-mediated A-to-I RNA ed
nd that this prevents aberrant recognition of these RNAs by MDA5. This also 
unogenic when unmodified, and that the cell must employ active measures an
ellular dsRNA from breaching the tolerance threshold. Understanding the land
sed in achieving self-tolerance will be highly informative for developing mea
tively, for therapeutic benefit in a variety of contexts [90 ,152 ,162 ]. In addition
 critical role in preventing activation of other sensors, including PKR, ZBP1 a
89 ,154 ,163 ,164 ]. In these cases, suppression is dependent on the RNA-binding
ain (ZBP1) of ADAR1, rather than the RNA editing activity of the protein, sin
ampen activation of the sensors. This intimates more complex interconnection
NA editing activity and RNA binding/sequestration of ADAR1p150 acts as a
y a range of innate immune sensor proteins. 
Among other RNA modifications, there is evidence that RNA methylation

ion of immunogenicity of cellular RNA. Using murine models, it was demon
o accumulation of dsRNA and activation of the innate immune sensing system
ype I IFN and a sterile inflammatory response, indicating a role for METTL3-
ependently and using an orthogonal approach, small molecule inhibitors of 
NAs and, in parallel, activated the cytoplasmic RNA-sensing response in s
DA5 axis, the specific nature and type of RNA that becomes immunogenic

nhibition of expression of MDA5, RIG-I, PKR and RNaseL individually usin
ented, upregulation of cell surface MHC-I that correlates with the type I IFN re
oncurrently did not completely prevent MHC-I upregulation, suggesting a mo
ediated effects on METTL3-mediated m6 A and cytoplasmic RNA-sensing. N
ETTL3 activity or expression have reported this link to RNA-sensing pathway
orted for A-to-I editing and MDA5. Regarding other RNA sensors, very recent
2 ′ -OMe) guanosine-containing RNA fragments generated from cellular RNA
nd TLR8 [168 ]. 
These studies demonstrate a key homeostatic role for RNA modifications in

n the cytoplasm. As more RNA modifications are studied and the effector prot
NA modifications and how they contribute to tolerance to self RNAs will be
eaders and erasers of these RNA modifications also lend themselves to pharm
anipulate the innate immune response across a range of disease contexts. 

. Avoiding self-detection: RNA splicing 

nother mechanism that alters the cellular RNA landscape is alternative spli
oordinated and sequential process in the nucleus; the full-length RNA transcrip
o yield the mature mRNA [169 ]. The mRNA is then exported to the cytoplas
etween splicing and suppression of cytoplasmic dsRNA sensing has become
ncology. 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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 to the appreciation of the link between ordered 

R toplasm. The genetic depletion of RNA splicing 
f This can also be seen when cells are treated with 
s  splicing machinery [170 ]. This was proposed to 
b ave the capacity to form dsRNA structures, such 
a tes proposed to be detoxified by ADAR1 [23 ], the 
m clear and appear to involve multiple RNA-sensing 
p  of an opaque mechanism like that observed with 
s y define how splicing inhibition specifically leads 
t

ppress cellular RNA immunogenicity. An example 
o tance, loss of hnRNPC results in the use of cryptic 
s rm dsRNA structures [171 ]. These become MDA5 
s ombined action of splicing and RNA modification 
a  [171 ]. An analogous mechanism to prevent self- 
s ptic splicing that can result from the presence of 
L  normally be ignored. In the absence of hnRNPM, 
t  the mRNA, enabling dsRNA formation through 
b ctures in the cytoplasm can result in the activation 
o r specifically recognizing these cellular transcripts 
i ttenuated but did not block interferon-stimulated 

g  sensing. 
ulator of RNA-sensing. circRNAs are covalently 

c n which a downstream splice donor is joined to an 
u arity and poly(A) tail of linear mRNAs. Although 
c ounterparts, their circular topology renders them 

r ged half-lives relative to linear messenger RNAs 
[ scovered in eukaryotic cells, but their widespread 

e dvent of high-throughput RNA sequencing and 

c NAs are produced from the same pre-mRNA as 
t inear and circular RNA isoforms. There has been 
e nforcing the concept of interplay of RNA-binding 
p dependent expression patterns, tissue specificity 
a  development and in diverse disease states. 

only, introns only or combinations of exonic and 

i otated circRNAs and are predominantly localized 

t uted to circRNAs, including roles as microRNA 

s plates for cap-independent translation (reviewed 

i  sensors, primarily PKR, but some reports have 
a  no unified framework describing how circRNAs 
a en and colleagues demonstrated that endogenous 
c tivation under homeostatic conditions [40 ]. These 
i A duplexes, typically approximately 16–26 bp in 
l  segments, a structural arrangement that permits 
P orylation [40 ]. circRNA binding to PKR effectively 
s ion of the OAS–RNase L pathway leads to rapid 

d ctivation in response to infection or cellular stress 
[

ns limited. Exosomal circ- CBLB has been proposed 

t eumatoid Arthritis [177 ]. However, whether this 
r  endosomal ribonucleases into RNA fragments is 
u d RIG-I and inhibit type I IFN signalling, thereby 
l rred in the context of elevated endogenous retro- 
v NAs as modulators of tumour-associated innate 
i G-I and the RIG-I cofactor G3BP1, reducing RIG-I 
e vivo . Intriguingly, RIG-I itself can give rise to a cir- 
c mour progression in colorectal cancer, indicating 
p

re-tRNA group I intron can activate PKR and/or 
R  spliceosome-dependent back-splicing that relies 
o cally inert [180 ]. Importantly, masking the phage 
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The analysis of core RNA splicing machinery mutations in cancer has led
NA splicing and preventing sensing of mis-spliced cellular RNAs in the cy
actors can lead to activation of cytoplasmic dsRNA-sensing pathways [170 ]. 
mall molecule inhibitors of SF3B1, a core component of the U2 snRNP RNA
e mediated via intron-retained transcripts where there are sequences that h
s Alu repeats. While conceptually similar to the cellular-derived RNA substra
echanism that mediates the sensing and the specific sensors involved are less 
athways [170 ]. Genetic screening did not resolve a singular sensor, indicative
mall molecule METTL3 inhibition. Further work will be required to more full
o cytoplasmic sensing of cellular dsRNAs. 

Perhaps not surprisingly, splicing acts together with RNA modification to su
f this is the interaction between loss of hnRNPC and ADAR1 [171 ]. In this ins
plice sites, resulting in retention of introns containing Alu repeats that can fo
ubstrates in the absence of ADAR1-mediated editing, demonstrating that the c
cts in a coordinated manner to prevent immunogenicity of cellular dsRNAs
ensing of cellular dsRNA is mediated by hnRNPM. hnRNPM suppresses cry
INEs within introns. LINEs can harbour pseudo-splice sites, and these should
hese splice sites can be used, resulting in the incorporation of the LINEs into
ase-pairing of inverted Alu and LINEs. The accumulation of these dsRNA stru
f cytoplasmic sensing [172 ]. As described for spliceosome inhibition, the senso
s not clearly resolved, as combined knock-down of RIG-I, MDA5 and TLR-3 a
ene (ISG) expression, a transcriptional response directly linked to cytoplasmic
An atypical form of splicing, resulting in circRNAs, has emerged as a reg

losed RNA molecules generated through back-splicing of precursor mRNAs, i
pstream splice acceptor. Consequently, circRNAs lack the canonical 5 ′ –3 ′ pol
ircRNAs are typically expressed at lower steady-state levels than their linear c
esistant to exonuclease-mediated degradation, resulting in markedly prolon
173 ]. CircRNAs were first identified in viral genomes in the 1970s and later di
xpression and biological diversity only became apparent at scale with the a
omputational pipelines capable of detecting back-splice junctions [174 ]. CircR
heir linear counterparts, allowing a single genetic locus to generate distinct l
vidence that A-to-I editing can contribute to the formation of these RNAs, re-e
roteins in regulating diverse RNAs [175 ]. These isoforms frequently exhibit in
nd biological functions, and circRNA expression is dynamically altered across
CircRNAs are structurally heterogeneous and can be composed of exons 

ntronic sequences; exon-only circRNAs represent approximately 80% of all ann
o the cytosol (reviewed in [176 ]). A wide range of functions has been attrib
ponges, transcriptional regulators, molecular scaffolds and, in some cases, tem
n [176 ]). For our interest, circRNAs are emerging as direct interactors of RNA
ssessed RIG-I and TLR3. With the notable exception of PKR, there is currently
re recognized by most RNA-sensing PRRs. Seminal work from Ling-Ling Ch
ircRNAs directly bind PKR and function predominantly as inhibitors of PKR ac
nhibitory circRNAs are characterized by short, imperfect intramolecular RN
ength. These duplex regions are commonly flanked by single-stranded RNA
KR binding but fails to support productive PKR dimerization and autophosph
ets a threshold for activation. During viral infection or cellular stress, activat
egradation of circRNAs, releasing PKR from inhibition and enabling robust a
40 ]. 
Beyond PKR, evidence for circRNA engagement of other RNA sensors remai

o engage and activate TLR3 when taken up by the endosome in models of Rh
eflects direct circRNA-sensing or secondary effects of circRNA processing by
nclear. In soft-tissue sarcomas, circ Csnk1g3 and circ Ankib1 were shown to bin
imiting immune cell infiltration into the tumour microenvironment. This occu
iral element transcription and cytosolic dsRNA accumulation, revealing circR
mmune activation [178 ]. Similarly, circ HOMER1 was reported to bind both RI
ngagement with viral RNA and dampening antiviral responses in vitro and in 
RNA (circ RIG-I ), which interacts with DDX3X to promote inflammation and tu
ossible feedback loops between RNA sensors and circRNA biogenesis [179 ]. 
Engineered circRNAs generated from T4 bacteriophage or by Anabaena p

IG-I [180 ]. By contrast, circRNAs generated through canonical mammalian
n complementary Alu elements or use of a T4 RNA ligase were immunologi
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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i ing that the splicing mechanism itself, rather than 
c ding the features that enable circRNAs to inhibit 
P  circRNA treatment has recently been shown to be 
p us erythematosus, Alzheimer’s disease [181 ] and 

o  therapeutic modality. 

9 ort and decay 
F tem, it must first be present in the cytoplasm, yet 
t A is generated. Therefore, selective nuclear reten- 
t  layer of self-tolerance that constrains the duplex 
R  govern sensing is largely correlative rather than 
d

d dsRNA immunogenicity is that hyper-edited, 
i nosine-specific binding protein p54nrb (NONO), 
t 3 ]. Because the inosine marks that destabilize du- 
p o-I editing acts simultaneously as a molecular tag 
o ical site of retention is the paraspeckle, a nuclear 
b BHS proteins NONO, SFPQ and PSPC1, which 
s  with a gatekeeping function, depletion of NEAT1 
a NAs bearing inverted repeats to the cytoplasm. A 

c export and of aberrant protein production but did 

n sis by perturbing paraspeckles are confounded by 
t es type I IFN and MDA5 expression in uninfected 

c pletion alters editing as well as RNA localization, 
a A from the nucleus [184 ]. Also, the paraspeckle- 
r gands, so their release would not necessarily be 
i g on the same substrate rather than independent 
c

etween dsRNA transcription and its cytoplasmic 
s  loss of ADAR1 editing by altering the subcellular 
d ic dsRNA load [152 ]. Importantly, GGNBP2 pro- 
v y from the cytoplasm can limit MDA5 activation, 
b the transcription, processing, retention, export or 
d

ded is actively arbitrated by the export machinery. 
B  together with the TREX complex and its adaptor 
A ith ALYREF for binding at the 5 ′ cap, partitioning 
i At a systems level, the kinetics of nuclear export 
t he expression of innate immune response genes. 
I stream interferon-stimulated output genes rather 
t rt rate-limits the magnitude of the inflammatory 
r

rrant and structured transcripts before they can be 
e d to its substrates by two adaptor complexes built 
a omplex, comprising MTR4, ZCCHC8 and RBM7, 
w d enhancer RNAs; and the poly(A)-tail exosome 
t rgets longer polyadenylated and prematurely ter- 
m ormerly SKIV2L2), is a distinct paralogue of the 
c ar and cytoplasmic exosomes, respectively. When 
n , normally unstable nuclear transcripts, including 
p umulate in the cytoplasm and repress translation 
[ her than activation of dsRNA sensors like PKR or 
O echanism. 

s precursors can regulate cytoplasmic sensing is 
p nsors is largely absent. Several questions therefore 
r g or merely correlated with it, because no genetic 
t d editing activities of the proteins that retain it. 
F substrates, and whether they act through export, 
r olving these points will require experiments that 
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ntron with mammalian intronic sequences abolished RIG-I activation, suggest
ircularity per se , imprints immunogenic features on circRNAs [180 ]. Understan
KR, and potentially other RNA sensors, is of considerable interest. Exogenous
rotective in models of several inflammatory diseases, including systemic lup
steoarthritis [182 ], raising the possibility that circRNAs may represent a novel

. Avoiding self-detection: regulating nuclear RNA retention, exp
or a cellular dsRNA to be perceived as a threat by the cytoplasmic sensing sys
he nucleus is the principal site at which potentially immunostimulatory dsRN
ion, regulated export and nuclear RNA decay constitute a primary regulatory
NA reaching the sensors. However, the evidence that these processes directly
irect. 
The clearest molecular link between nuclear sequestration and suppresse

nosine-rich dsRNAs are retained in the nucleus by a complex containing the i
he splicing factor PSF (SFPQ) and the inner-nuclear-matrix protein matrin 3 [18
lex structure and impair MDA5 filament formation also license retention, A-t
f self and potentially a determinant of subcellular localization [183 ]. The phys
ody scaffolded by the long non-coding RNA NEAT1 and assembled on the D
equesters hyper-edited and inverted-repeat-containing transcripts. Consistent
nd the resulting loss of paraspeckle integrity re-localizes nuclear-retained mR
entral caveat, however, is that these studies established control of cytoplasmic 
ot test whether the re-localized RNA was sensed. Attempts to test the hypothe
he independent functions of their protein components: depletion of SFPQ induc
ells, but SFPQ associates with ADAR1 and modulates A-to-I editing, so its de
nd the IFN response cannot be attributed cleanly to release of retained dsRN
etained transcripts are themselves hyper-edited and therefore poor MDA5 li
mmunogenic; retention and editing may be partly redundant safeguards actin
heckpoints. 
In our own recent work, a genome-wide screen identified GGNBP2, acting b

ensing by MDA5. Loss of GGNBP2 prevented induction of type I IFN following
istribution of endogenous A-to-I editing substrates and reducing the cytoplasm
ides genetic and functional evidence that redistributing editing substrates awa
ut it does not resolve the underlying mechanism. Whether GGNBP2 acts on 
ecay of these substrates remains undefined [152 ]. 
Whether a given nuclear transcript is exported or instead retained and degra

ulk messenger RNA export proceeds through the NXF1 (TAP)–NXT1 receptor
LYREF, and the nuclear exosome cofactor MTR4 (MTREX) competes directly w
ndividual transcripts between productive export and exosomal degradation. 
hemselves shape the innate response, with the rate of mRNA export tuning t
mportantly, export kinetics in this context govern the transcript levels of down
han the upstream endogenous dsRNA ligands themselves. Thus, nuclear expo
esponse rather than the size of the primary immunostimulatory dsRNA pool. 
Nuclear RNA decay provides the complementary safeguard, eliminating abe

xported. The principal nuclear 3 ′→5 ′ exonuclease is the RNA exosome, directe
round the helicase MTR4 (MTREX): the nuclear exosome targeting (NEXT) c
hich acts on short non-polyadenylated species such as promoter-upstream an

argeting (PAXT) complex, comprising MTR4, ZFC3H1 and PABPN1, which ta
inated transcripts [185 ]. This nuclear helicase MTR4, encoded by MTREX (f
ytoplasmic SKI-complex helicase SKIV2L, the two enzymes feeding the nucle
uclear surveillance is impaired, for example by depletion of MTR4 or ZFC3H1
rematurely terminated and cryptically processed RNAs, escape decay and acc
186 ]. However, this was thought to be owing to sequestration of ribosomes, rat
AS/RNaseL that inhibit translation, so further work is needed to clarify this m
Viewed together, the principle that the nuclear handling of dsRNA and it

lausible, although direct evidence of disrupted nuclear processing activating se
emain open: It is unresolved whether retention is causally upstream of sensin
ool has yet separated the localization of a dsRNA from the transcriptional an
inally, the mechanism by which factors such as GGNBP2 redistribute editing 
etention or decay, is undefined and represents a tractable next step [152 ]. Res
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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m ing status and abundance constant, and that read 

o

1  identify or engage dsRNA 

C s bind, modify or sequester duplexes away from 

i 1p150 directly competes with sensors by binding 
a o suppress PKR activation, a property unique to 
A form [89 ,187 ]. This indicates that competition for 
d dify the tolerance to cellular dsRNAs. In contrast 
t cently described for how dsRNA-sensing can be 
m scanning along the dsRNA that PKR can access in 
t ng PKR molecules from interacting with another 
P

de abundant RNA helicases that limit the pool of 
e licase DHX9 binds specifically to inverted-repeat 
A loss leads to the accumulation of dsRNA, aber- 
r ng transcripts [189 ]. Furthermore, combined loss 
o us dsRNA activates cytosolic sensing [190 ]. The 
r ng the aberrant cytoplasmic accumulation of en- 
d , so that its loss triggers MDA5-dependent type I 
I ion, as it is also a positive component of antiviral 
s 92 ]; its net effect is therefore context-dependent, 
a ger and amplify the response once sensing has 
o

g them rather than by resolving them. Staufen1 
( ing to the same duplexes, thereby preventing PKR 

a n [193 ]. As with several of these factors, the role 
o troviral and SINE dsRNAs and thereby enhances, 
r uence-specific: the signal recognition particle pro- 
t ted RNA polymerase III transcript 7SL and mask 
i ed into exosomes and activates RIG-I in recipient 
c ancer [80 ]. Likewise, elevated transcription of 7SL 

b ting RIG-I and enhancing anti-viral activity [195 ]. 
cupancy of endogenous dsRNA by RNA-binding 

p X9 and DDX3X, steric sequestration or occlusion 
b e with sensor scanning by PACT. That several of 
t nsing depending on context underscores that this 
t

1
A s act as another layer of defence against expressed 

r  accumulation of endogenous dsRNAs that would 

o
nt-derived and viral RNAs. It was identified as 

t  they may act in a common pathway [47 ]. Sup- 
p ccumulation during Vaccinia virus (VacV) infec- 
t N1, dsRNA accumulates, activating the dsRNA 

s  signalling are acutely sensitive to depletion of 
X S-dependent IFN signalling and PKR [47 ]. Cell 
l atment with demethylating agents that elevate 
d nergize to dampen immune responses to cellular 
R

plasmic RNA exosome, which is responsible for 
3 As into the exosome, facilitating degradation of 
c e mechanism was unclear until recently. SKIV2L 

l RNA [62 ]. Mechanistically, the dsRNA ligand ac- 
t e, which then amplified MAVS-dependent IFN 

p ction variant, which causes an autoinflammatory 

Downloaded fro
by guest
on 08 Novembe
anipulate the subcellular location of a defined dsRNA while holding its edit
ut each sensor arm independently. 

0. Avoiding self-detection: regulating sensor proteins’ ability to
ellular dsRNAs also evade recognition when cellular RNA-binding protein
nnate immune sensors. Beyond its catalytic role in editing, cytoplasmic ADAR
nd sequestering cellular dsRNAs. This non-catalytic shielding is sufficient t
DAR1p150 that cannot be rescued by the nuclear-restricted ADAR1p110 iso
sRNA between both sensor proteins and other RNA-binding proteins can mo
o the ADAR1p150-PKR competition model, an additional mechanism was re
oderated [95 ,188 ]. In this model, the protein PACT acts to prevent PKR from 

he cytoplasm, rather than binding and sequestering the dsRNA, thus inhibiti
KR molecule to allow phosphorylation and activation. 
This multi-level shielding extends beyond ADAR1p150 and PACT to inclu

ndogenous dsRNA before it can engage a sensor. The nuclear DExH-box he
lu elements ( IRAlus ) transcribed within genes and unwinds them, and its 
ant circular RNA production and translational repression of IRAlus -containi
f DHX9 and ADAR1 induces a viral-mimicry response in which endogeno
elated DEAD-box helicase DDX3X performs an analogous function, preventi
ogenous dsRNA and interacting with ADAR1p150 to promote A-to-I editing
FN and synergizes with loss of ADAR1 [191 ]. DDX3X is, however, dual-funct
ignalling downstream of the sensors within the TBK1-dependent pathway [1
nd it illustrates that a single helicase can both restrict the endogenous trig
ccurred. 
Other dsRNA-binding proteins shield duplexes by occupying or maskin

STAU1) binds 3 ′ UTR IRAlus and, much like ADAR1p150, precludes PKR bind
ctivation and the resulting eIF2 α phosphorylation and translational shutdow
f STAU1 is context-dependent, as in other settings it stabilizes endogenous re
ather than suppresses, the IFN response [194 ]. Shielding can also be highly seq
eins SRP9 and SRP14 bind the Alu domain of the abundant, 5 ′ -triphosphoryla
t from RIG-I, and when the SRP9/14-to-7SL ratio falls, unshielded 7SL is load
ells, coupling stromal activation to pattern-recognition-receptor signalling in c
y RNA polymerase III can also lead to accumulation of unshielded 7SL, activa
These examples define a repertoire of distinct mechanisms through which oc

roteins helps to set the threshold for its recognition: duplex resolution by DH
y ADAR1p150 and STAU1, structural masking by SRP9/14, and interferenc
hese proteins, including DDX3X and STAU1, can either restrain or promote se
hreshold reflects a dynamic balance rather than a fixed hierarchy. 

1. Avoiding self-detection: cytoplasmic RNA degradation 

nalogous to the nuclear control pathways, cytoplasmic RNA decay machinerie
etroelements. Cells employ multiple RNA degradation pathways to prevent the
therwise resemble viral molecules and activate innate immune sensors. 
The 5 ′→3 ′ exonuclease XRN1 plays a critical role in degrading retroeleme

he top co-dependent gene with ADAR1 across cancer cell lines, suggesting
orting a role in dsRNA control, XRN1 exonuclease activity limits dsRNA a
ion, preventing activation of host dsRNA sensors [196 ]. In the absence of XR
ensors and reducing viral replication. Cancer cells with elevated type I IFN
RN1 owing to accumulation of endogenous dsRNA and activation of MAV
ines that were resistant to XRN1 depletion became sensitive following tre
sRNA expression, supporting the concept that multiple layers of regulation sy
NA. 
The RNA helicase SKIV2L (also known as SKI2) is a cofactor of the cyto

 ′→5 ′ degradation of RNAs. SKIV2L unwinds secondary structures to feed RN
ytosolic RNAs. Defects in SKIV2L cause hyperactivation of RIG-I, although th
oss amplified IFN responses to exogenous ligands such as poly(I:C) or viral 
ivated OAS-RNaseL, leading to degradation of cellular RNAs by the exosom
roduction via RIG-I. Interestingly, cells expressing a p.A76V OAS1 gain-of-fun
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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i e also more sensitive to loss of SKIV2L [62 ,65 ,77 ]. 
K in OAS1A76V SKIV2LKO cells, whereas deletion of 
t hat RNA degradation via SKIV2L prevents accu- 
m n. However, direct evidence for the involvement 
o ins possible that this is a function of SKIV2L, in- 
d autosomal recessive multisystem disorder called 

T rting a role in innate immune sensing pathways 
[

 Aicardi-Goutières syndrome, normally prevents 
a A dissolves RNA–protein condensates that other- 
w DA5 and downstream IFN signalling. This study 
s e and that by controlling ssRNA levels, SAMHD1 
i pathways and RNA-protein condensate dynamics 
c

multiple levels to prevent immunogenic dsRNA 

a iggers IFN responses, underscoring their essential 
r

1 lular-derived RNAs as immunogenic 

I action between the foreign dsRNA, as well as host 
d h sterile activation of cytoplasmic dsRNA sensors, 
h esis in these contexts. Analysis of rare monogenic 
d themselves that have been highly informative for 
u variants in IFIH1 (MDA5), DDX58 (RIG-I), TLR7 
a matory diseases including Aicardi-Goutières syn- 
d ndromes [20 –22 ,70 ,72 ,73 ,198 ]. The delineation of 
t ow cellular RNAs may be inappropriately sensed 

a
nderstanding of the in vivo functions of both the 

R different RNA sensors. Loss-of-function studies, 
p toplasmic RNA sensors. The loss of Ifih1 (Mda5) 
[ -deficient mice. These mice were largely normal 
w d a more complex phenotype, with one deficient 
a iable deficient mouse [17 ,18 ]. While these alleles 
h ors in sterile and infection settings, these murine 
m genes are observed, and a protein product is still 
e

ce or to develop point mutant models that more 
c her than complete protein deficiency, as was ap- 
p  polymorphisms indicated that these resulted in 
a lar dsRNAs species [26 ]. Variants are frequently 
a  [8 ]. These increase the affinity of the protein for 
i en filament disassembly [23 ,199 ]. Similarly, gain- 
o types consistent with the effects in patients [27 ]. 

de-off between viral clearance and autoimmune 
t ases including type I diabetes, psoriasis and hy- 
p ssociated with reduced viral defence (reviewed in 
[ e identification of cellular ligands that are sensed 

b enotype both in mice and patients, mutant RIG-I 
i mall, non-coding RNAs involved in a variety of 
p onses. Intriguingly, while mutant RIG-I was acti- 
v I shifts the substrate preference for cellular RNAs 
a observations have been made with WT and mu- 
t combination of human genetics and confirmatory 
m  of cellular RNA species is a key driver of types 
o ves are a genetic cause of autoinflammatory syn- 
d inst the aberrant sensing of cellular dsRNAs in the 
c
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mmunodeficiency via activation of OAS, independent of a dsRNA ligand, wer
nock-out of RNaseL, MAVS or RIG-I prevented the hyperactivation of IFN 

he IFN receptor, IFNAR1, did not modify the phenotype. The data suggest t
ulation of RIG-I-activating dsRNA ligands, downstream of RNaseL activatio
f the RNA degradation machinery in this pathway was lacking, and it rema
ependent of RNA degradation. Biallelic mutations in SKIV2L cause a severe 
HES2, including excess type I IFN signalling and immunodeficiency, suppo
78 ]. 
Maharana et al. [197 ] demonstrated that SAMHD1, a dNTPase mutated in

ccumulation of immunogenic ssRNA. In SAMHD1-deficient cells, excess ssRN
ise sequester dsRNA. The release of dsRNA from these condensates activates M
hows that RNA degradation safeguards extend beyond direct dsRNA clearanc
ndirectly regulates the exposure of dsRNA to innate sensors. Thus, RNA decay 
onverge to prevent sterile activation of antiviral immunity. 
Together, these studies establish that RNA degradation machineries act at 

ccumulation. When these pathways are disrupted, dsRNA accumulates and tr
ole in maintaining immune homeostasis. 

2. Mistaken identity: rare human genetic diseases highlight cel
stimuli 

n the context of viral infections, as noted above, there is evidence of direct inter
sRNA, and the cytoplasmic sensors. There are multiple diseases associated wit
ighlighting that cellular RNAs may be sensed and can be initiators of pathogen
iseases has identified patients with variants in the cytoplasmic RNA sensors 
nderstanding the sensing of cellular dsRNA species. For example, germline 
nd UNC93B1 have all been reported in patients with autoimmune/autoinflam
rome, Singleton-Merten syndrome, SLE and paediatric neuroinflammatory sy
he genetics of these human diseases has provided context for understanding h
nd trigger disease. 
Murine models have complemented the human genetics to enhance our u

NA sensors and in determining the pathways specifically impacted by the 
redominantly protein-deficient models, were developed for many of the cy
10 ,24 ], Eif2ak2 (Pkr) [41 ] and Rnasel (RNaseL) [42 ] all resulted in viable gene
hen housed conventionally and not challenged. Loss of Ddx58 (RIG-I) reveale
llele displaying a high level of embryonic lethality and a second recovering v
ave enabled a clear understanding of the requirement for each of these sens
odels often do not recapitulate the human diseases where variants in these 
xpressed. 
More recent models have sought to recapitulate the human variants in mi

losely approximate patient genetics where variant proteins are expressed, rat
lied in the first-generation murine models. Models of IFIH1 gain-of-function
 heightened type I IFN response, indicative of an elevated response to cellu
ssociated with the ATPase domain and RNA-binding interface of the protein
mperfectly paired dsRNA structures by decreasing the efficiency of ATP-driv
f-function MDA5 mutations in mouse models resulted in inflammatory pheno
Recent work has suggested MDA5 genetic variants offer a direct fitness tra

issue damage [32 ]. Loss-of-function variants protect against autoimmune dise
othyroidism but at the cost of increased risk for inflammatory bowel disease a
32 ]). A recent mouse model of DDX58-variant-associated disease has enabled th
y the mutant RIG-I protein [16 ]. Within the kidney, relevant to the nephritis ph
s activated by Y-RNA, most prominently RNY4 [16 ]. Y-RNAs are a class of s
rocesses including DNA replication, RNA processing and cellular stress resp
ated by RNY4, wild-type RIG-I was not, suggesting that the mutation in RIG-
nd that this is important in initiating the pathogenic response [16 ]. Similar 
ant MDA5, and activation by cellular paired Alu repeats [23 ]. Collectively, the 
urine modelling has demonstrated that inappropriate and aberrant sensing
f autoinflammatory diseases. While variants in RNA sensor proteins themsel
romes, these illustrate that homeostasis must actively maintain safeguards aga
ytosol. 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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1 d 

M d subcellular localization of endogenous dsRNA 

[ upt this equilibrium, cells mistake ‘self’ for ‘non- 
s modifications that increase or mislocalize cellular 
d ciated with rare inherited disease, with the type I 
i athies like Aicardi-Goutières syndrome, variants 
r  with systemically elevated type I IFN and severe 
i s powerfully demonstrate the importance of the 
c  cellular RNAs and foreign and pathogenic RNA. 
H ay contribute to common forms of inflammatory 
a asis has been implicated in more common inflam- 
m and amyotrophic lateral sclerosis (ALS) [203 ,204 ]. 
T across a diverse disease spectrum with an inflam- 
m hese diseases, it appears that excessive activation 
o zes the need to understand how these pathways 
a tein and protein regulatory pathways that govern 
a n trying to devise new therapies for these patients. 
D e of broad and urgent importance with direct im- 
p ness and shortened lifespan, but also as potential 
s s [2 ]. 

RNAs can be shielded from or exposed to sensing 
b cellular dsRNAs are regulated at multiple levels 
t es not have to eliminate all immunogenic cellular 
s w a yet undefined threshold level that leads to 
t ce mechanisms, such as variants in ADAR , lowers 
t nsistent with a continuous level of basal sampling 
a sponse is only activated once the levels of RNAs 
i ng mechanisms cannot restrict access of the RNA 

s
g activation of these pathways may be beneficial. 

M response to cellular RNA species for therapeutic 
g micry has emerged as a key approach proposed to 
b immune-reactive (‘hot’) tumours [132 ,207 ]. Many 
m ppressing baseline IFN signalling. Low-dose epi- 
g e-repression of these silenced ERVs. The resulting 
a e MDA5-MAVS axis, triggers cell-intrinsic type I 
I mokines (such as CXCL9 and CXCL10) that recruit 
c ogramming the local inflammatory landscape, vi- 
r heckpoint blockade therapies, including anti-PD-1 
a y approved SARS-CoV-2 mRNA vaccines can sim- 
i ce antigen presentation and CD8+ T-cell priming 
a t blockade in mouse models [208 ]. These findings 
w ipt of an mRNA vaccine within 100 days of initi- 
a d overall survival in patients with melanoma and 

n s [208 ]. These studies indicate that the nonspecific 
s ime tumour environments for immune-mediated 

k
odality in cancers has become increasingly sup- 

p  include the A-to-I RNA editing enzyme ADAR1, 
s A binding by ADAR1p150 will drive activation of 
M ance the response of tumours deficient in ADAR1 
t derstanding of these pathways now enables pre- 
d  functions of ADAR1 [89 ,90 ]. Activating ZBP1 has 
a eic acids, although in the case of ZBP1 both RNA 

a le of an RNA-modifying enzyme as a therapeutic 
t iter METTL3, where small molecule development 
h romoting tumour and tumour-infiltrating cells to 
s lts from the clinical trials and the development of 
n ways to more completely appreciate the potential 
t
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3. Beyond rare disease and how this information can be applie
aintaining immune homeostasis requires tight control over the biogenesis an

2 ]. However, when pathogenic variants in regulatory or sensor proteins disr
elf’. Variants that disrupt transcription, RNA splicing, RNA export and RNA 

sRNA can lead to inflammation and disease [2 ]. This has historically been asso
nterferonopathies providing an example [22 ]. In the case of type I interferonop
esult in profound and debilitating mistakes in ‘self’–‘non-self’ discrimination
mpacts on the patient and shortening of lifespan [21 ,200 ]. These rare disease
ellular pathways being able to efficiently and specifically differentiate between
owever, it is now beginning to be appreciated that these same pathways m
nd autoimmune diseases. Consistently, dysregulated cellular dsRNA homeost
atory diseases, including psoriasis and SLE [201 ], Alzheimer’s disease [202 ] 
his emerging evidence suggests that dysregulated dsRNA is a shared feature 
atory component, often involving neurological dysfunction [3 ]. In many of t
f these pathways in a sterile setting contributes to the disease. This emphasi
re activated—both the nature and specifics of the ligands and the protein-pro
ctivation and deactivation of the sensors/signalling—as areas to consider whe
efining the mechanisms that regulate cellular dsRNA homeostasis is therefor
lications for patients where variants in these pathways result in profound ill
ignificant contributors to chronic autoinflammation and autoimmune disease
Delineation of these pathways has been key to understanding how cellular 

y the cytoplasmic RNA-sensing machinery. There is evolving evidence that 
o moderate their immunogenicity and achieve ‘self’-tolerance. The system do
pecies, just retain enough active control mechanisms to keep the levels belo
riggering of the innate immune response. Loss of one or more of these toleran
he threshold set point and can lead to aberrant self-sensing. Such a model is co
nd sensing of the cellular RNA environment, and that the innate immune re
n this pool diverge sufficiently from homeostatic populations that the bufferi
ensor proteins to the cellular RNAs in the cytoplasm. 
This also highlights potential applications of this knowledge where drivin
ost prominently among these is the desire to manipulate and enhance the 
ain, particularly in cancer [140 ,205 ,206 ]. Pharmacological induction of viral mi
e able to convert immunologically ‘cold’ or treatment-resistant tumours into 
alignancies maintain immune evasion by hypermethylating ERV loci and su
enetic therapy, such as DNMT and HDAC inhibitors, can mediate selective d
ctivation of the cytoplasmic RNA-sensing response, primarily attributed to th
FN production, upregulates MHC class I antigen presentation and induces che
ytotoxic T lymphocytes into the tumour microenvironment. By artificially repr
al mimicry reverses primary resistance and strongly synergizes with immune c
nd anti-PD-L1 agents. Consistent with this, a recent study showed that clinicall
larly induce a transient type I IFN response, activate innate immunity, enhan
nd sensitize otherwise immunologically cold tumours to immune checkpoin
ere supported by multiple large retrospective clinical cohorts, in which rece
ting immune checkpoint blockade was associated with significantly improve
on-small cell lung cancer, including those with immunologically cold tumour
ystemic stimulation of type I IFNs by vaccines containing mRNA can also pr
illing. 
Directly leveraging intracellular dsRNA-sensing pathways as a treatment m

orted by genetic data derived from screens in cancer cells [3 ,162 ]. Key targets
upported by extensive genetics, which indicates that inhibition of editing or RN
DA5 and PKR [89 ,209 –212 ]. This has been demonstrated to substantively enh

o immune checkpoint blockade (‘immunotherapy’) [209 –211 ]. The detailed un
iction of the RNA-sensing pathways that will be activated upon loss of specific
lso emerged as a potential means to activate the cellular response to self-nucl
nd DNA could be mediating the sensitization reported [163 ]. Another examp
arget that has progressed further than ADAR1 is the inhibition of the m6 A wr
as progressed, and these compounds appear to be exerting their effect by p
ense cellular-derived RNA species [166 ,213 ,214 ]. We will have to await the resu
ew generations of compounds that can target a range of RNA-modifying path
hat manipulation of self-sensing holds as a treatment in cancers. 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260111/​6175864/​rsob.​260111.​pdf
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Table 2. Key checkpoints in endogenous dsRNA self-tolerance. 

checkpoint layer key molecular components primary target transcripts sensor pathway suppressed 

epigenetic silencing SETDB1 [45 ], TRIM28 [128 ], HUSH [129 ] and DNMTs [132 ] ERVs, LINEs and LTRs [130 ] MDA5 and PKR 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

RNA modification ADAR1 (p150/p110) [89 ,150 ], METTL3 [165 ,167 ] and 
METTL14 

inverted Alu s, B1/B2 SINEs and mRNAs 
[148 ] 

MDA5, PKR, ZBP1 and OAS [90 ,162 ] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

splicing surveillance SF3B1 [170 ], hnRNPC [171 ] and hnRNPM [172 ] cryptic intronic repeats and LINEs [180 ] MDA5, RIG-I and PKR [40 ] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

nuclear retention 
and decay 

NEXT, PAXT [186 ] and Paraspeckles (NONO and SFPQ) 
[183 ,184 ] 

promoter-upstream RNAs and unedited 
IRs [185 ] 

MDA5 and PKR 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

protein shielding ADAR1p150 [89 ], PACT [95 ,188 ], STAU1 [193 ,194 ], DHX9 
[189 ,190 ] and DDX3X [191 ,192 ] 

inverted Alu s, 7SL RNA [195 ] and 
circRNAs 

PKR, ZBP1 and RIG-I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

cytoplasmic decay XRN1 [47 ,196 ], SKIV2L [62 ,77 ] and SAMHD1 [197 ] cleavage fragments and unshielded 
ssRNA/dsRNA 

RIG-I, MDA5 and PKR 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1
T asm is essential for normal homeostasis and pro- 
t ble cellular-derived dsRNA to be managed, from 

r cture of expressed RNA through complementary 
a egradation ( table 2 ). These processes have evolved 

t responses to repetitive genetic elements that have 
a  efficient differentiation between cellular dsRNA 

a de effective protection. However, we are increas- 
i asis, across these pathways can lead to a range of 
b rowing evidence indicates that cellular transcripts 
a dent of viral infection, can alter the transcriptome 
t ctions of these sensors across diverse disease set- 
t tome or sensing responses could be prospectively 
u s a means of priming for vaccination. The contin- 
u l provide both a deeper understanding of human 
d tter ways to treat disease. 
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4. Summary 
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